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Stroke is the second leading cause of death after heart disease globally and cerebral ischemic stroke accounts for approximately 70% of all incident stroke cases. We selected four main compounds from a patent Chinese medicine, Qingkailing (QKL) injection, including baicalin from Scutellaria baicalensis Georgi (Huang Qin), geniposide from Gardenia jasminoides J. Ellis (Zhizi), and cholic acid and hyodeoxycholic acid from Bovis Calculus (Niuhuang) with a ratio of 4.4:0.4:3:2.6 m/m, to develop a more efficacious and safer modern Chinese medicine injection against ischemic stroke, refined QKL (RQKL). In this study, we investigated multiple targets, levels, and pathways of RQKL by using an integrative pharm\acology combining experimental validation approach. In silica study showed that RQKL may regulate PI3K-Akt, estrogen, neurotrophin, HIF-1, MAPK, Hippo, FoxO, TGF-beta, NOD-like receptor, apoptosis, NF-kappa B, Wnt, chemokine, TNF, Toll-like receptor signaling pathways against ischemic stroke. The experimental results showed that RQKL improved neurological function and prevented infract volume and blood-brain-barrier damage. RQKL inhibited microgliosis and astrogliosis, and protected neurons from ischemic/reperfusion injury. RQKL also inhibited cell apoptosis and affecting the ratio of the anti-apoptosis protein B-cell lymphoma-2 (Bcl2) and pro-apoptosis protein Bcl2-associated X protein (Bax). Western blot analysis showed that RQKL activated AKT/PI3K signaling pathway and antibody array showed RQKL inhibited inflammatory response and decreased proinflammatory factor Tnf, Il6, and Il1b, and chemokines Ccl2, Cxcl2, and Cxcl3, and increased anti-inflammatory cytokine Il10. In conclusion, RQKL protected tissue against ischemic stroke through multiple-target, multiple signals, and modulating multiple cell-types in brain. This study not only promoted our understanding of the role of RQKL against ischemic stroke, but also provided a pattern for the study of Chinese medicine combining pharmaceutical Informatics and system biology methods.




Keywords: network pharmacology, ischemic stroke, combination of drug, Chinese medicine, protein protein-interaction (PPI) network, topological analysis, Qingkailing, modern Chinese medicine



Introduction

Stroke is the second leading cause of death after heart disease globally and is associated with the highest disability-adjusted life-years lost of any disease in China (Wu et al., 2019). Approximately 795,000 new stroke cases are reported in the US yearly and 4.3 times this number was recently surveyed by the nationwide community-based study, NESS-China (Wang W. et al., 2017). Cerebral ischemic stroke accounts for approximately 70% of all incident stroke cases. Since the 1990s, intravenous alteplase has been considered the only evidence-based therapeutic agent for improving the prognosis of patients with cerebral ischemic stroke and accepted as standard of care all around the world (Powers et al., 2019). However, its short therapeutic window and high risk of hemorrhagic complications have hampered its widespread adoption in China. Therefore, exploring novel therapeutic strategies to treat ischemic stroke is an urgent need.

Qingkailing (QKL) injection, is a patent traditional Chinese medicine formulation approved by the China Food and Drug Administration to treat ischemic stroke for over 30 years. We previously study screened a novel modern drug combination (refined Qingkailing, RQKL) consisting of four compounds, baicalin (CAS number 21967-41-9) from Scutellaria baicalensis Georgi (Huang Qin), geniposide (CAS number 24512-63-8) from Gardenia jasminoides J. Ellis (Zhizi), and cholic acid (CAS number 81-25-4) and hyodeoxycholic acid (CAS number 83-49-8) from Bovis Calculus (Niuhuang) with a ratio of 4.4:0.4:3:2.6 m/m. Our previous study showed that RQKL protected the brain against ischemia-reperfusion (I/R) injury in vivo and in vitro (Cheng et al., 2012; Cheng et al., 2018). However, the underlying mechanisms and core signaling pathways mediating the multi-linked and multi-targeted effects of RQKL against ischemic stroke are still unknown.

Generally, natural bioactive compounds exert therapeutic effects through multiple targets and pathways that cannot be accurately detected solely using conventional pharmacological approaches.

Integrative pharmacology could enhance the comprehension and facilitate the prediction of potential targets, pathways, and consequences, which might provide clues for designing subsequent research studies. In this work, we used an integrative pharmacology approach with the goal of understanding the systemic, organ-related, and molecular effects of RQKL. This approach combined the prediction of multiple drug targets, visualization of compound-target network and target-cell-type network, topological analysis of protein-protein interaction (PPI) networks and gene ontology (GO), and KEGG pathway analysis of core targets. Importantly, our experimental results largely validated the mechanism of action of RQKL, as predicted by the integrative pharmacology analysis (Figure 1).




Figure 1 | Schematic diagram of combining integrative pharmacology and experimental approach used in this work.





Materials and Methods


Materials and Reagents

The RQKL used in this study was a mixture of baicalin, geniposide, cholic acid, and hyodeoxycholic acid (4.4:0.4:3:2.6). Baicalin (CAS number 21967-41-9), geniposide (CAS number 24512-63-8), and cholic acid (CAS number 81-25-4), and hyodeoxycholic acid (CAS number 83-49-8) were purchased from Shanghai Aladdin Biochemical Technology Co., Ltd. (Shanghai China). Protease inhibitor, radioimmunoprecipitation assay (RIPA) lysis buffer, and enhanced chemiluminescence (ECL) reagent were obtained from Applygen Technologies Inc. (Beijing China). The antibodies against B-cell lymphoma-2 (Bcl2, 12789-1-AP) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH, 10494-1-AP) were obtained from Proteintech Group, Inc (Rosemont, USA). The antibodies against BCL2-associated X protein (BAX, #2772), serine-threonine protein kinase (AKT, #9272), phosphorylated-AKT (pAKT, #9271), phosphatidylinositol-4,5-Bisphosphate 3-kinase (PI3K, #4249), and phosphorylated-PI3K (pPI3K, #4228) were obtained from Cell Signaling Technology (Boston, USA). The antibodies against glial fibrillary acidic protein (GFAP, ab7260) was obtained from Abcam (Cambridge, USA). The antibodies against GFAP labeled Alexa Fluor 488 (MAB3402X) and neuronal nuclei antigen (NEUN, MAB37) were purchased form Millipore (Darmstadt, Germany) and the antibody against ionized calcium binding adaptor molecule-1 (IBA1, 019-19741) was purchased from WAKO CHEMICAL, CO., LTD. (Japan). Terminal deoxynucleotidyl transferase (TdT)-mediated deoxyuridine triphosphate (dUTP) nick-end labeling (TUNEL) apoptosis detection kit was purchased from Roche Applied Science (Mannheim, Germany). Rat cytokine array antibody arrays (GSR-CAA-67) were purchased from RayBiotech Life (California, USA).



Construction of the Compound-Target and Disease-Target Databases

To identify the corresponding targets of the four active ingredients of RQKL, several approaches combined with a chemometric method, information integration, and data-mining were implemented. First, the biological targets of the active ingredients were obtained from SEA (http://sea.bkslab.org/) (Keiser et al., 2007), STITCH (http://stitch.embl.de/) (Szklarczyk et al., 2016), DrugE-Rank (http://datamining-iip.fudan.edu.cn/service/DrugE-Rank) (Yuan et al., 2016), PhlD (http://phid.ditad.org/) (Hu et al., 2014), SuperPred (http://prediction.charite.de/index.php?site=home) (Nickel et al., 2014), SwissTarget (http://www.swisstargetprediction.ch/) (Gfeller et al., 2014), and TarPred (http://www.dddc.ac.cn/tarpred) (Liu et al., 2015). All active compounds were also sent to TCMIP (http://www.tcmip.cn/TCMIP/index.php/Home/Index/index.html) (Xu et al., 2019) TCM-Mesh (http://mesh.tcm.microbioinformatics.org/) (Zhang et al., 2017), TCMSP (http://tcmspw.com/tcmsp.php) (Ru et al., 2014), and Google Scholar to mine compound-target interactions. Please see detailed information in Supplementary Table S1.

Known therapeutic targets for ischemic stroke were collected from the DrugBank (http://www.drugbank.ca/) (Wishart et al., 2018), Online Mendelian Inheritance in Man (OMIM) (http://www.omim.org) (Hamosh et al., 2005), Genetic Association (GAD, http://geneticassociationdb.nih.gov/) (Becker et al., 2004), and Therapeutic Target Database (TTD, https://db.idrblab.org/ttd/) (Yang et al., 2016) databases. After deleting the redundant information, 321 known therapeutic targets for the treatment of ischemic stroke were included in this study. Please see detailed information in Supplementary Table S2.



Screening of Target Related Cell-Type

AlzData (http://www.alzdata.org/) database contains gene expression data of different cell-types from human brain single cell RNA-seq (GSE67835) and was used to recognize target related cell-type in the present study (Xu et al., 2018). In briefly, after overlapping compound-target and disease-target databases, we input the obtained targets into AlzData database to investigate each target related cell-types.



Network Construction

Two kinds of networks in this study were established using Cytoscape (version 3.2.1) software (Shannon et al., 2003): compound-target network and target-cell-type network. Compound-target network was composed of compounds and their potential targets, which was built to reveal the compound-target interactions. Target-cell-type network was built based on the potential targets and their related cell-types.



Protein-Protein Interaction Network Construction

PPI data were imported from six currently available PPI databases, including the Biological General Repository for Interaction Datasets (BioGRID), Biomolecular Interaction Network Database (BIND), Molecular INTeraction Database (MINT), Human Protein Reference Database (HPRD), and Database of Interacting Proteins (DIP), which were searched using BisoGenet, a Cytoscape plugin (Martin et al., 2010). An interactive network for the candidate drug targets and known ischemic stroke-related targets of RQKL was constructed based on their interaction data and was visualized using the Cytoscape software.



Definition of Topological Feature Set for the Network

As previously mentioned the topological properties of every node in the interaction network were analyzed by calculating six measures: “betweenness centrality (BC),” “degree centrality (DC),” “eigenvector centrality (EC),” “closeness centrality (CC),” “network centrality (NC),” and “local average connectivity (LAC)” using CytoNCA (Wang X. et al., 2017). The definitions and computation equations of these six parameters represent the topological importance of a node in the network. More important nodes receive higher quantitative values within the network than less important nodes did (Tang et al., 2015).



Gene Oncology Enrichment and Pathway Analysis

Further, we performed GO analysis of the 438 non-repetitive putative targets of RQKL using the Database for Annotation, Visualization, and Integrated Discovery (DAVID) to gain insights into their involvement in two different categories namely, biological processes (BP) and molecular function (MF) (Sherman and Lempicki, 2009). Tissue enrichment analysis was performed using FunRich software (http://www.funrich.org) (Pathan et al., 2015). Then, we performed Kyoto Encyclopedia of Genes and Genomes (KEGG) signaling pathway enrichment analysis of the 189 candidate targets of RQKL after the topological analysis. A P < 0.05 was considered significant, and the enriched GO terms were identified using the hypergeometric test. A Bubble Chart was plotted using the OmicShare tools, a free online platform for data analysis (www.omicshare.com/tools).



Animals

Adult male Sprague-Dawley rats (220–230 g), provided by Vital River Laboratory Animal Technology (number SCXK 2016-0006, Beijing, China), were housed in the laboratory animal room and maintained at 25 ± 1°C with 65 ± 5% humidity on a 12-h light/dark cycle (lights on from 07:30 to 19:30) for at least 1 week before the experiments. Animals were provided food and water ad libitum. The animal experimental design and protocols used in this study were approved by the Ethics Review Committee for Animal Experimentation of Beijing University of Chinese Medicine (BUCM-4-2017090116-3016).



Transient Middle Cerebral Artery Occlusion

All animals were fasted overnight but allowed free access to water and were then randomly assigned to five groups: low-, medium-, and high-dose RQKL treatment; ischemic, and control groups. The transient middle cerebral artery (tMCA) occlusion (tMCAO) model was established as described previously to induce focal cerebral I/R injury (Zheng et al., 2014). The right MCA was occluded using a poly-L-lysine-coated nylon suture, which was inserted from the external carotid artery into the common carotid artery, and after a 90-min occlusion, the MCA-suture was carefully removed for reperfusion. The body temperature of the rats was maintained at 37°C. The sham group was subjected to the same procedure except for the nylon thread insertion. Rats in the low-, medium, and high-dose RQKL groups were administered intraperitoneal injections of RQKL dissolved in saline water at doses of 15, 30, and 60 mg/kg, respectively, and those in the ischemic group were administered physiological saline at the same volume. The first injection was performed immediately after model establishment, followed by administration after 4 h, and once every 12 h after that. At 24 h after reperfusion, 10 rats in each group were euthanized, and the brains were rapidly excised for histomorphological assay or protein detection.



Neurological Assessment

The neurological deficit score of each rat was measured 24 h after tMCAO induction in a blinded fashion according to a well-established five-point neurological scale (Longa et al., 1989): 0 = no apparent deficits, 1 = failure to fully extend the right forepaw, 2 = circling to the right, 3 = falling or leaning over to the right, 4 = no spontaneous walking and a depressed level of consciousness, and 5 = death.



Infarct Volume Assessment

Following neurological function evaluation, the rats were euthanized, and the brains were harvested for triphenyltetrazolium chloride (TTC) staining. The percentage infarct volume relative to the entire brain represented the degree of cerebral infarction. Serial coronal sections (2 mm thick) were prepared and soaked in 2% TTC phosphate buffer at 37°C for 10 min in the dark. Normal brain tissues were stained red while infarct tissues were not stained (white). The sections were soaked in 4% paraformaldehyde (PFA) phosphate buffer for 30 min, arranged in order and scanned (Tsinghua Unisplendour A688, Xi’an, China). Areas of red and white staining were measured using a computer color multimedia image analysis system (Image-Pro Plus 6.0, Media Cybernetics, WY, USA). The percentage of the infarction was calculated using the following equation: infarct volume (%) = infarct volume/total volume of slice × 100.



Blood-Brain-Barrier Permeability

The blood-brain barrier (BBB) permeability was determined using Evans blue (EB) extravasation 24 h after tMCAO. In brief, EB dye (2%, 4 ml/kg) was injected over a 2-min period into the left femoral vein at a dose of 2 ml/kg and allowed to circulate for 1 h. Rats were anesthetized and perfused transcardially using saline to remove the intravascular EB dye. After decapitated, the entire brain of each animal was removed, homogenized in physiological phosphate-buffered saline (PBS), trichloroacetic acid was added to precipitate the protein, and then the tissue homogenates were cooled and centrifuged. The EB absorbance of the resulting supernatant was measured at 620 nm using a spectrophotometer.



Nissl Staining

Coronal brain sections from four equidistant brain levels, 1 mm apart, were stained with cresyl violet according to a standard protocol. For Nissl staining, air-dried sections were fixed in 4% PFA solution for 15 min; immersed in 100, 95, 85, and 70% ethanol, followed by double distilled water for 3 min each; stained for 15 min with filtered cresyl violet solution [Sigma, 0.2% (w/v)]); and then briefly rinsed in double distilled water. Finally, the sections were dehydrated again in 70, 95, and 100% ethanol for 1 min each; placed in xylene for another 10 min; and then coverslipped. Nissl staining was performed to examine the neuronal injury, and necrotic neurons (red triangles) showed the absence of Nissl’s bodies in the cytoplasm, a shrunken intercellular space, and deep staining. The following four scores were used to evaluate necrotic neurons in the infarct area: 0, normal; 1, damaged neurons were < 25%; 2, damaged neurons were 25–50%; 3, damaged neurons were 50–75%; and 4, damaged neurons were > 75%(Sun et al., 2009).



Terminal Deoxynucleotidyl Transferase-Mediated Deoxyuridine Triphosphate Nick-End Labeling Staining

Ischemic stroke-induced DNA fragmentation was quantified in frozen sections using the TdT-mediated dUTP nick-end labeling (TUNEL) assay according to the manufacturer’s instructions. Briefly, air-dried sections were fixed with methanol-free 4% PFA at room temperature for 15 min and washed twice with PBS. The sections were immersed in equilibration buffer for 10 min, which was then replaced by a mixture of 1 μl TdT enzyme, 5 μl nucleotide mix, and 45 μl equilibration buffer. The sections were then kept at 37°C for 90 min, and then SSC (2×) was added for 15 min at room temperature to terminate the TdT enzyme reaction.



Confocal Microscopy and Morphology Analysis

Brains were cut into coronal sections (40 μm) on a cryostat, placed in 1 ml of anti-freeze solution (40% PBS, 30% ethylene-glycol, 30%, glycerol, v/v) and stored at −20°C until immunohistochemistry. Triple immunostaining was performed on coronal slices with the free-floating method as previously described (Lana et al., 2014). The following primary antibodies were used a mouse monoclonal anti-neuronal nuclei (NeuN, 1:200; Millipore, Billerica, MA) for neurons; a rabbit polyclonal anti-glial fibrillary acidic protein (GFAP, 1:1,000; DakoCytomation, Glostrup, Denmark) for astrocytes; a rabbit polyclonal anti-IBA1 (1:300, WAKO Pure Chem. Ind., Osaka, Japan) for microglia. Slices were observed under a ZEISS LSM 5 confocal laser scanning microscope. Confocal scans were taken at 0.5 μm z-steps keeping pinhole, contrast, and brightness constant. Semi-automated image analysis was performed using Bitplane IMARIS 7.4 3D image analysis software (Oxford Instruments, Concord, MA) and the 3-D reconstructed images of microglia and astrocyte were using surface function based on previously described (Radford et al., 2015).



Western Blotting

The cortical tissue in the penumbra was collected for western blot analysis. The protein was extracted using RIPA lysis buffer containing protease inhibitor, and the concentration was measured using a bicinchoninic acid (BCA) protein assay kit (#CW0014, CWBio, China). Protein samples (50 µg) were separated on sodium dodecyl sulfate (SDS)-polyacrylamide gels and transferred onto a polyvinylidene fluoride membrane (Millipore Corporation, Billerica, MA, USA). The membrane was blocked with 5% nonfat dry milk in Tris-buffered saline containing 0.05% Tween-20 (TBST) buffer and then incubated with primary antibodies against BCL2, BAX, pAKT, AKT, pPI3K, PI3K, NEUN, GFAP, IBA-1, and GAPDH overnight at 4°C. Subsequently, the membranes were incubated for 1 h at room temperature with secondary antibodies coupled to horseradish peroxidase (1: 10,000). The antigen-antibody complexes were then exposed to the ECL reagent and visualized using a c600 western blot imaging system (Azure Biosystems, Dublin, CA, USA). The protein levels of pro-inflammatory mediators were expressed as relative integrated intensity and were normalized to that of GAPDH.



Cytokine Antibody Microarray

Rat cytokine array antibody arrays were used to analyze cytokine expression profiles in brain samples according to the manufacturer's instructions. A digital imaging system (InnoScan 300 Microarray Scanner, Innopsys) was used to detect chemiluminescent signals which were analyzed using ImageJ software (NIH). Measured cytokines included the following: ADIPOQ, AGER, CCL11, CCL2, CCL27, CCL3, CCL5, CD48, CD80, CD86| CDH3, CNTF, CSF2, CX3CL1, CXCL1, CXCL2, CXCL3, CXCL5, DCN, EPHA5, EPO, F11R, FGFBP1, FLT3LG, GAS1, GFRA1, HAVCR1, HGF, ICAM1, IFNG, IGDCC4, IL10, IL13, IL17F, IL1A, IL1B, IL1RL2, IL1RN, IL2, IL22, IL2RA, IL3, IL4, IL6, IL6ST, IL7, INHBA, KITLG, LGALS1, LGALS3, NGF, NOTCH1, NOTCH2, NRP1, NRP2, PDGFA, PPBP, PRL, PRLR, SELL, TIMP1, TIMP2, TNF, TNFRSF9, TNFSF12, TNFSF9, TREM1, VEGFA.



Statistical Analysis

Statistical analysis was performed using the GraphPad Prism 5 software. Normally distributed data and homogeneous variances were expressed as means ± standard error of the mean (SEM). These data were analyzed by one-way analysis of variance (ANOVA) followed by a post hoc Bonferroni multiple comparison test or Dunnett's test. Nonnormally distributed data were expressed as the median. Kruskal–Wallis test was used for the within-group differences comparation, and the Wilcoxon rank test was used to compare two groups. A P < 0.05 was considered significant.




Results


Network Pharmacological Analysis of Refined Qingkailing


Construction and Analysis of Compound-Target Network of Refined Qingkailing

RQKL is composed of baicalin, geniposide, cholic acid, and hyodeoxycholic acid, which have all been identified to be crucial bioactive natural compounds of a famous patent Chinese medicine, QKL injection. In this work, we explored the therapeutic targets of RQKL predicted using multiple online databases as previously described. Then, a network of potential targets of the compounds in RQKL was constructed using Cytoscape software as shown in Figure 2A, and 652 compound-target interactions were generated between the four compounds and 438 non-repetitive targets: 156, 129, 226, and 141 for baicalin, geniposide, cholic acid, and hyodeoxycholic acid, respectively. As shown in Figure 2B, we found that 16 differential genes were overlapping among all the targets of each compound, indicating a synergistic effect of RQKL compounds on these targets, such as the dopamine receptor D2 (DRD2) and estrogen receptor 1 (ESR1), adenosine A1 receptor (ADORA1), and retinoid X receptor alpha (RXRA).




Figure 2 | Compound-target interaction network and preliminary gene ontology (GO) analysis of drug targets. (A) Compound-target network of refined Qingkailing (RQKL). (B) Preliminarily screening targets of four compounds in RQKL. (C) Tissue enrichment analysis of drug target (D) GO analysis of drug targets classified into two categories, biological process (BP), and molecular function (MF).





Tissue and Gene Ontology Enrichment of Refined Qingkailing Targets

Tissue enrichment using the FunRich software (http://www.funrich.org) showed in Figure 2C, indicated that all targets of the four compounds were located in the cerebral cortex, hippocampus, and blood vessels, especially human umbilical vein endothelial cells (HUVEC), indicating a therapeutic effect on brain disease. GO analysis of the putative RQKL targets described based on BP and MF terms were constructed using the DAVID database. In total, 597 BPs and 183 MFs that were enriched for this dataset were identified, which consisted of 449 BPs and 145 MFs with P <0.05. Figure 2D illustrates an overview of the GO analysis with 15 remarkably enriched terms in the BP and MF categories. We noticed that some BPs and MFs might be associated with the pathogenesis of ischemic stroke such as response to hypoxia, inflammatory response, negative regulation of cell death, and calcium channel activity, indicating the potential mechanisms of action of RQKL in ischemic stroke.




Construction and Analysis of Compound-Target-Cell Type Network of Refined Qingkailing Against Ischemic Stroke

To evaluate targets of RQKL against ischemic stroke, we collected 321 ischemic stroke-related targets from four existing databases, namely the DrugBank, Online Mendelian Inheritance in Man, Genetic Association, and Therapeutic Target database. A Venn diagram was shown in Figure 3A and 47 targets were found overlapped between compound targets and ischemic stroke targets. AlzData online database was used to understand the relationship between these 47 targets and cell types in brain. A compound-target-cell type network was constructed in Figure 3B, and we found 31 targets were related to neurons, 14 targets were related to astrocytes, 13 targets were related to endothelial cells, and 11 targets were related to microglia, indicating an effect of RQKL on these cells. BP enrichment showed in Figure 3C indicated different effects of RQKL on different cell type. In neuron, RQKL may involve in learning or memory, chemical synaptic transmission, response to hydrogen peroxide, cellular response to hypoxia, calcium transmembrane transport, negative regulation of neural cell apoptosis, and glutamate receptor signaling pathway. In astrocyte, cell response to hypoxia, negatively regulates reactive oxygen metabolism, positive regulation of angiogenesis, positive regulation of ERK1 and ERK2 cascades, positive regulation of VEGFR signaling pathway, positive regulation of chemokine production, glutamate receptor signaling pathway, positive regulation of B cell proliferation, and negative regulation of apoptotic process. In endotheliocyte, cell response to hypoxia, cell response to VEGF stimulation, angiogenesis, positive regulation of endothelial cell proliferation, positive regulation of cell migration involved in sprouting angiogenesis, chemokine production, inflammation, and negative regulation of apoptotic process. In microglia, RQKL may involve in some inflammation process, including positive regulation of chemokine production, positive regulation of NF-κB introduction into the nucleus, regulation of cytokine secretion, I-kappaB phosphorylation, positive regulation of nitric oxide synthase biosynthesis, cytokine production, MyD88-dependent Toll-like receptor signaling pathway, inflammation, and immune response.




Figure 3 | Ischemic stroke-related targets of refined Qingkailing (RQKL) regulated multiple cell type via multiple biological processes. (A) Veen diagram of compound targets of RQKL and ischemic stroke-related targets. (B) The compound-target-cell-type network of RQKL anti-ischemic stroke effect. The yellow refers to the compounds of RQKL. The purple represents six cell-types in brain and the blue represents intersectant targets of RQKL and ischemic stroke. (C) Biological process enrichment analysis of targets related to different cell-types in brain.





Identification of Core Anti-Ischemic Stroke Targets via Protein-Protein Interaction Network

Ischemic stroke-related targets are interconnected, and the PPI network has been shown to organize all protein-coding genes into a large network, which provides a better understanding of the role of various proteins in complex diseases such as ischemic stroke [29, 30]. Therefore, a compound-related target network (6,605 nodes and 158,668 edges) and a known ischemic stroke-related target network (2,861 nodes and 57,981 edges) were constructed using the PPI data. Further, we intersected both networks, consisting of 2,260 nodes and 51,966 edges. We identified nodes with degrees that were more than twice the median degree (58) of all nodes as significant targets as previously described. Thus, we constructed a network of significant targets for RQKL against ischemic stroke that had 564 nodes and 21,028 edges. Further, we calculated the topological features of each hub namely, “degree centrality (DC),” “betweenness centrality (BC),” “closeness centrality (CC),” “eigenvector centrality (EC),” “network centrality (NC),” and “local average connectivity (LAC).” The median values of “DC,” “BC,” “CC,” “EC,” “NC,” and “LAC” were 95, 240.7, 0.53, 0.3, 19.74, and 17.77, respectively. A flowchart of the core target screening is presented in Figure 4A. Detailed topological features of the core PPI and 189 core targets are shown in Supplementary Table S3.




Figure 4 | Core target identification via protein-protein network and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis. (A) Topological screening of protein-protein interaction (PPI) network. (B) KEGG pathway analysis of core targets for RQKL in treating ischemic stroke.





Kyoto Encyclopedia of Genes and Genomes Enrichment Analysis of Core Targets for Refined Qingkailing Against Ischemic Stroke

To further clarify the possible roles of the 189 core targets, we performed an enrichment analysis of their KEGG pathways. Specifically, we obtained signaling pathways related to PI3K-Akt, estrogen, neurotrophin, HIF-1, MAPK, Hippo, FoxO, TGF-beta, NOD-like receptor, apoptosis, NF-kappa B, Wnt, chemokine, TNF, Toll-like receptor, shown in Figure 4B. Based on the p-values, the PI3K-Akt signaling pathway was the most probable candidate for RQKL function targeting ischemic stroke.



Experimental Validation


Refined Qingkailing Treatment Attenuated Ischemia-Reperfusion Injury

To determine whether RQKL treatment improved neurological function after ischemic stroke, neurological deficit scoring was carried out. As shown in Figure 5A, obvious neurological deficits were observed in the ischemic group. Furthermore, while 15 mg/kg RQKL reduced the neurological deficits without a significant difference, treatment with 30 and 60 mg/kg remarkably decreased the neurological deficit score.




Figure 5 | Effects of different doses of refined Qingkailing (RQKL) on ischemia/reperfusion injury. (A) Effects RQKL on neurological deficits score (B) Quantitative analysis of cerebral infarct areas. (C) Representative pictures of brain sections stained with 2% TTC. (D) Evans blue (EB) leakage analysis to evaluate prevention of blood-brain barrier (BBB) damage by RQKL. (E) Representative pictures of EB leakage. Data points indicate means±SEM. vs. ischemia group: *p<0.05, **p<0.01, ***p<0.001. At least three independent experiments were performed for each group.



The infarct volume rate was assessed using TTC staining, and normal tissues were stained red, whereas the infarction area was unstained (white, Figure 5C). As shown in Figure 5B, after the 24 h tMCAO, the infarct ratio of the 30 and the 60 mg/kg groups declined obviously compared with that of the ischemic group. No significant neuroprotective effect was observed at the lowest dose.

After determining that RQKL inhibits cell death after I/R, we further investigated whether it affects the BBB integrity. In Figures 5D, E, the quantitative data showed that RQKL significantly decreased Evans blue extravasation leakage in the ipsilateral cortex, indicating that RQKL reduced the BBB permeability after ischemic stroke. Dose of 30 mg/kg RQKL was choose for further biological experiment because of its optimal effect.



Refined Qingkailing Treatment Decreased Glia Activation After Ischemic Stroke

To evaluate RQKL on neuron, astrocyte, and microglia, we evaluated expression level of protein marker of neuron, astrocyte, and microglia via western blot. As shown in Figures 6A–D, RQKL increased the expression level of NEUN compared to ischemia group, indicating a neuroprotective effect of QKL against ischemic stroke. And RQKL decreased expression level of GFAP and IBA-1 compared to ischemia group, indicating RQKL inhibited activation of astrocyte and microglia. Next we discussed RQKL on morphology of astrocyte and microglia. After 3D reconstructing astrocyte and microglia via software, the volume and surface area were calculated automatically. As shown in Figures 6E–G, ischemic stroke significantly increased the volume and surface area of astrocyte and microglia, and RQKL significantly decreased above index compared to ischemia group. These data suggested RQKL decreased glia activation after ischemic stroke.




Figure 6 | Anti-gliacyte response effect of refined Qingkailing (RQKL) on ischemia/reperfusion injury. (A) Representative pictures of expression of NUEN, GFAP, and IBA-1. (B) Quantitative analysis of NEUN expression. (C) Quantitative analysis of GFAP expression. (D) Quantitative analysis of IBA-1 expression. (E) Representative pictures of 3D reconstruction of astrocytes, microglia and neuron nuclei. Green represented astrocytes labeled by GFAP. Blue represented microglia labeled by INA-1. Red represented neuron nuclei labeled by NEUN. (F) Volume and surface area of astrocytes. (G) Volume and surface area of microglia. Data points indicate means±SEM. vs. Sham group: △p < 0.05, △△p < 0.01, △△△p < 0.001, vs. ischemia group: *p < 0.05, **p < 0.01. At least three independent experiments were performed for each group.





Refined Qingkailing Treatment Inhibited Cell Apoptosis Induced by Ischemic Stroke

Integrative pharmacology showed RQKL neuroprotective effect involved in cell apoptosis signal. In the present work, Nissl staining of the cerebral cortex (Figures 7A, C) was used to assess the cellular protective effect of treatment with the medium-dose RQKL (30 mg/kg). The results showed that RQKL significantly decreased the necrotic cell death score based on a published four-point scale evaluating necrotic neurons in the infarct area. The TUNEL staining (Figures 7B, D) showed no apparent positively stained cells in the cerebral cortices of the sham group, whereas numerous apoptotic cells with positively stained nuclei were observed in the ischemic group, which also showed shrinkage of the nuclei or chromatin margination. RQKL treatment induced the percentage of apoptotic cells compared to ischemia group.




Figure 7 | Anti-apoptosis effect of refined Qingkailing (RQKL) on ischemia/reperfusion injury. (A) Representative pictures of Nissl staining and (B) representative images of cell apoptosis stained by terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick-end labeling TUNEL method. (C) Relevant quantitative analysis based on pathological four-score scale and (D) rate of apoptotic cells in each group. (E) Western blot analysis of B-cell lymphoma 2 (BCL2) and BCL2-associated X protein (BAX). (F) Quantitative analysis of BCL2: BAX expression ratio. Data points indicate means±SEM. vs. Sham group: △p < 0.05, △△△p < 0.001, vs. ischemia group: *p <0.05, ***p < 0.001. At least three independent experiments were performed for each group.



Moreover, the analysis of alterations in apoptosis-related proteins showed that RQKL dramatically increased the Bcl-2/Bax ratio in ischemic animals (Figures 7E, F). Thus, the overall effect of RQKL in ischemic stroke was likely mediated by both the elevation of anti-apoptotic signaling and suppression of cellular death progress.



Refined Qingkailing Treatment Activated PI3K/AKT Signaling Pathways

Previous integrative pharmacology analysis showed that the PI3K/Akt signaling pathway is the main signaling pathway mediating the biological effects of RQKL on ischemic stroke. Therefore, we designed a western blot experiment to detect the activation of this signaling pathway. As shown in Figures 8A–C, the results of the western blotting showed that the expression levels of p-AKT/AKT ratio and p-PI3K/ PI3K ratio in the ischemic group were significantly decreased 24 h after ischemic stroke. Moreover, RQKL significantly increased the level of the two, indicating RQKL activated PI3k/Akt signaling suppressed by ischemic stroke.




Figure 8 | Refined Qingkailing (RQKL) activated phosphoinositide 3-kinase (PI3K)/AKT signal pathway. (A–C) Western blot and quantitative analysis of phosphorylated AKT (p-AKT) and p-PI3K by normalization to AKT and PI3K levels, respectively. Data points indicate means±SEM. vs. Sham group: △p < 0.05, △△p < 0.01, vs. ischemia group: *p < 0.05, ***p < 0.001. At least three independent experiments were performed for each group.





Refined Qingkailing Treatment Reduced Inflammatory Response

To evaluate RQKL on inflammatory response, an antibody microarray containing 67 cytokines and chemokines was used. As shown in Figures 9A–D, 19 proteins were identified as different expression proteins of RQKL treatment compared to ischemia group. A PPI network was constructed, and BP and KEGG enrichment analysis was illustrated in bubble plots. Some BP and KEGG signals mentioned in integrative pharmacology part were obtained, including inflammatory response, response to hypoxia, TNF signaling pathway, NOD-like receptor signaling pathway, NF-kappa B signaling pathway, Toll-like receptor signaling pathway.




Figure 9 | Anti-inflammation effect of refined Qingkailing (RQKL) on ischemia/reperfusion injury. (A) Different expression genes (DEGs) based on antibody array. (B) protein-protein interaction network of DEGs. (C) biological process enrichment of DEGs. (D) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment of DEGs.







Discussion

QKL injection is a famous traditional Chinese medicine formulation that has been widely used in China for more than 30 years. However, some adverse drug reactions and events have been reported, which has limited the clinical use of QKL injection since 2001 (Hao et al., 2010). Therefore, the development of a considerably safer and more efficacious QKL injection is urgently required. Therefore, we refined QKL into a novel medicine, RQKL, also targeted at treating acute ischemic stroke, one of the indications of QKL. RQKL is composed of only four main components of QKL and has the advantage of quality stabilization and clinical safety. In this study, we evaluated the neuroprotective effect of RQKL in a tMCAO rat model. We observed not only the effect of RQKL in improving neurological deficits and decreasing infract ratio but also on the BBB permeability following BBB injury in a dose-independent manner. And our unpublished in vitro data showed that RQKL protected neurons from ischemia/reperfusion injury with a dosage-independent manner, which was consistent with this study. And we also tested the efficacy of ingredients in RQKL against ischemia/reperfusion injury, only geniposide was found to have dose-dependent manner.

Most natural compounds are known to affect more than one gene or protein and have the potential to potently affect the entire biological process without severe side effects or excessive inhibition of certain single signaling pathway. Unfortunately, traditional methods have failed to reveal the obscure mechanisms of multi-target medicines in the systemic analysis. Recently, integrative pharmacology has provided an efficient approach for determining the underlying molecular mechanisms of multi-target medicine. We applied a integrative pharmacology approach that included target prediction, PPI analysis, GO enrichment analysis, network analysis, and experimental verification to decipher the mechanisms of the combination of four bioactive components derived from QKL injection (RQKL) for the therapy of ischemic stroke.

In this work, we built a network of 652 compound-target interactions generated between the four compounds and 438 non-repetitive targets, and numerous targets located in the cerebral cortex, hippocampus, and blood vessels, indicating a pharmacological efficacy of RQKL in treating cerebral vascular disease. GO analysis showed the multi-effects of RQKL including response to hypoxia, as well as negative regulation of cell death and inflammatory responses. Based on single cell RNA-seq data, we found RQKL could influence different cell-type, including neuron, astrocyte and microglia. Experimental data suggested an increased level of NEUN in penumbra of cortex, indicating a neuroprotective effect of RQKL treatment. According to previous studies, after ischemic stroke, astrocytes was activated into hypertrophic morphology with extended processes and swollen cell bodies and microglia was activated into hypertrophic morphology with thickened and retracted processes (Tian et al., 2019; Zhang et al., 2019). In the present study, we used 3D reconstruction software to reveal the morphology of astrocyte and microglia. We found RQKL treatment altered hypertrophic morphology of astrocyte and microglia in ischemic stroke model, indicating RQKL inhibited glia cells activation. Crucially, it is not clear whether the structural alteration of glia cells, is the cause or the consequence of protection of neurons in ischemic stroke. Further studies should focus on potential molecular mechanisms on modulating microgliosis and astrogliosis of RQKL.

After merging the PPI network of ischemic stroke- and RQKL-related targets, 189 candidate targets of RQKL treatment were characterized based on topological features. Enrichment analysis of their KEGG pathways highlighted the PI3K/Akt signaling pathway as the most probable candidate mediating the effects of RQKL on ischemic stroke. According to previous studies, suppression of PI3k/Akt signaling has been associated with the neuronal death induced by cerebral I/R. Therefore, enhanced Akt activity contributes to the anti-apoptotic and neuroprotective effects on the ischemic brain (Sun et al., 2018). Experiments showed that RQKL treatment activated PI3K/Akt signaling pathway and inhibited apoptosis progress. There are number literature reports of the cellular protective effect of compounds in RQKL via PI3K/Akt signal. Baicalin was reported to alleviate the neuronal apoptosis induced by ketamine toxicity (Zuo et al., 2016) and protect neonatal brains against hypoxic-ischemic injury via activation of PI3K/Akt signaling pathway (Zhou et al., 2017). A recent study showed that baicalin might directly bind to the pleckstrin homology domain of AKT and activate the phosphorylation of AKT on Ser473 site (Yang et al., 2019). Geniposide was reported to protect against hypoxic-ischemia-induced brain injury through the activation of PI3K/Akt signaling pathway (Liu et al., 2019). And the anti-apoptotic effects of geniposide mediated via the PI3K/AKT signaling pathway were also reported in H9c2 cells in response to the H/R injury (Jiang et al., 2016; Huang et al., 2017). Furthermore, numerous kinds of bile acids have been reported to activate the PI3k/Akt signaling pathway and attenuate certain kinds of brain injury (Hanafi et al., 2016; Sun et al., 2017). Activation of TGR5, a receptor of cholic acid and hyodeoxycholic acid, phosphorylate AKT at Ser473 and activate PI3K/Akt signal (Li et al., 2020). Consistent with the observation of these studies, our data showed that RQKL promoted the phosphorylation of PI3K/AKT and upregulated the ratio of the anti-apoptotic protein Bcl2 and pro-apoptotic protein Bax, which was confirmed by the downstream phosphorylation of Akt (Huang et al., 2015; Chen et al., 2017).

Our data confirmed some inflammation related signal was regulated by RQKL treatment, including TNF signaling pathway, NOD-like receptor signaling pathway, NF-kappa B signaling pathway, and Toll-like receptor signaling pathway. Ischemic stroke leads to the release of danger-associated molecular patterns (DAMPs) from dying neurons and other damaged cells. These molecules trigger the activation of resident microglia and astrocytes and leads to secretion of chemokines and cytokines, formation of an inflammatory environment, and damage amplification (Xiong et al., 2019). Modulating these inflammatory signals is a promising area of therapeutics research against ischemic stroke.



Conclusion

In conclusion, in this study, we combined a method of Big data discovery with biological validation to study the mechanism of the actions of RQKL against ischemic stroke at the systemic level. We confirmed the neuroprotective effect of RQKL against cerebral I/R injury, which was associated with its attenuation of brain damage, cell apoptosis and activation of glia cells, modulation of the PI3K/Akt pathway, TNF signaling pathway, NOD-like receptor signaling pathway, NF-kappa B signaling pathway, and Toll-like receptor signaling pathway. Whether other pathways or mechanisms predicted in this network pharmacological approach participate in the beneficial effects of RQKL needs to be further investigated.

However, this study has some limitations that are worth mentioning. First, the reliability of the drug- and disease-related targets and protein-protein interaction database was of great importance in analyzing the underlying mechanisms of the effects of RQKL against ischemic stroke. The accuracy of GO and pathway analyses depends on a priori biological knowledge. Secondly, different data mining machines lead to different results. Therefore, biological verification is necessary to evaluate the reliability of bioinformatic analysis in silico. Lastly, more specific evidence should be considered in determining the exact effect of these drugs on this signaling pathway. Furthermore, quantitative analysis of the synergistic effect of the four compounds should be investigated in the future.
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Although increasing reports from the literature on herbal-related hepatotoxicity, the identification of susceptibility-related factors and biomarkers remains challenging due to idiosyncratic drug-induced liver injury (IDILI). As a well-known Chinese medicine prescription, Xianling Gubao Capsule (XLGB) has attracted great attention due to reports of potential liver toxicity. But the mechanism behind it is difficult to determine. In this paper, we found that XLGB-induced liver injury belongs to IDILI through the analysis of clinical liver injury cases. In toxicological experiment assessment, co-exposure to XLGB and non-toxic dose of lipopolysaccharide (LPS) could cause evident liver injury as manifested by significantly increased plasma alanine aminotransferase activity and obvious liver histological damage. However, it failed to induce observable liver injury in normal rats, suggesting that mild immune stress may be a susceptibility factor for XLGB-induced idiosyncratic liver injury. Furthermore, plasma cytokines were determined and 15 cytokines (such as IL-1β, IFN-γ, and MIP-2α etc) were acquired by receiver operating characteristic (ROC) curves analysis. The expression of these 15 cytokines in LPS group was significantly up-regulated in contrast to the normal group. Meanwhile, the metabolomics profile showed that mild immune stress caused metabolic reprogramming, including sphingolipid metabolism, phenylalanine metabolism, and glycerophospholipid metabolism. 8 potential biomarkers (such as sphinganine, glycerophosphoethanolamine, and phenylalanine etc.) were identified by correlation analysis. Therefore, these results suggested that intracellular metabolism and immune changes induced by mild immune stress may be important susceptibility mechanisms for XLGB IDILI.




Keywords: Xianling Gubao capsule, idiosyncratic drug-induced liver injury, susceptibility-related factors, metabolomics, biomarkers



Introduction

Recently, with a deep belief that traditional Chinese medicines (TCM) are safe because they are “natural,” TCM and related products are applied more and more widely in the world, especially in the fields of tonics, health products, and food (Luo et al., 2019). However, TCM-related hepatotoxicity issues have also become increasingly prominent, causing widespread concern among researchers and drug regulatory authorities. Xianling Gubao (XLGB) is extensively applied to treat osteoporosis, osteoarthritis, menopausal syndrome, aseptic bone necrosis and bone fracture for about 20 years, and has definite therapeutic effect (Cheng et al., 2013). However, many cases of liver injury associated with XLGB have emerged in recent years. The China Food and Drug Administration (CFDA) has also warned of the risk of liver damage from XLGB in 2016.

The formulation of XLGB consists of six herbs: Epimedii folium (Epimedium brevicornu Maxim., Epimedium koreanum Nakai, Epimedium pubescens Maxim., Epimedium sagittatum (Siebold & Zucc.) Maxim., or Epimedium wushanense T.S.Ying), Psoraleae fructus (Cullen corylifolium (L.) Medik.), Dipsaci radix (Dipsacus asperoides C.Y.Cheng & T.M.Ai or Dipsacus inermis Wall.), Salvia miltiorrhiza radix et rhizoma (Salvia miltiorrhiza Bunge), Anemarrhenae rhizoma (Anemarrhena asphodeloides Bunge), and Rehmanniae radix preprarata (Rehmannia glutinosa (Gaertn.) DC.) (Guan et al., 2011). No toxic herbs were found in the routine recipe. Moreover, no obvious adverse effects or toxicity developed in ovariectomized rats administrated XLGB at dosages 1000 mg/kg for 26 weeks (Cheng et al., 2013) or 1200 mg/kg/day for 12 months and up to 1800 mg/kg/day for 26 weeks (equivalent to six times the daily-recommended dose) (Wu et al., 2017). The safety and effectiveness of XLGB in treating osteoporosis has been proven in a randomized, multicenter, double-blind, placebo-controlled clinical trial (Li et al., 2018). Currently, in spite of predictable liver toxicity is often found in preclinical and clinical testing for drugs, it is extremely difficult to recognize or assess Chinese herbs-related to hepatotoxicity, especially idiosyncratic liver injury. Therefore, the underlying mechanisms of XLGB-induced liver injury remain unknown. Our previous research has indicated that mild inflammation might be one of the factors related to susceptibility of Chinese herbs (He shou wu in Chinese)-induced liver injury (Li et al., 2016; Li et al., 2017). Simultaneous exposure to small doses of LPS can serve on a susceptibility-related determinant of many chemicals to intoxication, such as trovafloxacin and monocrotaline (Yee et al., 2003; Poulsen et al., 2014). A critical need exists to predict IDILI of Chinese herbs and understand the mechanisms behind it. Here, we investigated the objectivity of XLGB-induced liver injury by analyzing clinical liver injury cases and simultaneously evaluated XLGB susceptibility on previously established animal models of mild immune stress. As a follow-up, we employed a metabolomics strategy in order to explore the susceptibility related biomarkers of XLGB-induced liver toxicity from the perspective of metabolic reprogramming. The immune cytokines and differentially expressed biomarkers associated with the susceptibility factors of XLGB-induced liver injury were identified.



Materials and Methods


Chemicals and Reagents

Xianling Gubao Capsule (batch number 1601046) was produced by Guizhou Tongjitang Pharmaceutical Co., Ltd (Guizhou, China). Epimedin A, Epimedin B; Epimedin C, icariin, psoralen, angelicin, icarisid II and anhydroicaritin were from Chengdu Pufei De Biotechnology Co., Ltd. (Chengdu, China). Sodium pentobarbital (cat 57-33-0) and LPS [derived from Escherichia coli, 055:B5 (lot 086M4159V)] were supplied by Sigma Chemical Company. Methanol and formic acid are both HPLC grade, purchased from Fisher Chemicals (Pittsburg, PA, USA); Acetonitrile is also HPLC grade, obtained from Merck (Darmstadt, Germany); Water was purified by a Millipore's ultrapure water system (Millipore, Bedford, MA, USA). Luminex multiplex cytokine analysis kits was from R&D Systems (MN, United States). Alanine aminotransferase (ALT) and aspartate aminotransferase (AST) detection kits were acquired from Jiancheng Biological Technology, Co., Ltd (Nanjing, China).



Data Sources of Adverse Drug Reactions Cases

A total of 55,388 cases of drug-induced liver injury were collected from the National Adverse Drug Reaction (ADR) Monitoring Database (2012–2016), of which 63 cases of XLGB-related liver injury were found and included in the study. All cases were evaluated and included using the integrated evidence chain-based identification of traditional Chinese medicine in the “Guideline for diagnosis and treatment of herb-induced liver injury” issued by the China Association of Chinese Medicine and “Technical guidelines for clinical evaluation of liver injury induced by traditional Chinese medicine” issued by National Medical Products Administration (Wang et al., 2014; Wang et al., 2016; Zhu et al., 2016b). Retrospective analysis was performed for statistical analysis in this study.



Animals and Treatment Protocol

Male, Sprague-Dawley Rats weighing 180 to 250 g (Laboratory Animal Center of the Academy of Military Medical Sciences, License No. SYXK 2007- 004, Beijing, China) were used for this research. Rats were given continual access to water and food ad libitum. Animals were maintained in a 12 h light/dark cycle for one week of acclimatization. They received humane care according to the Guiding Principles for the Care and Use of Laboratory Animals of China and Institutional Animal Care, and procedures were approved by the Use Committee of 302 hospital of PLA. The powder of Xianling Gubao Capsule was suspended in 0.5% sodium carboxymethyl cellulose solution.

Evaluation of idiosyncratic liver injury was according to literature and our previously reported rat model and adjusted appropriately (Luyendyk et al., 2006; Li et al., 2015). Doses of LPS and XLGB were selected from our preliminary range-finding studies. Briefly, the animals were given normal saline or 2.8 mg/kg LPS by tail vein injection. Two hours later, 1.62 g/kg Xianling Gubao Capsule or an equivalent volume of normal saline was administered intragastrically. Rats were anesthetized (sodium pentobarbital, 50 mg/kg, ip) after six hours later. Blood was gathered from the inferior vena cava using a syringe filled with 0.38% sodium citrate. Plasma was collected after centrifugation (3,000 rpm, 10 min) and stored at 20°C until use. The left lateral liver lobe (3–4 mm) were removed and performed histopathological examination after fixing in 10% neutral buffered formalin for at least 72 h (He et al., 2018).



Assessment of Hepatic Injury and Analysis of Cytokines in Plasma

Hepatic parenchymal cell damage is assessed by an increase in ALT and AST activity in plasma, which is determined in accordance with the procedures of the microplate assay kit. Formalin-fixed liver lobes were embedded in paraffin, cut at a 4 μm, and stained with hematoxylin and eosin. Resulting slides were coded, and evaluated by light microscopy. Plasma cytokine/chemokine profiles, including IL-18A, MIP-2, MIP-2α, Rantes, MCP-3, MCP-1, IP-10, IL-6, VEGF-α, GRO-α, IL-4, IFN-γ, IL-2, IL-13, TNF-α, IL-1β, GM-CSF, IL-5, IL-11, IL-12p70, and Eotaxin were deterimined according to the manufacturer's instructions of the Cytokine array of Luminex Assays Kit.



Sample Handling of Metabolomics Study

The plasma samples were thawed at room temperature, and 600 µl of methanol was added to the 200 µl sample for extraction. The mixture were vortexed for 1 min and centrifuged (10,000 rpm,10 min) at 4°C. Then, the supernatants were collected and filtered through a 0.22-μm syringe filter.



Chromatography and Mass Spectrometry Conditions

The metabolic profiling analysis was performed on a Waters I-Class UPLC system (Waters Corporation, Milford, USA). The sample sequence is random, and all samples were separated on a reverse phase HSS T3 C18 column (100 mm × 2.1 mm, 1.8 µm particle size). The column temperature was maintained at 40 °C. To ensure the stability and repeatability of the system, 10 μl of each sample was combined for quality control (QC), which was inserted and analyzed in every 10 samples. The mobile phase used 0.1% formic acid in water as solvent A and 0.1% formic acid in acetonitrile as solvent B. The ﬂow rate was 0.3 mL/min. The gradient program was as follows: 0 to 1 min, 5 to 5% B, 1 to 9 min, 5 to 40% B, 9 to 19 min, 40 to 90% B, 19 to 21 min, 90 to 100% B, 21 to 25 min, 100 to 100% B. The sample inject volume was 4 µl. During the whole experiment, all the samples were held at 4°C.

For mass spectrometry analysis, Waters Xevo G2-XS QTOF/MS with positive and negative electrospray ionization sources (ESI) was used (Waters Corporation, Manchester, UK). The data collection was controlled by the UNIFI informatics platform (Waters Corporation, Manchester, UK), and the data range was 50-1200 Da. Capillary voltages were at 2.5 and 2.2 kV in positive and negative modes, respectively. For positive mode and negative mode, the cone voltage was 40 V. The applied source temperature was 130°C. The desolvation gas flow was set to 800 L/h, and the desolvation temperature was 350°C. The high collision energy scan was set at a ramp energy scan from 10 to 55 eV, and the low collision energy scan was set at 4 eV. The scan time for each function was 0.20 s. Leucine enkephalin (100 pg/µl) was applied as the lock mass, generating reference ions in negative mode of 554.2610 and positive mode of m/z 556.2771, and introducing reference ions at 10 μl/min at by a lockspray for accurate mass acquisition.



Multivariate Pattern Recognition Analysis and Identification of Biomarkers

UNIFI informatics platform was used to pre-process all data. Normalize the intensity of each ion in relation to the total number of ions to generate a data matrix consisting of normalized peak area, m/z value, and retention time (Wang et al., 2012). Then the data was introduced into (Umetrics, Umea, Sweden) software for principal component analysis (PCA) and orthogonal partial least squares-discriminant analysis (OPLS-DA) (Zhang et al., 2016; Huang et al., 2018). To screen variables that have a significant contribution to distinguishing potential biomarkers between the two groups (LPS vs Normal group or XLGB vs Normal group), only variables with |p (corr)| ≥ 0.5 and VIP values > 1 were chose and applied for further data analysis in the OPLS-DA model. Meanwhile, significant variables with p values <0.05 and folder changes> 2 or <0.5 were considered potential biomarkers. Biochemical databases, HMDB (http://www.hmdb.ca/) and METLIN (http://metlin.scripps.edu/) were used to identify potential biomarkers. Metabolic pathway analysis was performed by the KEGG (www.genome.jp/kegg/) pathway database, which was carried out using MetaboAnalyst 3.0 (http://www.metaboanalyst.ca/) in line with the pathway library of Rattus norvegicus (rat) (Wang et al., 2012).



Correlation Analysis

Pearson's correlation coefficient is a statistical measure of the strength of the linear relationship between paired data (Han et al., 2018; Li et al., 2019). To quantify the association between two consecutive variables, correlation analysis, a common statistical method, was applied to analyze the relevance between concentrations of cytokines and the peak area values from the UPLC-Q-TOF/MS in this study. Then, Pearson's correlation coefficient was obtained and further used to explore important related metabolites.



Statistical Analysis

One-way analysis of variance (ANOVA, Student's t-test) was used to assess the significant difference of potential biomarkers between groups (SPSS version 15.0; IBM: Chicago, IL, USA, 2006). P < 0.05 was considered statistically significant, and P < 0.01 was considered highly significant.




Results


Chemical Compositions Determination of XLGB

The chemical compositions of XLGB were determined by HPLC method. The representative HPLC chromatograms of mixed standards and XLGB were shown in Supplementary Figures 1A, B. The results showed that there was a roughly separation within different chromatographic peaks of XLGB. Eight major components in XLGB including Epimedin A, Epimedin B, Epimedin C, icariin, psoralen, angelicin, icarisid II and anhydroicaritin were ditermined and quantified, and the relative proportion of these compounds in the preparation is 0.058%, 0.015%, 0.012%, 0.373%, 0.155%, 0.056%, 0.058% and 4.937%, respectively.



Clinical Features of XLGB-Induced Liver Injury

As shown in Figure 1A, of the 63 cases of XLGB-induced liver injury, 36 cases were treated with XLGB alone, and 27 cases were used in combination with diclofenac sodium, omeprazole, and cisapride. Since diclofenac sodium itself is prone to liver damage, in order to reveal the objective authenticity of XLGB-induced liver injury, it is necessary to rule out the effects of other combination drugs, and only 36 cases of XLGB alone are included in the next study. Serious adverse reactions occurred in 50% of cases, and the general adverse reactions were the same. After treatment, most patients had a good prognosis, 55% of cases improved, 3% did not improve, the cure rate was 28%, and 14% of cases were unknown (Figure 1A).




Figure 1 | Analysis of clinical features of XLGB-induced liver injury (A) the incidence of XLGB-induced liver injury, drug compatibility, degree of adverse drug reaction, prognosis; (B) gender, age, and the purpose of medications; (C) Medication time, accumulated dose and improvement time; (D) biochemical indicators (ALT and AST).



The age distribution characteristics of liver injury cases indicated that the median age of onset was 64 years (range, 20-91 years), the ratio of males to females was 1:3.5, and the percentage is 6% in the 30-40 year-olds, 6% in the 41-50 year-olds, 25% in the 51-60 year-olds, 30% in the 5-60 year-olds, 33% in the more than 71 years old. Thus, the XLGB-induced liver injury was more common in women, and the peak age of which occurred at more than 71 years of age (Figure 1B). The purpose of XLGB medication included osteoporosis (30.6%), fracture (25%), arthritis (19.4%), cervical lumbar spondylosis (11.1%), hyperostosis (8.3%), and health care (5.6%), which were all in the scope of the instructions except health care (Figure 1B). As depicted in Figure 1C, the median duration of administration was 29 days. Obvious dose-to-toxic relationship was not observed between the duration of administration and the cumulative dosage. The median time of improvement after treatment drug or discontinuation was 10 days. Clinical biochemical indicators can be found in Figure 1D, the median of the ALT and AST levels were 10 and 9 times greater than the upper limit of the normal range (Figure 1D). Moreover, the higher ratio of grade 3/4 liver enzyme elevation were observed in 22/36(ALT) of patients in accordance with National Cancer Institute Common Terminology Criteria for Adverse Events (CTCAE) (Ahn et al., 2017).



Liver Functional and Histologic Changes of XLGB

As shown in Figures 2A, B, compared with normal group, plasma ALT, and AST activities were not increased significantly by XLGB treatment alone (P > 0.05). Likewise, LPS administration did not cause increase in ALT and AST activities (P > 0.05). However, as marked by increased ALT and AST activities in plasma, liver injury from XLGB and LPS coexposure occurred in contrast with LPS group.




Figure 2 | (A, B) Influence of co-treatment with LPS (2.8 mg/kg, i.v.) and XLGB (1.62 g/kg, i.g.) on plasma ALT and AST activities. (C) Representative microphotographs of liver sections isolated from rats. The arrows indicate multifocal midzonal necrosis of hepatocytes caused by co-treatment XLGB (1.62 g/kg, i.g.) and LPS (2.8 mg/kg, i.v.). HE staining (×200). n = 10, x ± s. **P < 0.01 vs normal group or vs LPS group.



The results of histopathology displayed that no significant lesions were observed in the saline (control) and XLGB treatment groups. LPS-treated group showed evidence of mild leukocyte infiltration in portal area but no evident hepatocytes injury. However, When combined with LPS and XLGB, the severity of histologic changes was pronounced, such as multifocal midzonal necrosis of hepatocytes andmany inflammatory cell infiltration (Figure 2C). These data suggested that the LPS-induced inflammation activation presumably plays a crucial part in the pathogenesis of XLGB IDILI.



Screening for Susceptibility-Related Cytokines of XLGB-Induced Liver Injury

To observe possible cytokine/chemokine profiles in the normal, LPS, XLGB, and LPS/XLGB groups, the PCA analysis was performed to visualize cytokines/chemokines differences between the above four groups (Figure 3A). The results indicated that the LPS group and LPS/XLGB group were able to significiantly distinguished from the normal group and XLGB group. The susceptibility of XLGB-induced liver injury was therefore evident from the cytokine expression profiles. Next, The susceptibility-related cytokines of XLGB-induced liver injury were screened by a Receiver Operating Characteristic (ROC) Curve analysis (Figure 3B). Finally, MCP-1, IL-11, Rantes, IL-1β, IFN-γ, GRO-α, MIP-2α, IP-10, MCP-3, IL-4, MIP-2,GM-CSF, IL-18A, VEGF-α, and TNF-α were seen as potential factors (AUC > 0.9) (Figure 3C). Meanwhile, we performed cluster analysis of plasma-derived samples and cytokines and represented the result as a heat map. The resluts showed that there was a clear separation between the above two groups in line with cytokine expression profiles. The sample tree was divided into two clusters: cluster1: the normal group with relatively low (cold spots) cytokine expression; cluster 2: the LPS group with relatively high (hot spots) cytokine expression (Figure 3C).




Figure 3 | Screening for susceptibility-related cytokines of XLGB-Induced liver injury. (A) principal component analysis (PCA) of plasma cytokines; (B) receiver operating characteristic (ROC) curves of susceptibility-related to cytokines (LPS group vs normal group); (C) cluster analysis of susceptibility-related to cytokines (ROC > 9); the heat map colours represent concentration of cytokines relative to the minimum and maximum of all values in this analysis.





Metabolomic Analysis of Plasma

The unsupervised PCA and supervised method OPLS-DA were performed in positive and negative ion modes. Figure 4A showed the score plots of PCA analysis in ESI+ mode. QC samples were chosen to assess the stability and accuracy of metabolomics methods because they contain a wide range of m/z values and chemical polarities. The RSD % results showed that the within-run precision, between-run precision and stability of m/z values, retention times, and peak areas were within the error range, respectively, which verified the feasibility of the method. In addition, QC samples clustered closely in PCA score plots indicating that the LC/MS system was stable throughout the experiment. Plasma samples from normal, LPS, XLGB, and XLGB/LPS groups could be divided into different blocks by PCA, which indicated that metabolic profiles vary greatly between the four groups. In addition, there was a clear separation between the normal group and the LPS group from PCA1, indicating that the metabolic environment was significantly affected by different physiological states. Similar results in ESI- were displayed in Supplementary Figure 2A. Moreover, as shown in Figure 4B and Supplementary Figure 2D, the four groups (normal, LPS, XLGB, and LPS/XLGB groups) in both ESI+ and ESI-modes could also be obviously distinguished by the clustering heatmaps based on these metabolites.




Figure 4 | Metabolomic Profile Analysis of XLGB-induced liver injury. (A) PCA score plots ofof different groups in positive ESI mode; (B) cluster analysis of the 654 significantly changed ions among the normal, LPS, XLGB, and LPS/XLGB groups. The colors from blue to red indicate the relative contents of metabolites.



To further investigate the potential metabolites of the susceptibility-related XLGB-induced liver injury, OPLS-DA was applied to classifiy or discriminate analysis. As displayed in Figure 5A, and XLGB and normal groups can be clearly separated (in ESI+mode) and showed a good predictive ability with a R2Y (cum) of 0.981, R2X (cum) of 0.764, and Q2 (cum) of 0.523. Meanwhile, the LPS group could also be obviously detached from normal group. The R2Y (cum), R2X (cum), and Q2 (cum) were 0.969, 0.73, and 0.576, respectively, indicating that the OPLS-DA model was reliable. The S-plots for LPS vs normal and XLGB vs normal are shown in Figures 5A, B. Data analysis of ESI- mode was also performed and described in Supplementary Figures 3A, B. Then, the variables with a |p (corr)|≥0.5,VIP value > 1, P < 0.05 and fold change (FC) > 2 or <0.5 were selceted as the potential biomarkers for further analysis. Next, area-proportional 3-Venn diagrams have been used to analyze differences and similarities between differential metabolites in two different groups. The results depicted that there were 424 (LPS vs normal) and 231 (XLGB vs normal) differential ions in two independent comparisons of the ESI+ mode (Figure 5C), while the above comparisons were 403 and 188 in the ESI-mode, respectively (Supplementary Figure 3C). Therefore, the results showed that 126 differential variables were affected by the synergistic effect of LPS and XLGB, not just the individual effects of XLGB or LPS, so they could be used as potential biomarkers related to susceptibility to XLGB IDILI.




Figure 5 | Analysis of potential biomarkers associated with susceptibility to XLGB-induced liver injury. OPLS-DA analysis of the data generated from the XLGB vs normal (A), LPS vs normal (B) in the ESI+ mode. S-score plots constructed from the supervised OPLS analysis, the axes that are plotted in the S-plot from the predictive component are p1 vs p (corr)1, representing the magnitude and reliability respectively. Metabolite ions with VIP value >1 were marked with a red square. (C) The shared and unique numbers of metabolites were also visualized in Venn diagram from LPS vs normal and XLGB vs normal.





Identification Potential Biomarkers and Enrichment Pathway

The acquired metabolites were combined and tentatively identified with the accurate mass charge ratio. Finally, 77 variables were considered candidates for potential biomarkers and then imported into MetaboAnalyst 3.0 and enriched in the KEGG pathway to further explore the metabolic pathways. Of these, 12 significant metabolites were obtained, including calcitriol, pregnenolone, spermidine, ceramide, sphinganine, glycerophosphoethanolamine, phenylalanine, phosphatidylethanolamine, stearidonic acid, γ-linolenic acid,glycocholic acid,5'-methylthioadenosine (Supplementary Table 1). In order to more intuitively compare the metabolite differences between the LPS group and the normal group, a spider diagram of the differential metabolites was constructed based on their relative abundance (Figure 6A). The results showed that except for pregnenolone, spermidine, ceramide, and glycocholic acid, the expression of differential metabolites in the LPS group was notably higher than that in the normal group. A schematic diagram of disturbed metabolic pathways was displayed in Figure 4B. Meanwhile, a complex network was constructed based on enriched metabolic pathways and the identifed differential metabolites, which contributed to contrast the differences between the LPS group and the normal group in metabolic profles (Figure 6C).




Figure 6 | Overall metabolic profle. (A) spider plot of 12 metabolites of which the change in relative abundance best diferentiated between the LPS group and normal group. Blue line represents normal group, orange line represents LPS group. (B) Schematic diagram of the disturbed metabolic pathways. (C) Network map of metabolic pathways and metabolites. The notations are as follows: (↑) in red, metabolite higher in the LPS-treated group than in the normal group; (↓) in, metabolite lower in the LPS-treated group than in the normal group. The related metabolic pathways are cycled in a green box.





Correlation Analysis of Susceptibility-Related Cytokines and Biomarkers

To further screen for susceptibility-related metabolites of XLGB-Induced liver Injury, correlation analysis was used to evaluate metabolite-cytokine relationships between area values of 12 metabolites and concentrations of 15 cytokines. From the results depicted in Figure 7, the correlation coefficients demonstrated that five metabolites, sphinganine, 5'-methylthioadenosine, calcitriol, phenylalanine, and glycerophosphoethanolamine were significantly positively correlated, while pregnenolone, spermidine, ceramide, and glycocholic acid were negatively correlated. Besides, there was no correlation between γ-linolenic acid and 15 cytokines (P > 0.05). Compared with the normal group, the content of the five positively related metabolites increased significantly, while the content of the other four negatively related metabolites decreased. These data suggest that the change trend of the content is consistent with the positive and negative correlation of cytokines. In addition, sphinganine and 5′-methylthioadenosine were significantly correlated with 15 cytokines. Stearidonic acid and calcitriol were not correlated with 15 cytokines except for TNF-α. Specially, TNF-α was related to 9 metabolites except for phosphatidylethanolamine and γ-linolenic acid.




Figure 7 | Pearson correlation coefficient of 12 metabolites and concentrations of 15 cytokines. P > 0.05 or P > 0.01(the correlation coefficient > 0.6).






Discussion

IDILI is one type of drug-related adverse reaction, which is relatively rare but may be severe or even fatal in some cases (Andrade et al., 2019). IDILI is determined by the interaction of environmental and host factors with the drug. As the significant individual differences and susceptibility of the liver to adverse drug reactions, it is still a formidable challenge to predict IDILI (Uetrecht, 2019). Despite many cases of TCM-induced hepatotoxicity have been reported, preclinical studies have not revealed and predicted their hepatotoxicity in normal experimental animals. Therefore, it is speculated that the hepatotoxicity of TCM may belong to IDILI. Our study demonstrated that the ratio of XLGB-induced liver injury in all DILI cases was very low, only 0.06% (36 in 55388), and not dose- or time-dependent by virtue of the retrospective statistics of DILI cases in the National Adverse Drug Reaction (ADR) Monitoring Database (2012-2016). Moreover, all patients took the drugs according to the instructions, and there was no overdose. Thus, XLGB-induced liver injury might be IDILI.

Currently, combined treatment of rats with endotoxin (LPS) and a model drug related to drug idiosyncrasy inpatients, led to severe hepatotoxicity in toxicological experiment assessment (Ramm et al., 2015). This model has been applied to assess IDILI of some drugs, including trovafloxacin, pyrrolizidine alkaloids, ranitidine, nefazodone, nimesulide, clarithromycin, and telithromycin successfully (Tukov et al., 2007; Guo et al., 2013; Hammad et al., 2013). In our previous work, Polygoni multiflora radix (Reynoutria multiflora (Thunb.) Moldenke), Epimedii folium (Epimedium brevicornu Maxim.), and Psoraleae fructus (Cullen corylifolium (L.) Medik.) could induce acute liver injury in the LPS rats, suggesting that this model could evaluate the susceptibility of the liver to hepatotoxic chemicals from TCM (Li et al., 2015). In this study, we found that a single administration of XLGB or LPS did not develop a significant liver injury phenotype, but co-administration of XLGB with LPS to rats resulted in an increase in the plasma ALT and AST levels and the severity of histologic changes. Additionally, LPS led to a slight infiltration of inflammatory cells in portal area and upregulation of cytokines such as IL-11, GRO-α, IL-1β, MCP-3, IFN-γ, MCP-1, Rantes, MIP-2, IL-4, GM-CSF, IP-10, MIP-2α, IL-18A, VEGF-α, and TNF-α. Given the effect of cytokines in regulating inflammatory responses, changes in cytokine expression modes may be as potential biomarkers for DILI (Laverty et al., 2010). During the exploration of the LPS/Trovafloxacin model, neutrophil recruitment and activation, and increased cytokines such as IL-18, IFN-γ, and PAI-1 played an important role in the pathogenesis of liver damage (Shaw et al., 2009). LPS alone led to an obvious increase in the levels of IL-1, IL-6, TNF-α, CINC-1, which were remarkably amplified by co-administration with diclofenac and closely related to the observed liver injury (Ramm et al., 2015). Inflammatory stress has the potential to interact with co-exposure drug treatment and might be a susceptibility factor participated in the mechanism of IDILI (Shaw et al., 2010). As far as XLGB is concerned, a lot of patients have inflammatory-related diseases, including osteoarthritis and rheumatoid arthritis. This result is consistent with diclofenac, which is well known to induce IDILI (Kishida et al., 2012). In addition, our previous epidemiological investigations have shown that many patients with immune or inflammation-related diseases such as osteoarthritis, psoriasis, and systemic lupus are prone to cause liver injury after taking Polygoni multiflora radix (Reynoutria multiflora (Thunb.) Moldenke) (Zhu et al., 2016a). Accordingly, inflammatory mediators evoked by concurrent LPS exposure should alter liver homeostasis to provide the cells more susceptible to toxic chemicals in XLGB.

Inflammation is not only a physiological response to harmful stimuli but also an important factor to the pathogenesis of various metabolic disorders (Kim et al., 2017). As shown in Figure 6B, 12 significant metabolites accountable for class discrimination were enriched into 10 metabolic pathways. Sphingolipid metabolism, phenylalanine metabolism, and glycerophospholipid metabolism are the top 3 important pathway. Emerging experimental evidence suggests that sphingolipids can be intimately involved in inflammation (Sakamoto et al., 2019). It has been reported that LPS can increase the levels of sphinganine in serum, indicating that LPS induces the release of TNF-α and IL-1β, thereby activating a variable sphingosine kinase (Jang et al., 2007). As a second messenger molecule of sphingolipids, ceramide also acts as a systemic mediator of inflammation (Lightle et al., 2003). The production of ceramide in the liver increased the secretion of cytokines such as IL-6, TNF-α, and IL-1β, which should contribute to enhancing inflammatory responses in metabolic diseases (Schilling et al., 2013). Ceramide synthase catalyzes the N-transacylation of sphinganine to form dihydroceramides and then to ceramide in the de novo sphingolipid biosynthesis pathway (Tolleson et al., 1999). In the present study, the results demonstrated that sphinganine levels increased and ceramide decreased after LPS-treatment. Therefore, the concentration of sphinganine decreased in LPS group may be relevant to sphingosine accumulation. Glycerophospholipids and sphingolipids are structural units of biological membranes and act as bioactive mediators and signaling molecules in inﬂammation process (Dang et al., 2016). Glycerophosphoethanolamine (PE) is an important lipid marker of inflammation in glycerophospholipid metabolism. Increased concentrations of PE was detected in systemic circulation of Nonalcoholic steatohepatitis patients (Anjani et al., 2015). Inflammation is characterized by elevated plasma levels of PE and elevated proinflammatory cytokines IL-6, MCP-1, IL-8, and TNF-α (Ruiz et al., 2015). The results revealed that LPS dramatically altered numerous metabolic pathways that were associated with inflammatory response, immune modulation, and nutrient metabolism, which all may play a crucial part in the susceptibility of XLGB-induced liver injury.

At present, the hepatotoxic chemicals attributed to XLGB-induced liver injury are not still clarified. Epimedii folium (Epimedium brevicornu Maxim.) and Psoraleae fructus (Cullen corylifolium (L.) Medik.) could amplify inflammation cytokines such as TNF-α, IL-6, and IL-1β individually or in combination, resulting in liver injury in the LPS rat model (Gao et al., 2020). These two herbs are also contained in XLGB. Whether they are the main hepatotoxic drugs for XLGB-induced liver damage needs further study.

However, there are some limitations in this experiment. Although factors and biomarkers related to XLGB susceptibility have been explored, they still need to be validated and systematically clarified in the clinic. Additionally, the importance of mild immune stress should be validated through immunodeficiency animal models. The material basis of XLGB IDILI and its related biological mechanisms are also required for further illumination.
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Anemarrhena asphodeloides Bunge is a famous Chinese Materia Medica and has been used in traditional Chinese medicine for more than two thousand years. Steroidal saponins are important active components isolated from A. asphodeloides Bunge. Among which, the accumulation of numerous experimental studies involved in Timosaponin AIII (Timo AIII) draws our attention in the recent decades. In this review, we searched all the scientific literatures using the key word “timosaponin AIII” in the PubMed database update to March 2020. We comprehensively summarized the pharmacological activity, pharmacokinetics, and toxicity of Timo AIII. We found that Timo AIII presents multiple-pharmacological activities, such as anti-cancer, anti-neuronal disorders, anti-inflammation, anti-coagulant, and so on. And the anti-cancer effect of Timo AIII in various cancers, especially hepatocellular cancer and breast cancer, is supposed as its most potential activity. The anti-inflammatory activity of Timo AIII is also beneficial to many diseases. Moreover, VEGFR, X-linked inhibitor of apoptosis protein (XIAP), B-cell-specific Moloney murine leukemia virus integration site 1 (BMI1), thromboxane (Tx) A2 receptor, mTOR, NF-κB, COX-2, MMPs, acetylcholinesterase (AChE), and so on are identified as the crucial pharmacological targets of Timo AIII. Furthermore, the hepatotoxicity of Timo AIII was most concerned, and the pharmacokinetics and toxicity of Timo AIII need further studies in diverse animal models. In conclusion, Timo AIII is potent as a compound or leading compound for further drug development while still needs in-depth studies.
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Introduction

Timosaponin AIII (Timo AIII, IUPAC name: (2S,3R,4S,5S,6R)-2-[(2R,3R,4S,5R,6R)-4,5-dihydroxy-6-(hydroxymethyl)-2-[(1R,2S,4S,5'S,6R,7S,8R,9S,12S,13S,16S,18R)-5',7,9,13-tetramethylspiro[5-oxapentacyclo[10.8.0.02,9.04,8.013,18]icosane-6,2'-oxane]-16-yl]oxyoxan-3-yl]oxy-6-(hydroxymethyl)oxane-3,4,5-triol, CAS no: 41059-79-4) is a natural steroidal saponin with multiple-pharmacological activities, and it is primary isolated from Chinese Materia Medica Anemarrhena asphodeloides Bunge (well-known as Zhimu in Chinese) (Figure 1) which has been used for treatment various diseases including arthralgia, hematochezia, cough, hemoptysis, and so on, in traditional Chinese medicine (Wang et al., 2014). Phytochemistry studies have identified more than 100 compounds from A. asphodeloides Bunge, and the main constitutes are steroidal saponins, flavonoids, phenylpropanoids, alkaloids, steroids, organic acids, anthraquinones, and so on (Wang et al., 2014). The total saponins, which are rich in rhizome, could be extracted by hot water under reflux and purified by EtOAc, n-BuOH, and H2O, and the content of saponins is more than 6% (Wang et al., 2014; Yang et al., 2016; Nian et al., 2017). Timo AIII, Timosaponin BII (Timo BII) and sarsasapogenin are three main active saponins isolated from A. asphodeloides Bunge (Figure 1), and they have been identified as quality control and pharmacokinetic markers of diverse A. asphodeloides Bunge-contained Chinese herb formulas, such as TongGuanWan, Rhizoma Anemarrhenae-Phellodendron herb pair, guizhi-shaoyao-zhimu herb pair, zhimu-baihe herb pair, and so on (Tang et al., 2012; Wang et al., 2014; Tang et al., 2015; Yang et al., 2018). The biotransformation of Timo AIII from Timo BII could been mediated by β-D-glycosidase (Lu et al., 2016). Lu et al. also developed an enzyme associated five-step preparation method to produce high yield and purity Timo AIII from A. asphodeloides Bunge, which allowed us obtain efficient amount of Timo AIII for further study and product development (Lu et al., 2016). Although Timo AIII and Timo BII are mainly metabolized to sarsasapogenin in vivo, the sugar chain plays important roles in their pharmacological activities (Sy et al., 2008; Lee et al., 2010; Wang et al., 2010). The sugar chain in Timo AIII is indispensable to its pharmacological activities, and conversion of Timo BII to Timo AIII enhanced its cytotoxicity (King et al., 2009). So, Timo AIII presented most potential anti-cancer activity due to its specific sugar chain binding site. However, the hydrophobicity and low bioavailability of Timo AIII limited its efficacy in vivo, and many studies also focused on derivatization or drug delivery system design based on Timo AIII (Wang et al., 2010; Hu et al., 2011; Kim et al., 2014; Lu et al., 2018).




Figure 1 | Anemarrhena asphodeloides Bunge and the chemical structures of its main steroidal saponin ingredients. (A) A. asphodeloides Bunge. (B) Timosaponin AIII, Pubchem CID: 71306914, MF: C39H64O13. (C) Timosaponin BII, Pubchem CID: 44575945, MF: C45H76O19. (D) Sarsasapogenin, Pubchem CID: 92095, MF: C27H44O3.



Timo AIII affected different numerous cellular signaling pathways and presented efficacy in different cell types and various disease models both in vitro and in vivo, such as cancer, Alzheimer's disease, depression, diabetic mellitus, colitis, and so on. Timo AIII dramatically inhibited the cancer cell growth at micromole level of concentration and selectively reduced the cancer cell viability but not normal cell (King et al., 2009). Thus, Timo AIII was proposed as a potent anti-cancer agent, and its anti-cancer activity and underlying mechanisms were most investigated in the previous studies (Han et al., 2018). In this review, we comprehensively summarized the pharmacological activity, pharmacokinetics, and toxicity of Timo AIII according to the literatures in the recent decades. And this review provides an overview of the previous research related to Timo AIII, which is benefit for its further study and drug development.



Pharmacological Activities of Timo AIII


Cancer


Cytotoxicity

Timo AIII and Timo BII are two well-known steroidal saponins in Anemarrhena asphodeloides Bunge while Timo BII presented less cytotoxic effect than Timo AIII in cancer cells (King et al., 2009). Induction of tumor cell death by cytotoxicity agent is the important mechanism of current cancer chemotherapy (Wang et al., 2013). Selectively kill cancer cell, regardless of normal cell, is the basic principle in cytotoxic anti-cancer drug development. Timo AIII could cause cell death in cancer cell but not in normal cell in the certain concentration (King et al., 2009; Wang et al., 2013; Zhou et al., 2020). In addition, previous studies indicated that Timo AIII presented cytotoxicity effects in various kinds of cancer cells including breast cancer, hepatocellular cancer, cervical cancer, colon cancer, nasopharyngeal cancer, pancreatic cancer, lung cancer, renal cancer, chronic myelogenous leukemia, ovarian carcinoma, osteosarcoma, leukemia, melanoma, and so on. The detection methods and corresponding concentrations which presented cytotoxicity effect and/or IC50 in cancer and normal cell lines were summarized in Tables 1 and 2. And the anti-cancer effects and underlying mechanisms of Timo AIII were most studied in breast cancer and hepatocellular cancer. However, only a small part of studies employed a positive control when evaluating the cytotoxicity of Timo AIII in their studies (Tables 1 and 2). These results also indicated that the cytotoxic effect of Timo AIII to both cancer and normal cells were not all the same in the different contexts. In addition, the dosage of Timo AIII examined in animal models including mice, rat, and zebrafish were listed in Table 3.


Table 1 | The cytotoxicity effects of Timo AIII in different cancer cell lines.




Table 2 | The cytotoxicity effects of Timo AIII in various normal cells.




Table 3 | The dose range of Timo AIII examined in animal models.





Promotion of Cell Apoptosis and Cell Cycle Arrest

Induction of cell apoptosis and cell cycle arrest, which stops cancer cell proliferation and causes cell death, is the current main strategy in cancer treatment. The anti-cancer effect of Timo AIII was firstly reported ten years ago in 2008 by Sy et al. They identified that prolong treatment Timo AIII increased cytochrome c release and caspase activation in HeLa cells, and this pro-apoptosis effect of Timo AIII was mediated by over production of ROS and mitochondrial dysfunction (Sy et al., 2008). However, the anti-cancer effects of Timo AIII were most studied in breast cancer and hepatocellular cancer in the past decades. King et al. found that Timo AIII promoted breast cancer cell BT474, MDAMB231 and MCF10A apoptosis in a concentration-dependent manner, and the underlying mechanisms was co-related with target of rapamycin complex 1 (TORC1) inhibition and endoplasmic reticulum (ER) stress stimulated-apoptosis as well as the inhibition of major cell proliferation signaling transduction pathways (King et al., 2009). In the research field of hepatocellular cancer, Wang et al. found that Timo AIII enhanced the apoptosis cell population by activation of poly-ADP ribose polymerase (PARP) and caspase 3, and Z-VAD-FMK which is a cellular apoptosis inhibitor suppressed Timo AIII-induced cytotoxicity in human hepatocellular cancer cell lines including HepG2, MHCC97L, PLC/PRF/5 and Hep3B (Wang et al., 2013). And Timo AIII induced tumor cell apoptosis and increased cleavage PARP and caspase 3 expression in xenografted tumor mice model (Wang et al., 2013). In addition, Wang et al. proved that Timo AIIII reduced the expression of X-linked inhibitor of apoptosis protein (XIAP), which is one of the inhibitor of apoptosis proteins (IAP), in both hepatocellular cancer cells in vitro and in vivo, and suppression of XIAP by siRNA reduced the toxic sensitivity of Timo AIII in hepatocellular cancer cells (Wang et al., 2013). These results indicated that Timo AIII reduced the tumor growth by modulation of XIAP-mediated cellular caspase active apoptosis in hepatocellular cancer. Moreover, Kyoung et al. found that the anti-cancer effect of Timo AIII was most effective in HepG 2 liver cancer cell among MDA-MB-231 breast cancer cell, A549 no-small-cell lung cancer cell and Hep3B liver cancer cell (Nho et al., 2016). Timo AIII induced more than 90% cell apoptosis on the concentration of 15 µM, and the IC 50 (24h) was 15.41 µM in HepG2 cell. And Timo AIII-promoted cell apoptosis was associated with the decreased expression of Bcl-2, Mcl-1 and IAP family, and the increased release of cytochrome c and activities of caspase family including caspase 3, 7, 8, and 9 (Nho et al., 2016).

In addition, Timo AIII also presented efficacy in colon cancer, pancreatic cancer, lung cancer, osteosarcoma, melanoma, and leukemia. In colon cancer, human colon cancer HCT-15 cells treated various concentrations of Timo AIII for 12 or 24 h appeared different degree of G0/G1 and G2/M phase cell cycle arrest, and the cell cycle regulation effect of Timo AIII was associated with the down-regulation of cyclin A, cyclin B1, CDK2, CDK4, pRb, proliferating cell nuclear antigen (PCNA) and c-Myc (Kang et al., 2011). Moreover, Timo AIII promoted cell apoptosis by induction of DNA fragmentation, activation of caspases, induction of cleaved-PARP and reduction of Bcl-xL and Bcl-2 expression in HCT-15 cells in vitro. In line with this results, Timo AIII significantly decreased the tumor volume in HCT-15 cell-bearing athymic nude mice in vivo (Kang et al., 2011). In melanoma, Timo AIII arrested the cell cycle at G0/G1 phase and enhanced the cell apoptosis by up-regulation of cleavage-caspase 3 expression in human melanoma A375-S2 cells (Wang et al., 2017). And Timo AIII enhanced the expression of iNOS which resulted in the elevated release of NO, and Timo AIII-induced cleavage of caspase 3 was attenuated by iNOS inhibitors DTT and 1400W in A375-S2 cells. Timo AIII increased the expression of JNK and ERK, and their inhibitors enhanced Timo AIII-induced cell death but decreased cleavage-caspase 3 expression in A375-S2 cells (Wang et al., 2017). Thus, JNK and ERK seem play protective roles in the Timo AIII-induced cell death. In pancreatic cancer, Kim et al. demonstrated that Timo AIII increased the number of apoptotic cells which accompanied with the reduction of mRNA expression of anti-apoptosis proteins survivin, Bcl-2 and Bcl-xl, and Timo AIII elevated cell cycle distribution at sub-G1 phase which might result from the down-regulation of cell cycle regulators cyclin-D and upregulation of cyclin-dependent inhibitor p21 in human pancreatic cancer cell AsPC-1 (Kim et al., 2019b). And combination commercial available anti-cancer drug dasatinib, which is a Src inhibitor, with Timo AIII enhanced the pro-apoptosis effect by regulation of PARP and caspase 3 expressions in AsPC-1 cells (Kim et al., 2019b). Interestingly, Timo AIII enhanced the ERK/Src phosphorylation at low concentration while decreased both the amount of phosphorylated and total protein at high concentration (Kim et al., 2019b), which revealed that high concentration of Timo AIII mainly resulted in cell death. Timo AIII also inhibited the tumor growth by activation of caspase-3 which stimulated cellular apoptosis on pancreatic cancer PANC-1 cell-xenograft nude mice model (Pan et al., 2013). In osteosarcoma and lung cancer, Timo AIII significantly induced cell apoptosis by regulation of caspase 3, caspase 7 and PARP expressions in MG63 human osteosarcoma cells (Jung and Lee, 2019), and induced cell apoptosis and cell cycle arrest at G0/G1 phase in human no-small-cell lung cancer cell A549 (Jung et al., 2016). Timo AIII also concentration-dependently induced cell apoptosis by upregulation of Bax and down regulation of Bcl-2 in T−cell acute lymphoblastic leukemia Jurkat cells (Wang et al., 2019).

Thus, we could conclude that the anti-cancer efficacy of Timo AIII was well studied, especially hepatocellular cancer and breast cancer, and the mainly underlying mechanism was induction of cell apoptosis (Figure 2) and cell cycle arrest (Figure 3). In addition, the XIAP might be potential pharmacological target of Timo AIII.




Figure 2 | Schematic overview of the underlying mechanisms related to the induction of apoptosis, ROS production, and mitochondrial dysfunction by Timo AIII.






Figure 3 | Schematic overview of the underlying mechanisms related to the cell cycle arrest effect of Timo AIII.





Induction of ER Stress, ROS Generation, and Mitochondrial Dysfunction

Normal endoplasmic reticulum (ER) function is essential for maintaining the cellular homeostasis, and ER stress presents in cancer cells due to its nutrient limitative and hypoxic tumor micro-environment (Cubillos-Ruiz et al., 2017). However, chronic ER stress stimulated activation of cellular apoptosis pathways which could result in cancer cell death, and the anti-cancer effects of various natural products were resulted from the induction of intracellular ER stress (Kim and Kim, 2018). King et al. found that Timo AIII time-dependently enhanced the ER stress by up-regulating the protein levels of PDI, calreticulin, GRP78, ATF4, and TRIB3 and the phosphorylation levels of eIF2α and PERK, which are ER stress markers (King et al., 2009). And Timo AIII also enhanced the genes expression in cholesterol biosynthesis pathways in breast cancer cell BT474, MDAMB231 and MCF10A. However, the total cholesterol levels were not changed and the cholesterol biosynthesis regulator SREBP-2 was significantly activated in Timo AIII treated cell (King et al., 2009). Thus, the cell death induced by Timo AIII was not due to the biosynthesis of cholesterol, and the regulation of cholesterol biosynthesis by Timo AIII supported its ER stress induction activity (Figure 4).




Figure 4 | Schematic overview of the underlying mechanisms related to the induction of ER stress by Timo AIII.



Mitochondria regulates many cellular physical functions including energy metabolism, reactive oxidant species (ROS) generation and apoptosis, and Chiu et al. claimed that mitochondria played a central role in cancer development and suggested that mitochondria-targeted therapeutic approach was valuable in cancer (Chiu et al., 2020). Kyoung et al. found that Timo AIII dramatically induced apoptosis in HepG2 cells, which might be co-related to the translocation of Smac/Diablo and HtrA2/Omi from cytosol to mitochondria consequently triggered cell apoptosis (Nho et al., 2016). ROS could be either cause or result of mitochondria dysfunction which promotes disruption of intracellular homeostasis and cancer cell death (Kudryavtseva et al., 2016; Park et al., 2019; Zhou J. et al., 2019). Timo AIII induced intracellular ROS accumulation which could be cleared by anti-oxidant NAC and might be an important cause of cell death in triple negative breast cancer cell MDA-MB-231 (Tsai et al., 2013). Consistently, Timo AIII concentration-dependently increased the intracellular ROS and anti-oxidant enzymes including SOD and catalase in HeLa cells, which indicated that Timo AIII impaired intracellular redox homeostasis (Sy et al., 2008). In addition, Timo AIII destroyed mitochondrial membrane potential, mitochondrial permeability transition, and release of cytochrome c, and the mitochondria was the main sources of ROS-induced by Timo AIII in HeLa cells (Sy et al., 2008). So, targeting ROS production and mitochondria dysfunction might be essential mechanisms for Timo AIII-caused cancer cell death (Figure 2).



Anti-Angiogenesis

Tumor angiogenesis, which is triggered by tumor-secreted angiogenic factors, transports nutrient to tumor and promotes tumor growth and metastasis. Targeting tumor angiogenesis and vascular normalization have been a promising anti-cancer drug development strategy, and several agents have been developed (Viallard and Larrivee, 2017; Jaszai and Schmidt, 2019). The anti-tumor effect of Timo AIII on pancreatic cancer cell PANC-1 bearing nude mice model was co-related to the down-regulation of mRNA and protein levels of the angiogenic factor VEGF (Pan et al., 2013). Timo AIII inhibited the mRNA expression of VEGF-1, and suppressed the EGF-triggered Src/STAT3/ERK signaling pathway activation in a concentration-dependent manner in pancreatic cancer cell AsPC-1 (Kim et al., 2019b). Zebrafish and vascular endothelial cell have been considered as the well-known in vivo and in vitro models for anti-angiogenesis activity evaluation with the advantages of low cost, time saving, and easy observation (Norrby, 2006; Delvecchio et al., 2011). Zhou et al. found that Timo AIII presented anti-angiogenesis effect in zebrafish in vivo and human umbilical vein endothelial cells (HUVECs) in vitro (Zhou et al., 2020). Timo AIII inhibited the intersegmental vessels (ISVs) and sub-intestinal vessels (SIVs) growth in transgenic zebrafish line Tg(Fli-1: EGFP)y1 which expressed enhanced green fluorescence protein (EGFP) in vascular endothelial cells. Timo AIII also inhibited the endothelial cell proliferation, migration, invasion, and tube formation in HUVECs. And the underlying mechanism might be closely related to the down-regulation of VEGFRs and suppression of VEGF/PI3K/Akt/MAPK signaling pathway. So, the anti-tumor angiogenesis effect of Timo AIII also contributes to its anti-cancer capability, and VEGFR might be potential pharmacological target of Timo AIII (Figure 5).




Figure 5 | Schematic overview of the signaling pathways related to the anti-angiogenesis activity of Timo AIII.





Anti-Metastasis

Most of the cancer patients die from cancer metastasis which consists of multiple physical processes and have long been associated with cancer cell migration and invasion (Guan, 2015). Matrix metalloproteinase (MMP) is the vital pharmacological target in cancer progression, which degrades extracellular matrix, affects the cancer microenvironment, and initiates cancer metastasis (Shay et al., 2015; Lyu et al., 2019). Various signaling pathways, including MAPKs, src/FAK, beta-catenin, NF-κB, STAT3, and so on are involved in the regulation of MMPs expressions (Pan et al., 2011; Merchant et al., 2017). Timo AIII significantly inhibited the proteolytic activity and mRNA expression of MMP-2/9 which are key regulators in cell migration and invasion in human no-small-cell lung cancer cells A549 and H1299, and the underlying mechanisms might be related to the suppression of ERK1/2, Src/FAK, and beta-catenin signaling pathways (Jung et al., 2016). Consistently, Timo AIII significantly decreased MMP-2/9 expression, and inhibited cell migration and invasion in human osteosarcoma cells MG63 and U2OS. The underlying mechanism was involved in suppression of Src/FAK/MAPKs signaling pathway and down-regulation of transcription factors CREB and b-catenin (Jung and Lee, 2019). In addition, Timo AIII decreased mRNA expression of MMP-9 in human pancreatic cancer cell AsPC-1 (Kim et al., 2019b) and suppressed HGF-induced MMP-9 expression in triple negative breast cancer cell MDA-MB-231 (Tsai et al., 2013).

MicroRNAs (miRNAs), which are small-noncoding RNA molecules and regulate the target genes expression, are classified as oncomiRs (tumor inducers) and tumor suppressor miRNA. And miRNA were well recognized for cancer treatment and diagnose in recent decades (Katz et al., 2015; Qadir and Faheem, 2017; Daoud et al., 2019). The expression level of cancer stem cell phenotype regulator B-cell-specific Moloney murine leukemia virus integration site 1 (BMI1), which is also a component of the polycomb repressive complex 1 (PRC1) and its transcription is dramatically regulated by Myc, is up-regulated in various cancers especially breast cancers (Dimri et al., 2015; Hiraki et al., 2017). Dimiri et al. suggested that the oncogenic activity of BMI1 was also mediated by miR-200c/141 cluster-BMI1 auto-regulatory loop in cancer cells (Dimri et al., 2016). Timo AIII concentration-dependently induced tumor cell senescence and inhibited cell oncogenic phenotypes, including migration, invasion, and colonies formation in soft-agar in both triple negative cancer cell MDA-MB-231 and non-triple negative cancer cell MCF-7 (Gergely et al., 2018). Gergely et al. proved that the inhibitory effect of Timo AIII on cell oncogenic phenotype was mediated by the up-regulation of miR-200c/141 cluster and down-regulation of BMI1, mono-ubiquitination of histone H2A at lysine 119 (H2AUb) and Myc in both MDA-MB-231 and MCF-7 cells (Gergely et al., 2018). There are also accumulated evidences which revealed the tumor suppressive role of miR-129-5p in various cancers (Liu et al., 2019; Qiu et al., 2019; Shi et al., 2019). Timo AIII inhibited cell migration and invasion among the concentration range of 2 to 6 µM in which Timo AIII not affected the cell viability and cell cycle distribution in human renal cancer cells 786-O and A-498 (Chiang et al., 2019). And this non-toxic inhibitory effect of Timo AIII on cell migration and invasion was co-related with the down-regulation of cysteine protease cathepsin c expression, which was regulated by PI3K/Akt/miR-129-5p signaling axis (Chiang et al., 2019).

The inflammatory infiltration state of cancer microenvironment plays crucial role in cancer growth, metastasis, and resistance, which is mainly regulated by COX2/PGE2/EP and NF-κB signaling cascades (Hsu et al., 2017; Tong et al., 2018). The inhibition of these processes presented potential therapeutic effect in various cancers (Yun et al., 2016; Liu et al., 2018). Timo AIII suppressed the migration capability of murine melanoma cell B16-F10 and human melanoma cell WM-115, which were induced or not induced by COX-2 stimulator 12-O-tetradecanoylphorbal-13-acetate (TPA), and it was closely associated with its concentration-dependent inhibitory effect on endogenous COX-2 expression and PGE2 production (Kim et al., 2016). Timo AIII also reduced protein levels of NF-κB, IKKα, IκBα, and PGE2 receptors including EP2 and EP4 in B16-F10 cells (Kim et al., 2016). In line with these in vitro experiment results, Timo AIII significantly inhibited the metastasis of B16-F10 cells to lung with reduction of COX2 and NF-κB expression in mice in vivo (Kim et al., 2016). Many growth factors induce cancer cell proliferation, migration, and invasion, which contribute to cancer cell motility and intravasation (Guan, 2015). Hepatocyte growth factor (HGF), which promotes various cancer cell metastasis, triggered cancer cell migration and invasion via cMet-ERK-COX2 and MAPK signaling pathways (Siegfried et al., 2007; Kuang et al., 2017). Timo AIII concentration-dependently inhibited HGF-induced cell migration and invasion which were blocked by COX2 inhibitor NS398 and ERK inhibitor PD98059 in triple negative breast cancer cell MDA-MB-231 (Tsai et al., 2013). Timo AIII also significantly attenuated HGF-induced intracellular p-cMet and COX2 expressions as well as nuclear ERK phosphorylation and ATF2 expression in MDA-MBA-231 cells (Tsai et al., 2013).

Thus, Timo AIII inhibited cancer stem cell phenotype, including cell migration and invasion, and subsequently suppressed cancer metastasis by targeting MMPs, BMI1, and cancer inflammatory infiltration (Figure 6).




Figure 6 | Schematic overview of the signaling pathways related to the anti-metastasis and anti-multi drug resistance (MDR) activity of Timo AIII.





Anti-Resistance and Synergistic Anti-Cancer Effect

Multiple drug resistance (MDR) is a severe problem in current cancer therapy (Gottesman, 2002; Vasan et al., 2019). Elevating the sensitivity of therapeutic drug to resistant-cancer cell by combination with other agents might be a promising therapeutic strategy. Timo AIII concentration-dependently caused cytotoxicity, cell cycle arrest, and caspase-dependent apoptosis in PANC-1 and BxPC-3 cells, which were resistance to gemcitabine in different degree, and enhanced the sensitivity to gemcitabine in these pancreatic cancer cells (MarElia et al., 2018). The underlying mechanism of Timo AIII enhanced the sensitivity of gemcitabine on cell cycle dysfunction, and apoptosis was involved in activation of pro-apoptotic proteins in PI3K/Akt signaling cascade (MarElia et al., 2018). Timo AIII also inhibited PI3K/Akt signaling pathway on adriamycin (ADM)-resistant human chronic myelogenous leukemia cell K562 (Chen et al., 2016). And the anti-tumor effects of Timo AIII on taxol-resistance lung and ovarian cancers were co-related to the suppression of PI3K/AKT/mTOR and Ras/Raf/MEK/ERK signaling pathways (Song et al., 2019). In addition, Ginsenosides including compound K, Rb1, and Rc enhanced the cytotoxicity of Timo AIII in MG63 human osteosarcoma cells, in which Rb1 and Rc increased the population of apoptosis cell caused by Timo AIII (Jung and Lee, 2019). Thesis results indicate that Timo AIII could enhance the cancer cell apoptosis and suppressed the cell survival signaling, and ginsenoside might present synergistic effect on Timo AIII-induced cancer cell death and metastasis.

The metabolism and transport of intracellular drug to extra cell contributes to MDR, which is also called drug efflux. The ATP-binding cassette (ABC) transporter family including multi-drug resistance protein 1 (MDR1; also known as P-glycoprotein and ABCB1), MDR-associated protein 1 (MRP1; also known as ABCC1) and breast cancer resistance protein (BCRP; also known as ABCG2) regulates the process of drug efflux, which also overexpresses in many drug-resistant cancer cells (Holohan et al., 2013). Timo AIII increased intracellular adriamycin (ADM) concentration and presented reversal effect on ADM-resistant human chronic myelogenous leukemia cell K562 in a concentration-dependent manner, and the underlying mechanisms were related to the down-regulation of P-glycoprotein (P-gp) and MRP1 (Chen et al., 2016). Moreover, Timo AIII attenuated the expression of P-gp and enhanced cell apoptosis in taxol-resistance human lung cancer cell A549/T and human ovarian cancer A2780/T in vitro and A549/T cell injected nude mice in vivo (Song et al., 2019). Thus, the inhibition of drug efflux by down-regulation of drug transporters expression was a key mechanism account for the anti-resistant capability of Timo AIII in cancer cells (Figure 6).



Negative Regulated Cell Death by Autophagy

Autophagy characterized by the formulation of autophagic vacuoles which degrade and recycle the dysfunctional proteins and damaged organelles subsequently maintains the intracellular homeostasis (Antunes et al., 2018). Autophagy is a double-edged sword in cancer development, progression, and treatment, which could be tumor-suppressive, tumor-promoting, or neutral under different conditions (Amaravadi et al., 2016). PI3K/Akt/mTOR signaling pathway plays a key role in regulation of autophagy (Colhado Rodrigues et al., 2019). Timo AIII notably induced cellular autophagic morphology via inhibition of PI3K/Akt/mTOR signaling pathway in Jurkat cells (Wang et al., 2019). Lok et al. found that Timo AIII suppressed the mTOR signaling and trigged autophagy while this process was not all the same with rapamycin-induced autophagy in HeLa cells (Lok et al., 2011). Timo AIII modulated specific transcriptional mechanisms and caused the up-regulation of cholesterol biosynthesis pathways for supporting the formation of autophagic vacuoles which capture ubiquitin proteins (Lok et al., 2011). Timo AIII-induced autophagy was co-related with elevated intracellular calcium concentration and accelerated the clearance of ubiquitin protein aggregation which induced by proteinase inhibitor MG132 (Lok et al., 2011). In addition, Timo AIII inhibited the mTORC1 and promoted selective protective autophagy in breast cancer cells (King et al., 2009). The inhibition of autophagy by chloroquine enhanced the cytotoxicity of Timo AIII in MDA-MB-231 and MCF 10A cells regardless of BT474 cell (King et al., 2009). In line with this result, Timo AIII increased the accumulation and conversion of cytosol LC3 I to autophagosome membrane located LC3 II, which revealed the autophagy induction effect in HeLa cells (Lok et al., 2011), and Timo AIII-induced apoptosis was potentiated in the presence of autophagy inhibitor 3-methyladenine (3-MA) or silenced beclin-1 gene which is a key regulator of autophagy (King et al., 2009). Moreover, Timo AIII induced autophagy in hepatocellular cancer cells both in vitro and in vivo, which mediated by AMPKα activation and mTOR inhibition (Wang et al., 2013). The inhibition of autophagy by Atg5 silence increased the cytotoxicity of Timo AIII in hepatocellular cancer cells, which revealed the cyto-protective role of autophagy in Timo AIII-induced hepatocellular cancer cell death (Wang et al., 2013). Timo AIII increased autophagy vacuoles, Beclin-1 and LC3 levels in human melanoma A375-S2 cells, and Timo AIII-induced apoptosis was accelerated by the autophagy inhibitor 3-MA (Wang et al., 2017). These results indicated that Timo AIII-induced autophagy might act as the role to promote tumor cell survival in vitro, and mTORC1 might be the potential target of Timo AIII (Figure 7).




Figure 7 | Schematic overview of the underlying mechanisms and signaling pathways related to the cellular protective autophagy activity of Timo AIII.






Neuronal Disorders


Alzheimer's Disease

Alzheimer's disease (AD), which is a progressive neurodegeneration disease and characterized by disorder of memory and cognitive functions, is the most common type of dementia with poor therapeutic efficacy until now (Oboudiyat et al., 2013). Several pathology features, including neuro-inflammation, accumulation of β-amyloid plaques and tau protein, and deficient cholinergic transmission were found in the brain of AD patients (Tundis et al., 2016). Acetylcholinesterase (AChE) degrades acetylcholine and lowers cholinergic activity and its selective inhibitor donepezil has been used for AD treatment in clinics (Arvanitakis et al., 2019). Lee et al. found that orally administration of Timo AIII (10, 20 and 40 mg/kg) significantly ameliorated the scopolamine-caused mice memory impairment in both passive avoidance test and Morris water maze test, and tacrine (10 mg/kg)-treated mice served as the positive control (Lee et al., 2009). Timo AIII elevated the acetylcholine level in scopolamine-treated mice brain which was correlated to its concentration dependently inhibition of the AChE activity (IC 50 = 35.4 µM). In addition, the elevation levels of pro-inflammatory cytokines including TNF-α, IL-6 and IL-1β have been found in the AD brain, and microglia triggered neuro-inflammation has been considered contribution to AD progression (Webers et al., 2019). Timo AIII decreased the expression of pro-inflammatory cytokines TNF-α and IL-1β in the brain of scopolamine-treated mice, and the underlying mechanism was associated with the suppression of NF-κB signaling pathway activation in both microglia and neuron (Lee et al., 2009). Though the anti-AD activity of Timo AIII was demonstrated in vivo, whether Timo AIII could cross blood-brain barrier need to be further studied. Thus, we could conclude that Timo AIII was potentially for AD therapy due to its inhibition on AChE activity and NF-κB-mediated neuro-inflammation (Figure 8).




Figure 8 | Overview of the underlying mechanisms of the Alzheimer's disease protective effect of Timo AIII.





Depression

Depression is a serious psychiatric disease and dramatically disrupted the quality of life (Smith, 2014). Although these are multiple pharmacological and physical strategies for depression treatment in clinic, various side effects accompany with the positive outcomes (Tomlinson et al., 2019). Timosaponin B-III (Timo B-III) which is also one of the main natural steroidal saponins in A. asphodeloides Bunge prevented from depression in a mouse postpartum depression model (Zhang et al., 2017). Timo AIII (30 mg/kg) also presented anti-depression activity according to the experiment results from open field test, tail suspension test and forced swimming test in mice, and fluoxetine-treated mice served as the positive control. However, the anti-depression effect of Timo B-III was more effective than Timo AIII (Jiang et al., 2014). Thus, further studies about the anti-depression effect of Timo B-III are more valuable than Timo AIII.




Diabetic Mellitus

Anemarrhena asphodeloides Bunge is an important constitute of herb medicine formulas, like TongGuanWan, Bai-Hu-Jia-Rensheng-Tang, Rhizoma Anemarrhenae-Phellodendron herb pair and guizhi-shaoyao–A. asphodeloides herb pair, which have been applied for treatment of diabetic mellitus for thousands of years in China (Kimura et al., 1996; Shin et al., 2008; Tang et al., 2012; Han et al., 2015; Zhao et al., 2015). But the active constitutes of A. asphodeloides Bunge for diabetic mellitus treatment was not fully elucidated. The diabetic mellitus protective effect of Timo AIII was firstly investigated on streptozocin (STZ)-induced diabetic and normal mice in 1996 (Kimura et al., 1996). In diabetic mice model, Timo AIII (1 and 10 mg/kg) significantly promoted the salivary flow. And combination of CaCl2 (2 and 4 mg/kg) with Timo AIII (0.1 mg/kg) enhanced the pilocarpine-induced saliva secretion when compared with Timo AIII alone (Kimura et al., 1996). However, Nian et al. found that the glucosidase inhibitory effect of flavones, including mangiferin and isomangiferin, were more effective than steroidal saponins including Timo AIII and Timo BII, which revealed the more potent anti-diabetic mellitus effects of flavones than saponins isolated from A. asphodeloides Bunge (Nian et al., 2017). And Yuan et al. found Timo BII prevent from diabetic nephropathy by suppression the inflammation in alloxan-induced mice (Yuan et al., 2015). These results revealed that the anti-diabetic mechanisms were different between steroidal saponins and flavones ingredients of A. asphodeloides Bunge and the anti-diabetic mellitus activity of Timo AIII might be due to its anti-inflammatory property.



Others


Anti-Platelet and Anti-Thrombotic Activity

Platelet activation and aggregation have been considered as the main pathology of many cardiovascular diseases, such as coronary heart disease, atherosclerosis, and strokes (Yeung et al., 2018). The inhibition of thromboxane prostaglandin (TP) receptor which blocked thromboxane (Tx) A2 pathway has been suggested as the efficient drug target for inhibition of platelet activation and aggregation (Fu et al., 2017; Kashiwagi et al., 2019). Timo AIII inhibited U46619-induced platelet aggregation by reduction of ADP secretion in vitro and prevented thrombus formation in mice in vivo (Cong et al., 2016). The thromboxane (Tx) A2 receptor activity and Gq signaling pathway were suppressed by Timo AIII, and the anti-platelet aggregation activity was enhanced by combination Timo AIII with current known antiplatelet agents including PGE1 and SQ29548. So, Timo AIII might be potential for development of cardiovascular drugs for its anti-platelet and anti-thrombotic activity targeting thromboxane (Tx) A2 receptor.



Anti-UVB Radiation

UVB radiation was harmful to skins which resulted in cellular damage, mutation, inflammation, photoaging, and consequently, photocarcinogenesis progression (Lan, 2019). Natural herbs were precious library for discovery of UV protective agents (Li et al., 2019; Mohan and Gupta, 2019). Kim et al. found that Timo AIII, which isolated from Chinese herb A. asphodeloides Bunge, protected against UVB-induced cell migration and invasion in both human epidermal keratinocytes (HEKs) and dermal fibroblasts (HDF), and the underlying mechanism were involved in the inhibition of Akt/MAPK signaling pathway and down-regulation of MMP9 (Kim et al., 2019a). Timo AIII reduced UVB-induced up-regulation of COX2 and inflammatory cytokines including TNF-α and IL-6 expressions, which was associated with the down-regulation of pro-inflammatory factor NF-κB. In addition, Timo AIII reduced UVB-induced DNA damage and deposition of 8-oxo-7, 8-dihydro-2'-deoxyguanosine (8-oxo-dG), which were mediated by down regulation of cell cycle arrest–related genes PCNA and SMC1. Thus, the UBV-radiation protective effect of Timo AIII might be mainly due to its anti-inflammatory, anti-cell migration, and anti-cell invasion capabilities.



Anti-Colitis

Timo AIII concentration-dependently inhibited in LPS- or peptidoglycan-stimulated upregulation of COX2, iNOS, and pro-inflammatory cytokines TNF-α and IL-6 expressions in mice peritoneal macrophages, which accompanied with suppression of MAPKs and NF-κB signaling pathways activation (Lim et al., 2015). Moreover, Lim et al. found that Timo AIII reduced the amount of LPS binding to TLR and restored the balance of Th17/Treg cells in mice peritoneal macrophages, and these in vitro experiment results were in line with the anti-inflammatory effects of Timo AIII on 2,4,6-trinitrobenzene sulfonic acid (TNBS)-induced colitis in mice in vivo (Figure 9).




Figure 9 | Overview of the underlying mechanisms of the anti-inflammation and immune regulation effects of Timo AIII.





Anti-Allergy

Timo AIII inhibited the passive cutaneous anaphylaxis (PCA) reaction and scratching behaviors in mice while further studies revealed that sarsasapogenin, one of the metabolites of Timo AIII, was the active metabolic compound in Timo AIII-induced anti-allergy (Lee et al., 2010). Lim et al. also found that Timo AIII inhibited the differentiation of T cell to Treg cell in vitro (Lim et al., 2015). Thus, Timo AIII might also be able to regulate the immune system (Figure 9).



Anti-Virus

Respiratory syncytial virus (RSV) has been identified as the most important cause of lower respiratory tract infections and results in some mortality in young children and elderly (Jorquera et al., 2016; Broor et al., 2018). Although several inhibitors targeting RSV has been found over decades, there is still no antiviral drugs or vaccines approved for the prevention or treatment of RSV infections (Heylen et al., 2017). Joung et al. isolated the Timo AIII from the BuOH fraction of A. asphodeloides Bunge and found that Timo AIII significantly inhibited the propagation of RSV in HEp-2 cells (IC50 = 1.0 µM) (Joung et al., 2011). Furthermore, ribavirin–treated group served as the positive control with the IC50 value of 1.15 µM, which was higher than Timo AIII. Thus, we could conclude that Timo AIII presented potential anti-virus activity while its action mechanisms still needs further studies.





Pharmacokinetics and Toxicity

Pharmacokinetics and toxicity studies play vital roles in the process of drug development. Several analytical methods were developed for detection of the saponins including Timo AIII and Timo BII in animal blood plasma after administration of single compound or herb formulas (Liu Y. et al., 2013; Sun et al., 2013; Feng et al., 2014). Timo AIII is one of the important active ingredients of Baihe Zhimu decoction which was used for depression treatment in traditional Chinese medicine for a long history in China (Yang et al., 2018). Yang et al. found that Timo AIII presented in the blood after oral administration of Baihe Zhimu decoction by an AB Sciex QTRAP ((R)) 5500 mass spectrometer in both normal and depression rats (Yang et al., 2018). Lee et al. detected the blood concentration of Timo AIII using LC-MS in mice, and they found that its maximum blood concentration was 104.7 ± 20.7 ng/µL after oral administration of Timo AIII (50 mg/kg) for 4 to 6 h (Lee et al., 2009). And this result was consistent with efficacy results that the memory-enhancing effect of Timo AIII after orally administration for 5 h was more effective than 1 h. However, Liu et al. found that the Cmax, Tmax, t1/2, and MRT (mean residence time) of Timo AIII were 18.2 ± 3.1 ng/mL, 2.3 ± 0.57 h, 4.9 ± 2.0 h, and 7.1 ± 1.4 h respectively after oral administration of Timo AIII (6.8 mg/kg) in health male SD rat (Liu Z. et al., 2013). Moreover, Timo AIII presented slow eliminated rate in the liver and caused hepatotoxicity which might result from its induction of intracellular ROS and down-regulation of bile acid transporters capabilities (Wu et al., 2014; Xie et al., 2018). And mangiferin, which is an active component in A. asphodeloides Bunge and presented anti-oxidant ability, attenuated Timo AIII-induced hepatotoxicity. The absorption, distribution, metabolism, and elimination (ADME) processes and toxicity of Timo AIII still need further study in both health and disease models including mice, rat, and human.



Discussion

Timo AIII presented various pharmacological activities including anti-cancer, anti-AD, anti- diabetic mellitus, anti-colitis, anti-coagulant, and so on, while these researches were mainly conducted in vitro. The most effective activity of Timo AIII is anti-cancer, especially breast cancer and hepatocellular cancer, and the underlying mechanism are co-related with its anti-metastasis, anti-resistance, cytotoxicity, pro-apoptosis, and induction of cell cycle arrest, ROS, ER stress, and mitochondria dysfunction. Previous studies revealed that Timo AIII-induced autophagy might act as the role to promote tumor cell survival in vitro. These lack the in vivo evidence that explore whether inhibition of autophagy could elevate the anti-cancer effect of Timo AIII. And the autophagy induction effect of Timo AIII might contribute to other diseases, like AD and PD, in which activation of autophagy accelerates clearance of misfolding proteins. We also identified VEGFR, XIAP, BMI1, thromboxane (Tx) A2 receptor, mTOR, NF-κB, COX-2, MMPs, AChE, and so on are as the vital pharmacological targets of Timo AIII. Moreover, the anti-inflammatory effect of Timo AIII is also wealth for further studies, which accounts for its anti-AD, anti-metastasis, ant-metastasis, anti-UVB radiation, and anti-colitis activities. The toxicity, especially hepatotoxicity, and pharmacokinetics including ADME of Timo AIII are worth to investigate in diverse animal models. In conclusion, Timo AIII is potent as a compound or leading compound for further drug development while still needs in-depth studies.
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Introduction

The fundamental theory of traditional Chinese medicine (TCM) implies that when different diseases have the same pathogen, the syndromes of these individual diseases will be the same. “Treating different diseases with the same method” is a TCM principle suggesting that when different diseases have similar pathological changes during different stages of their development, the same method of treatment can be applied. Our study aims to analyze the concept “treating different diseases with the same method” from a molecular perspective, in order to clarify its biological basis and to objectively standardize future TCM syndrome research.



Objective

The TCM syndromes Qi deficiency and blood stasis have similar pathogenesis in relation to coronary heart disease (CHD) and stroke. We aim to use big data technology and complex network theory to mine the genes specifically relevant to these TCM syndromes. This study aims to explore the correlation between the biological indicators of CHD and stroke from a scientific perspective.



Methods

Mining the relevant neuroendocrine-immune (NEI) genes by means of gene entity recognition, complex network construction, network integration, and decomposition to categorize relevant syndrome terms and establish a digital dictionary of gene specifically related to individual diseases. We analyzed the biological basis of “treating different diseases with the same method” from a molecular level using the TCMIP v2.0 platform in order to categorize the TCM syndromes most relevant to CHD and stroke.



Results

We found 46 genes were involved in the TCM syndromes of Qi deficiency and blood stasis of CHD and stroke. The same genes and their molecular mechanism also appeared to be in close relation to inflammatory response, apoptosis, and proliferation.



Conclusion

By using information extraction and complex network technology, we discovered the biological indicators of the TCM syndromes Qi deficiency and blood stasis of CHD and stroke. In the era of big data, our results can provide a new method for the researchers of TCM syndrome differentiation, as well as an effective and specific methodology for standardization of TCM.
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Preface

“Treating different diseases with the same treatment” is an important part of the fundamental theory of TCM, embodying the spirit of “treatment by syndrome differentiation”. A similar point of view can be seen in modern medicine where it is academically accepted that certain disease mechanisms lead to various diseases. For example, insulin resistance exists in obesity, diabetes, dyslipidemia, and other metabolic diseases. Another example is that the inflammatory response mechanism can be found in infections, atherosclerosis, glomerulosclerosis, hypertension, and ischemia-reperfusion of heart and brain. The knowledge that certain diseases have shared pathological mechanisms has a significant impact on the study of pathology both in modern medicine and TCM. From their respective perspectives both TCM and modern medicine acknowledge the importance of shared pathological mechanism of diseases. Therefore, the concept of “treating different diseases with the same method” can be seen as a focal point of the integration and unification of TCM and modern medicine (Xuezhong et al., 2004).

In the era of big data, the acknowledgment of TCM theory is closely related to informatics. The standardization and digitalization of TCM diagnosis need information and big data to improve the research. Information technology is needed to make a breakthrough in the fundamental research of TCM syndrome differentiation and biology. Getting research results published is common procedure for any scholar to have their research known and acknowledged, TCM is no exception. To this day, a large number of research documents related to TCM are stored in WOS, PubMed, and other international medicine databases. However, only a small amount of these papers and their knowledge can be found by the means of Artificial Intelligence (AI) and algorithms and has to be individually searched and found by humans. It will be of great significance for the medical society to discover the relationship between TCM syndrome differentiation and modern molecular biology. We aim to discover and compare a vast number of medical journals and texts to explore “treating different diseases with the same method” from the perspective of microbiology by using information technology (including machine learning, text mining, complex network, etc.)

To begin our research of “treating different diseases with the same method”, we chose diseases and syndromes with a high incidence rate, complex treatment and which have a major impact on the health of the general population. With the rapid development of the Chinese national economy peoples living conditions and lifestyles have changed dramatically, ultimately resulting in a shift of the most common diseases. The incidence rate of coronary heart disease (CHD) and stroke is increasing. According to the China Health and Family Planning Statistical Yearbook, released by the national health and family planning commission, stroke and CHD have become the leading cause of death among Chinese citizens. Additionally, a WHO survey points out that the incidence rate of stroke is ranked first among diseases in China and is now trending toward younger parts of the population. How to effectively prevent and treat these two diseases has become a key point in the medical field.

Qi deficiency and blood stasis are important syndromes in the diagnosis and treatment of TCM. These two TCM syndromes are common in CHD, stroke, tumor, hypertension, cerebral infarction, and other multi-system diseases. To treat the above diseases, TCM doctors use prescriptions to invigorate Qi and activate blood. For example, Buyang Huanwu Decoction is a commonly used formula for the treatment of the syndromes of Qi deficiency and blood stasis, which in turn has a good effect on CHD and stroke. This principle of treating different diseases in their respective stage of development with the same method principle is the essence of “treating different diseases with the same method”. In this paper, we chose the common mechanism of CHD and stroke as our focal point to discover the biological basis of “treating different diseases with the same method”. This paper is divided into four chapters. Chapter 1, Introduction of research in China and abroad. Chapter 2, Introduction of data and methods used in this study. Chapter 3, Study results. Chapter 4, Summarization of research and suggestions for future research.



Literature Review


Information Extraction (IE) and Its Applications in the Biomedical Field

IE refers to the process of extracting, integrating and processing relevant information from existing data in order to store the specific information in a new data structure for future use and consultation (Bin, 2002). In IE, the uttermost important is to discover and extract the relationship between various entries. At present, relationship extraction generally applies to relationship extraction in dictionaries, as part of pattern matching and by means of machine learning. The dictionary based approach matches the words in the corpus with those in the professional dictionary in order to identify the words and/or their relationships. By matching the relevant literature and gene dictionaries related to Qi deficiency and blood stasis syndromes of CHD, Zhao (Xing et al., 2015) identified the genes most relevant to these syndromes. Using relationship extractions based on dictionaries is simple and fast, but in the era of big data, the speed that information updated is even faster leading to dictionaries lacking behind the current information. Thus it can be understood that this method is not suitable for scenarios where the data of dictionaries is updated on a regular basis.

Relation extraction of pattern matching is based on the observation and analysis of entries by linguistic experts to define the specific rules and extract the correlation of biomedical entries. For example, in 2001, Ono et al. (2001) created an extraction model base on relations between protein-protein interaction (PPI) relationships by observing regular expressions, shallow syntactic patterns, and pattern matching method. Although methods based on pattern matching can extract the relationship between biomedical entities more accurately, it is difficult to identify the relationships outside of the defined set of rules. Therefore, the accuracy is often high but at the same time the recall rate is low.

Based on machine learning, the relevant features and parameters are calculated from the sample data and following used to identify and establish the new model. Machine learning can be further divided into eigenvector based methods and kernel based methods. Feature vector based method, which belongs to supervised machine learning and eigenvector based method, is a commonly used machine learning method applied in biomedical entity relationship extraction. Feature vector based method is used to change the relation of linguistic information into plane features, and following to create a high-dimensional map in vector space. This is done in order to translate information of the natural language into recognizable vector classifiers. For example, using support vector machine (SVM) models Xiao et al. (2005) extracted PPI relationship by applying a combination of lexical, syntactic, and semantic features in combination with maximum entropy classifiers. Although feature vector based relation extraction method is flexible and has good performance, the spectrum of feature selection often directly determines the extent of relation extraction. At the same time, the quantity and quality of labeled corpus usually determines the performance of extraction. The core function is used to calculate the similarity of two candidate relationship instances in potential vector space. For example, Bunescu and Mooney (2005a) proposed the idea of applying kernel function method to extract protein relations. Based on kernel function they managed to isolate PPI relationships by extracting the dependency pathways between specific proteins. The kernel based method has better performance because it has more flexibility to extract correlating information between entities. However, per definition kernel function has a direct impact on the result of relation extraction. It can be seen that there is a common problem in relation extraction methods based on machine learning. It gives rise to similar issues, whether using eigenvector or kernel function for relation extraction. Due to the need of large quantity of labeled corpora the quality of these functions will deteriorate along with the quality of the labels.



Use of Complex Network in Biomedical Research

The complex network theory is a method based on graph theory and complex system theory. Large-scale nodes, complex network structures, and dynamic spatiotemporal evolution of networks are the main characteristics of complex network. They coincide with the characteristics of data complexity, diversity, and the dynamic changes of informatics. Applying the theory and method of complex network to data analysis helps analysts to pinpoint what exact problems should be researched, and as a whole to improve the efficiency of their analytic tasks.

Complex network theory is not only applied to climate, politics, economy, society, military, and management, but also widely used in biomedical research. At present, the research of complex network in the biomedical field mainly focuses on the location of disease gene, disease-related sub-network recognition, network-based disease control research and drug target predictions. For example, Lim et al. (2006) used pathway information to discover pathogenic proteins. Deng et al. (2004) predicted a drug target method based on network topology. Artzy-Randrup et al. (2004) constructed the pin sub-network of Huntington's disease (HTT) and by these means discovered a new HTT pathogenic gene

Regarding TCM research, Li (Li et al., 2007) applied the information technology of text mining to prove that “disease” and “syndrome” have the possibility of a “disease syndrome combination” at the level of biological networks. Zhou et al. (Xuezhong et al., 2004) processed and integrated the database of TCM literature to find the gene related to kidney Yang deficiency and thereby provided an effective way to understand the function of this specific gene and its significance regarding the TCM syndrome. From the perspective of “interaction network function”, Li (Shao, 2007) explored and established the relevant method to apply computational system biology on TCM. He discovered through the excavation and research of the TCM syndromes of “cold and heat”, diseases, and prescriptions that the biological network of somatic angiogenesis is closely related to the TCM concept of” collateral disease”. Ding et al. (Fan et al., 2014) used network analysis method to study Buyang Huanwu Decoction from three aspects: chemical composition, target tissue, and related diseases to discover its potential in cancer treatment.

Since the 1970s, modern medicine has recognized the concept and interconnection of the neuro-endocrine-immune (NEI) systems. In 1973, Isaković and Janković (1973) firstly proposed the relationship between these three systems by injuring different parts off rat brains with bilateral symmetrical electrolysis and following observing their effects on lymphoid organs. The discovery and acknowledgment of NIE coincide with the overall concept advocated by TCM for thousands of years, and to a certain extent, it validates the theory of TCM, that has been developed through millennial of clinical practice. In 1990, Wang (Lan and Yusheng, 1990) firstly drew parallels between NEI network and TCM theory. Afterward, more scholars have researched the connection between TCM theory and NEI network, such as the study of “cold and heat” syndromes (Ma et al., 2010) and the study of therapeutic mechanism of acupuncture (Ding et al., 2013). The key of “treating different diseases with the same method” is that although diseases are different, the syndromes can be the same. By using NEI network to explore the correlation between biological indicators of different diseases, we got a deeper understanding of TCM which assists to its modernization and internationalization.

Through the use of information technology in biomedical science, this TCM research has achieved good results. We still see the need for improvements. The main problems are as follows: 1) although there are many experiments of TCM using information technology, modern medicine and molecular biology most of them lack the effective combination of the mathematical modeling of precise result mining. This in turn leads to the biological significance of TCM syndromes and diseases being undiscovered. In other words, there are no clear indicators of the correlation between the perspectives of macro biology and microbiology in the research. 2) In the current research on biological networks the constructed networks are large and complex in scale. Due to the complexity of the network indicators, the results are difficult to analyze. There is no known method to compress networks and define the similarity between nodes ones the networks are compressed. We proposed to apply machine learning, information extraction and complex network technology to construct gene networks based on TCM syndromes, as well as use data mining by combining decomposition and combination throughout these networks. Our hypothesis is that by using these technologies to discover common genetic nodes through calculations, analysis and mining it will be possible to discover the genes specifically related to the syndromes of Qi deficiency and blood stasis of CHD and stroke.

Mesh (Medical Subject Headings) technology was used to mine the specific genes of NEI throughout PubMed database to construct the biological network. We also explored the mechanism of the concept “treating different diseases with the same method” from the perspective of microbiology. This has deepened the understanding of the theoretical system of TCM syndrome differentiation, and promoted the studies of TCM syndromes.




Materials and Methods

This article was based on biomedical literature downloaded from http://www.ncbi.nlm.nih.gov/entrez/query.fcgi, including the two target syndromes. This was chosen due to vast PubMed database managed by the United States National Library of Medicine and the National Institutes of Health, providing free catalogs of biomedical papers worldwide. With the increasing internationalization of TCM research, the biomedical literature in PubMed contains a large number of articles related to Traditional Chinese medicine (A total of 148,000 articles related to Traditional Chinese medicine dated from 2010 to 2020 found by searching the keywords “Traditional Chinese medicine”, “herbal medicine”, “aspiration” and “prescriptions”). These articles are valuable to TCM scientific research and innovation, TCM technological innovation and the understanding of the current situation of TCM clinical practice in and outside of China. The free and easy access to vast biomedical literature related to TCM and modern medicine is why we chose PubMed as our data source. In order to precisely mine the genetic data of the two target syndromes, and to improve the accuracy of the data mining, the author proposed a data mining model based on the combination of “network decomposition” and “symptom combination” to mine the NEI genetic data in PubMed database (Xing et al., 2015; Liu et al., 2019). Then, the author combined the results of the two methods to draw a final conclusion. The methods of mining are described below.


Network Decomposition

In order to reduce the complexity of network analysis, the network was divided into sub networks according to the network categories and the specific genes and their functions. Each sub network was individually analyzed and the results of each sub network were combined to find the genes related to the target syndromes. See Figure 1.




Figure 1 | Flow chart of network decomposition method.




Data Collection

According to the Guidance Principle of Clinical Studies of New Drug of Traditional Chinese Medicine (Xiao-yu, 2002), the terms of the target syndromes were selected. Then, two TCM experts weighted the rationality of these terms according to their personal clinical experiences to decisively determine the terms to be used in this paper. As the TCM terms chosen were all in Chinese and PubMed database in English, it was necessary to translate them into English. However, due to the specificity of TCM terminology many translated terms could not be searched in PubMed. Therefore, it was necessary to convert these TCM terms into corresponding modern medicine terminology. In this paper, Symmap database was used to finalize the translation of TCM terms into modern medicine terms. Symmap database (Wu et al., 2018) was developed by Chen Jian-xin, Professor of Beijing University of Chinese Medicine. Through Symmap and its classifications of internal molecular mechanism and external symptom, the database charted 1,717 TCM symptoms and allocated them to 961 modern medicine symptoms. For example, “red tongue” of TCM diagnosis is translated through Symmap database into “Glossitis” of western medicine (Figure 2).




Figure 2 | Symmap query interface.



The key terms were loaded into PubMed database according to the search format. We searched the Mesh subject terms and downloaded the literature summary. Following we downloaded the documents and converted them into a unified formation order to generate the corpus intended for mining.



Gene Information Extraction

According to the basis of this paper, the entity of NEI genes that needed extraction from the literature was relatively defined and had little change. For improvements of efficiency and accuracy of entity extraction we used a dictionary matching method. The downloaded documents were pre-processed, and following divided into independent sentences that were further segmented by using the Jieba word, a python segmentation package. After this process the separated words were matched with the key words of the NEI gene Dictionary. The NEI gene dictionary was downloaded from dbNEI (http://bioinfo.au.tsinghua.edu.cn/dbNEIweb/) A total of 1,435 NEI genes were downloaded and used for comparison (Figure 3).




Figure 3 | Gene entity recognition.



Gene relationship extraction is used to identify the possible gene relationships in literature abstracts (In this paper it mainly refers to the gene relationships recognized in the abstracts). We found the relationships between genes and understood their potential usage through analysis and identification of the specific genes and their interrelations. We used sparse multi-instance learning algorithm (SMIL) (Wu et al., 2018) to extract gene relationships based on the summaries of previous relationship extraction algorithms. This approach can be applied to relationship extraction. By assessing whether or not a specific group of genes have interactions, and whether or not these interactions are of identical genes.

In this study, each grouping contained multiple relationships. If the relationship between two or more genes were observed, then the group was labeled positive. If no relationships between genes were observed, the package was labeled negative. E.g. A study has two genes that may be mentioned several times throughout the abstract, but generally speaking a specific relationship will only be mentioned once. Therefore, the information regarding these two specific genes will be relative sparse. We decided to use SMIL to extract the genetic relationship and avoid overlooking important information in the literature abstracts acquired from PubMed.

In addition to the data packages, “knowledge base” and “file data” are needed to extract relationships using SMIL algorithm. “File data” is a data source that contains data relations. “Knowledge base” has the ability to replace manual labeling of existing relationships. Therefore, the “knowledge base” must contain the exact same relationships as the relationships examined for extraction.

There are many industry databases about the relationship between genes in the field of bioinformatics. Therefore, to obtain the industry knowledge base was easy. After the comparative analysis of these specific gene databases, we finally decided to build a knowledge base from the string database. String database (http://string-db.org/) can analyze protein-protein interaction and includes 5,090 organisms. It not only contains the protein-protein interaction data known through validated experiments, but the database also includes predictions of unknown protein-protein interaction. We copied and pasted all NEI genes into the string database through the “multiple proteins by names/identifiers” option, selected the set species as Homosapiens before beginning the search. The outcome of the protein relationship search was 823 nodes, 7,616 edges and the relationship values of each paired protein. We then downloaded the protein relationship data and used it to construct the knowledge base which contains the relationship between all NEI genes. The method of constructing the instance package is shown in algorithm 1. When two genes appear in the same paper abstract the whole text is traversed through the algorithm and the two genes added to a specific bag. If the specific gene relationship in bag exists in STRING knowledge base, the bag is flag as 1, otherwise as 0. We carried out this task until all the gene relationships in the knowledge base were mapped.

The algorithm used for word bag model generation is as follows (Lamurias et al., 2017):


	function generate_bag (corpus,string)


	begin


	bags=[]


	for abstract in corpus do


	begin


	for gene in abstract do


	begin


	bag= (genei,genej)


	if bag not in bags then


	begin


	if bag in string then


	bag.flag=1


	else


	bag.flag=0


	end


	bags.add(bag)


	end


	end


	retrun bags


	end






Network Analysis

The adjacency matrix was constructed based on the gene relationship mined by SMIL method and following converted into Pajek recognized.net file. The file was imported into Pajek software to generate a visualized gene network map. We applied the method of “decomposition integration” because the complexity of the genetic network. This method was used to divide the genetic network into sub networks (community nodes), that in turn were separately analyzed. Finally, the results of each sub network were recombined to analyze the results of the whole network. Referring to the results of Yi's research (YIDH, 2017), we calculated the community node centrality index, subnet weight index, standardized weight, and node genetic weight index. This was done according to the following formulas:









(CMI) comprehensive measurement indicator; (CD)centrality degree; (CB) betweenness centrality; (CC) closeness centrality; (CE) centrality eigenvector; (SW) subnet weight; (ZSW) standardized weight of SW; (N) number of nodes in subnet; (ZJW) The correlation between subnet function and the problem to be studied problem, which is scored by experts; (GW) gene weight.




Combination Method

Combination method is an analytic method used to combine equations and set aside variables to discover a unified value. We assumed that multiple genes would correspond to each individual symptom (key), and that multiple symptoms would in turn correspond to one TCM syndrome. We investigated the most relevant genes (Figure 4) through the research concept of “gene symptom syndrome”. The key words of target syndromes in modern medicine were regarded independently. Firstly, we discovered the genes related to the modern medicine syndrome, and following referred the data to the standard of TCM diagnosis for re-matching. As a final step we uncovered the specific gene which existed in each combination. This specific gene is the key gene and the result of these mentioned methods.




Figure 4 | Schematic diagram of combination method.




Search for Symptom Specific Gene

The search for symptom specific gene was done by the use of GenCliP software. GenCliP is a literature mining tool that can be used to form a list of genes with the use of keywords. These lists were then extracted by the software from their related literature and then manually verified. GenCliP displays specified genes and keywords mentioned in literature for manual association verification (Huang et al., 2008). We used the software to input all NEI genes in the “Upload Gene List”, and input each target syndrome and their symptom into the search box “Word Related Gene Search”. This was done to explore the NEI gene related to each specific symptom, and to define the symptom and the accompanying gene as “Abstract”. The results of these searches included two parts: “Gene” and “Hit”. “Gene” refers to the name of the searched gene, “Hit” refers to the number of documents in which the gene and the correlated searched symptom have appeared simultaneous. This concept can also be understood as the “weight of the gene”.



Symptomatic Combination

In TCM each disease and syndrome are composed of many symptoms, and these symptoms can be further divided into primary and secondary symptoms. Under the guidance of TCM experts, we combined the individual symptoms according to the TCM diagnostic standards to better reflect the essential characteristics of the disease related to this study. The TCM experts divided the target syndromes into three parts: main syndrome, Qi deficiency syndrome and blood stasis syndrome. According to the TCM diagnosis standard, experts combined the symptoms of these three sections in different models to extract the gene information of each individual combination. We used this information to plot the intersection of the symptom combinations, and to screen out the genes existing in each combination. Finally, combining the method of Li (Li et al., 2007) and the experience of TCM experts, we discovered the core genes of each individual target syndrome. We following compared the genes of two respective target syndromes by “combination” and “decomposition” methods to extract the relevant genes.





Research Results


Results of “Decomposition Method”

We retrieved the relationships between TCM symptoms and modern medicine symptoms based on the SymMap database. Tables 1 and 2 show translation from Chinese of symptom keywords in English based on TCM terminology. These keywords were used for literature search in PubMed.


Table 1 | Key words of Qi deficiency and blood stasis syndrome of coronary heart disease.




Table 2 | Key words of Qi deficiency and blood stasis syndrome of stroke.



We used these keywords for Mesh retrieval in PubMed database. A total of 85,733 documents related to syndromes of Qi deficiency and blood stasis of CHD and 96,038 documents related to Qi deficiency and blood stasis syndromes of stroke were retrieved. We downloaded the documents (including author, title, key words, abstract, and so forth) and used them to generate the document library in XML format. A total of 84 NEI genes relevant to Qi deficiency and blood stasis syndrome of CHD and 199 NEI genes relevant to Qi deficiency and blood stasis syndrome of stroke were extracted by the mining method shown in Gene Information Extraction. Through the relationship recognition method shown in Gene Information Extraction, 109 gene pairs relevant to Qi deficiency and blood stasis syndrome of CHD and 313 gene pairs relevant to Qi deficiency and blood stasis syndrome of stroke were identified. The adjacency matrix of gene relationship was constructed and converted into a.net file recognized by Pajek software to generate a visualized gene network diagram (Figure 5).




Figure 5 | Gene network of (left) Qi deficiency and blood stasis in coronary heart disease and (right) Qi deficiency and blood stasis in stroke.



Calculations of four centrality indexes per network were made from the gene nodes, and then, according to Formula 1 the comprehensive measurement value of the centrality index was calculated. As a final step each of the two networks were individually divided into sub networks according to the community division algorithm of complex network. The results showed that the genetic network of Qi deficiency and blood stasis syndromes of CHD was divided into 14 sub networks (left of Figure 6). Among them, there were three large communities with more than 10 nodes, four with 5–10 nodes, and seven small communities with less than 5 nodes. A total of 21 sub networks (right of Figure 6) were discovered from the gene division of Qi deficiency and blood stasis syndromes of stroke. Among them, there were nine large communities with more than 10 nodes, three with 5–10 nodes, and nine small communities with less than 5 nodes. We then calculated the GW values of the target syndromes (Tables 3 and 4) according to formula 4.




Figure 6 | Gene sub network divisions, (left) Qi deficiency and blood stasis in CHD and (right) Qi deficiency and blood stasis in stroke.




Table 3 | Top rated genes GW values in Qi deficiency and blood stasis of coronary heart disease.




Table 4 | Top rated genes GW values in Qi deficiency and blood stasis of stroke.





Results of “Combination Method”

Since TCM diseases and syndromes are composed of a variety of symptoms, and these can be divided into primary and secondary symptoms. Under the guidance of TCM experts|, we clarified what symptoms are allocated to our two target syndromes, according to the criteria of TCM diagnostic, and following combined all target symptoms. By combining these main symptoms, the results can better reflect the essential characteristics of the target diseases.


	Results of symptoms classification of Qi deficiency and blood stasis syndromes in CHD.

	Main symptoms: chest pain, chest tightness.


	Symptoms of Qi deficiency: shortness of breath, fatigue, perspiration, dizziness, cold limbs, insomnia, palpitation.


	Blood stasis: light purple tongue body, hemiplegia, ecchymosis.





	Results of symptoms classification of Qi deficiency and blood stasis syndrome in stroke; stroke

	Main symptoms: hemiplegia, deviated mouth and/or tongue.


	Qi deficiency: shortness of breath, fatigue, perspiration, pale complexion, dizziness, thirst, phlegm, white and greasy tongue coating.


	Blood stasis: ecchymosis, red tongue body, numbness, irritability, constipation.







We firstly used Genclip software to obtain the genes corresponding to each symptom and their respective keywords. This was done according to the method in Combination Method (see Table 5). Unfortunately, no genes were related to “tongue disorder”, “insomnia” and “chest heaviness” by using Genclip. These three symptoms were found in Genclip, but since our aim was to analyze the combination, rather than individual symptoms removing these three aforesaid symptoms from the symptom combination would not impact our subsequent research.


Table 5 | Number of genes discovered by keyword.



	3. Symptom Combination Results of Qi Deficiency and Blood Stasis Syndromes in CHD




Using the formula combination of “main symptoms” + “Qi Deficiency” + “blood stasis” in Qi deficiency and blood stasis of CHD, 10 individual symptom combinations were obtained after deleting the keywords “Chest heaviness, insomnia and tongue disorder”.

	Combination 1:


	Chest pain + Respiratory abnormality + Palpitation + Hemiplegia


	Combination 2:


	Chest pain + Respiratory abnormality + Palpitation + Ecchymoses


	Combination 3:


	Chest pain + Lassitude + Palpitation + Hemiplegia


	Combination 4:


	Chest pain + Lassitude + Palpitation + Ecchymoses


	Combination 5:


	Chest pain + Sweating + Palpitation + Hemiplegia


	Combination 6:


	Chest pain + Sweating + Palpitation + Ecchymoses


	Combination 7:


	Chest pain + Dizziness + Palpitation + Hemiplegia


	Combination 8:


	Chest pain + Dizziness + Palpitation + Ecchymoses


	Combination 9:


	Chest pain + Typhoid fever + Palpitation + Hemiplegia


	Combination 10:


	Chest pain + Typhoid fever + Palpitation + Ecchymoses




	4. Symptom Combination Results of Qi Deficiency and Blood Stasis Syndrome in Stroke




Using the formula combination of “main symptoms” + “Qi deficiency” + “blood stasis” in Qi deficiency and blood stasis in stroke, six different combinations of symptoms were obtained after deleting the keywords “Chest heaviness, insomnia and tongue disorder”.

	Combination 1:


	Hemiplegia + Stroke + Respiratory abnormality + Lassitude + Constipation + Xerostomia + Headache + Sputum + Ecchymoses + Extremity Numbness


	Combination 2:


	Hemiplegia + Stroke + Respiratory abnormality


	+ Lassitude + Constipation + Xerostomia + Headache + Sputum + Glossitis + Irritability


	Combination 3:


	Hemiplegia + Stroke + Sweating + Constipation + Xerostomia + Headache + Sputum + Ecchymoses + Numb extremities


	Combination 4:


	Hemiplegia + Stroke + Sweating + Constipation + Xerostomia + Headache + Sputums + Glossitis + irritability


	Combination 5:


	Hemiplegia + Stroke + Anemic + Constipation + Xerostomia + Headache + Sputum + Ecchymoses + Numb extremities


	Combination 6:


	Hemiplegia + Stroke + Anemic + Constipation + Xerostomia + Headache + Sputum + Glossitis + Irritability




Comparing these combinations and removing any data repeated between them a total of 373 genes related to the syndrome of Qi deficiency and blood stasis of CHD and 804 genes relevant to the syndrome of Qi deficiency and blood stasis of stroke were obtained.



Results Combination of “Decomposition” and “Combination”

According to the results of “decomposition method” and “combination method”, “decomposition method” had 84 genes related to the syndrome of Qi deficiency and blood stasis of CHD and 199 genes related to the syndrome of Qi deficiency and blood stasis of stroke, “combination method” had 373 genes related to the syndrome of Qi deficiency and blood stasis of CHD and 804 genes related to the syndrome of Qi deficiency and blood stasis of stroke. By matching the results of “decomposition method” and “combination method” a total of 84 genes related to Qi deficiency and blood stasis syndrome of CDH and 161 genes related to Qi deficiency and blood stasis syndrome of stroke were found.

Even though Qi deficiency and blood stasis syndrome of CHD is different from that of stroke, the same treatment can be used according to TCM. Since different diseases can have the same treatment there evidently should be similar pathological changes and pathogenic mechanisms between these diseases. Therefore, we decided to investigate the common genes of these two target syndromes (see Figure 7) for specific similarities. After comparison, 46 genes in both diseases were identified: CXCR4, HGF, EGF, BDNF, IL10, INS, IL12B, IL13, IGF2, IGF1R, CTNNB1, IFNG, HTR3A, EGFR, HLA-B, HLA-DQB1, HLA-DRB1, IFNGR1, IGF1, CRLF1, GDNF, FOXP3, AKT1, F3, BMP2, AR, CNTF, BCL2, IL6, COMT, CHRNA4, CLCF1, CNTFR, MET, MUC1, MAOA, LEP, CCK, IL4, BRCA1, C3, IL18, IL2, IL1B, INSR, IL17A.




Figure 7 | Gene integration steps.



We further analyzed the functions and biological pathways affected by the above 46 genes. An online software (https://www.kegg.jp/) was used to analysis the pathways of related genes (see Table 6).


Table 6 | Recurring genes and pathways of target syndromes.



It can be seen from the above table that genes related to different diseases share certain common pathways. Nine shared signaling pathways (including AMPK, FoxO, ErbB, HIF-1, Jak-STAT, PI3K-Akt, Rap1, Ras, T cell receptor), 30 shared disease pathways (7 tumor related pathways, 13 infectious disease related pathways, 6 immune system disease related pathways, 4 endocrine disease pathways).



Genes Related to Traditional Chinese Materia Medica

We searched the “TCM target database” of TCMIP v2.0 in order to further study the relevance of traditional Chinese materia medica to the target syndromes. Using the reverse search function of TCMIP v2.0 led us to the discovery of the medical components related to the 46 genes involved in our target syndromes.

TCMIP v2.0 (Xu et al., 2019) is an intelligent data platform, which is embedded with a broad spectrum of authoritative algorithms including drugs physical and chemical properties, evaluation of drug composition, and prediction of drug targets. In addition, the system is also able to analyze functions and pathways related to drug targets and disease targets. This function allows for cross retrieval from traditional Chinese materia medica → formula → ingredients → target gene → function/pathway → disease. This cross search function can uncover the relevance of syndromes and drugs related to specific diseases, as well as rate the medicines' compatibility with target molecular groups. As shown in the Figure 8, a target gene was inserted into TCMIP v2.0 “TCM target database”. For example, insert “AR”, now the database will show the results of gene name, the specific genes corresponding to Chinese materia medica compounds and its corresponding prescription. With this search we found a total of 25 types of traditional Chinese materia medica related to the target syndromes;




Figure 8 | TCMIP v2.0 Query interface.



Arestemona root, pinellia tuber, danshen root, common rush, adhesive rehmannia root, garden burnet root, barbary wolfberry fruit, seaweed extract, puncturevine caltrop fruit, Indian Quassiawood twing and leaf, lotus seed, pyrola herb, European verbena herb, dwarf lilyturf tuber, hogfennel root, ginseng, mulberry twig, common yam rhizome, inula root, longstamen onion bulb, inula flower, yanhusuo, Yào Wáng; Chá, poppy shell, and milkwort root.




Discussions

According to TCM CHD belongs to the category of chest arthralgia, palpitation, and subjective fatigue, it is located in the heart and blood vessels and mostly caused by the invasion of external evils, internal injury of emotions, improper diet, stress, and deficiency of viscera. In the development of CHD, Qi deficiency is the main factor, with inseparable bonds to phlegm and blood stasis (Houde, 2017).Yilin Gaicuo said “deficiency of vital energy(Qi) will lead to Qi not reaching the blood vessels, blood vessels without Qi will accumulate and form blood stasis”, the etiology and pathogenesis of cardiovascular disease are mostly related to Qi deficiency and blood stasis (Jianqi and Yu, 2016), a vast amount of TCM literature point out that, according to TCM Qi deficiency and blood stasis are the two main pathological changes causing CHD. Stroke is located in the brain, and is according to TCM closely related to the heart, liver, spleen and kidney. Wind, fire, phlegm, blood stasis, deficiency and toxin are the main pathogenic factors of stroke (Zhe, 2010). Wang Qingren believed that the root of hemiplegia induced by stroke could be found in the deficiency of vital energy (Qi), based on this theory, he composed the Buyang Huanwu Decoction for the treatment of Qi deficiency and blood stasis syndromes of stroke (Zhengtai et al., 2017).

Our study shows that Qi deficiency and blood stasis of CHD and stroke includes some inflammatory factors: IL-10, FOXP3, cell apoptosis, differentiation, and proliferation. Cell apoptosis, differentiation, and proliferation: BCL-2, AKT1, CLCF1, HGF, EGF, IGF1, CXCR4, and CTNNB1. Neurotrophic factors includes; CNTF, BDNF, and GDNF. Our results verify that the inflammatory responses, apoptosis, proliferation, and other mechanisms are shared by the two target syndromes.

Interleukin is involved in regulating the activation, proliferation, inflammatory response, and differentiation of immune cells. Interleukin-10 (IL-10) plays an important role in the pathogenesis of CHD, acute cerebral infarction, and other diseases (Chao et al., 2013; Dong et al., 2015). FoxP3 regulates T-cell specific transcription factor that can secrete IL-10 as well as regulate immune functions and cause immune tolerance (Huehn et al., 2009). Other research has found that for coronary artery disease patients with low IL-10/TNF-α ratio has low left ventricular ejection fraction, with high incidence of cardiac related diseases within 10 years. It is therefore speculated that the imbalance of IL-10 and TNF α may be relevant to the pathological development of atherosclerosis and heart failure (Dopheide et al., 2015).

The Bcl-2 gene is involved in apoptosis. Some scholars (Zhongfu et al., 2001) believe that oxygen free radicals and calcium excess can induce apoptosis during myocardial ischemia-reperfusion. Bcl-2 can inhibit apoptosis by interaction with antioxidants, inhibiting the production of oxygen free radicals, changing the cell outflow of Ca2+, and by regulating cGMP. Hepatocyte growth factor (HGF), insulin-like growth factor (IGF), epidermal growth factor (EGF), and other cytokines can activate PI3-Akt, Jak-STAT, and other signal pathways that are active in the facilitation of cell differentiation, angiogenesis, and apoptosis inhibition (Hosui et al., 2006). Cardiac nutrition literacy cytokine (CLCF1) is mainly involved in the Jak-STAT signaling pathway, cytokine, and chemokine mediated signaling pathway and negative regulation of apoptosis (Elsaeidi et al., 2014). Chemokine receptor (CXCR4) promotes cell proliferation. It has been suggested that up regulation of CXCR4 signaling pathway may be an important mechanism in the treatment of CHD (Hristov et al., 2007). CTNNB1 is a β-catenin. The stable expression of β-catenin in cells can up-regulate the survival rate of regulatory T cells, induce the apoptosis of non-conditional T cells, accelerate cell cycles and promote cell proliferation (Ding et al., 2008).

Neurotrophic factors can induce, regulate and control the survival, growth, and migration of neurons as well as establish functional connections with other cells by regenerating axons as part of nerve regeneration (Lichtman, 1987). As an important neurotrophic factor, glial cell-derived neurotrophic factor (GDNF) can reduce the area of infarction during the acute stage of stroke (Gunther et al., 2005). The increased expression of brain-derived neurotrophic factor (BDNF) may be relevant to the recovery of neural function and plasticity after cerebral ischemia (Ergul et al., 2012).

By searching the KEGG database, we further confirmed the interrelations of the above mentioned genes and their pathways. PI3K-Akt signal path (Figure 9) involves FoxO, ErbB, Ras, and other sub modules, while FoxO, ErbB, HIF-1, and Jak-STAT also contain signals of the sub module PI3K-Akt. It is known that PI3K-Akt signaling pathway can promote endothelial regeneration, vasodilation, and platelet adhesion in cardiomyocyte, hence improve their survival rate and functionality (PAN et al., 2017). In addition, PI3K-Akt signaling pathway is also involved in cerebral infarction and other diseases (Zhang Hong and Junjian, 2011).




Figure 9 | PI3K-Akt signal pathways.



We found, through our analysis that the traditional Chinese herbs related to the 46 specific genes includes; Qi replenishing herbs ginseng and yam; blood activating herb danshen root; resuscitation herb milkwort root; phlegm dissolving herbs pinellia tuber, hogfennel root, and inula flower. This indicated that Qi replenishing, blood activating, resuscitation, and phlegm dissolving herbs have close connection to Qi deficiency and blood stasis syndrome. This discovery is consistent with TCM theory and clinical practice. Some scholars (Mengna et al., 2017) think that CHD is caused by Qi deficiency, Yang deficiency, blood deficiency, and Yin deficiency with Qi deficiency as the common denominator. Qi is the driving force of blood circulation. When Qi flows, blood flows. Weak Qi leads to blood not flowing smoothly that in turn leads to stagnation and pain. Qi deficiency, phlegm coagulation and blood stasis constitute the key pathogenesis of CHD and stroke. In the treatment of these diseases, emphasis should be given on Qi and blood circulation in order to tonify the body and resolve blood stasis. Modern pharmacological research validates that ginseng contains ginsenoside, ginseng polysaccharide, volatile oil, and other components. These chemicals can regulate the heart function, blood vessels, blood pressure, and central nervous system. Ginsenoside as the main component of ginseng has proven in vivo to protect cardiomyocytes, improve myocardial metabolism, and to increase stroke volume (Wang et al., 2015). Ginsenoside Rb1 prevents lipopolysaccharide induced cardiomyocyte inflammation by inhibiting the PI3K/Akt signaling pathway (Zhiyang et al., 2018). Tanshinone, Danshensu and other water-soluble components in danshen root can improve myocardial metabolism, increase coronary blood flow, and reduce the incidence of myocardial ischemia and myocardial infarction. Jiawei Danshen Yin (ruoxia et al., 2020) can activate the PI3K/Akt signaling pathway through negative regulation of PTEN that in turn inhibit apoptosis of myocardial cells during ischemia-reperfusion and improve the survival rate of myocardial cells during ischemia and hypoxia. This leads to improvements of the heart and reduces the injury of cardiovascular disease to the heart. Pinellia tuber can regulate blood lipid metabolism leading to improved hemodynamics, reduce blood viscosity, and inhibition of RBC aggregation (Wenyue et al., 2002).

This study preliminarily clarified that the pathological mechanism of Qi deficiency and blood stasis is involved in cell necrosis, apoptosis and inflammatory responses. As well as involving FoxO, ErbB, HIF-1, Jak-STAT, PI3K-Akt signal pathways. We aim to reveal the molecular mechanism based on biological research to provide a scientific basis for the TCM theory of “treating different diseases with the same method”.



Summary And Prospect

Using Qi deficiency and blood stasis as our fundamental concepts to analyze the extensive online literature and big data with “decomposition” model, “combination” model, “information extraction,” and “complex network”. Ultimately, leading to discussions on the biological basis of the TCM theory “treating different diseases with the same method”. This study provides a bridge between TCM and modern medicine, and also demonstrates the use of information technology to study the TCM term “syndrome”.

It is a new approach to use big data and complex network as a method to analysis the biological basis of the TCM concept “treating different diseases with the same method”. Follow up research will be needed to verify and validate the genes related to the two target syndromes as well as the practicality of our method. We plan to conduct more in-depth researches on the relationship between traditional Chinese materia medica—genes–syndromes–diseases by exploring their common molecular mechanism. Then, we will get a deeper biological understanding of the TCM concept “treating different diseases with the same method”.
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In Asia, the market for whitening cosmetics is expanding rapidly, more and more people prefer to use natural products. Driven by natural product demand and technical advances, herbal research is also developing fast. Lots of studies reported that Asian herbal reagents can reduce melanogenesis, these findings provide evidence for the whitening application of Asian herbs. However, the current development status and challenges of herbal research need attention too. By reviewing these studies, different problems in studying herbal formulas, extracts, and active ingredients were presented. One of the most influential troubles is that the components of herbs are too complex to obtain reliable results. Thus, an understanding of the overall quality of herbal research is necessary. Further, 90 most cited Asian herbal studies on whitening were collected, which were conducted between 2017 and 2020, then statistical analysis was carried out. This work provided a comprehensive understanding of Asian herbal research in skin whitening, including the overall status and quality, as well as the focuses and limitations of these studies. By proactively confronting and analyzing these issues, it is suggested that the focus of herbal medicine research needs to shift from quantity to quality, and the new stage of development should emphasize transformation from research findings to whitening products.
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Introduction

Due to economic development and aesthetic needs, the global cosmetics market is unprecedentedly prosperous at present; likewise, the variety of cosmetics has also increased (Lee et al., 2016; Peltzer et al., 2016). Traditional herb-based natural products are putting into practical use as a new type of cosmetics, especially in skin whitening (Kanlayavattanakul and Lourith, 2018). Meanwhile, studies have screened abundant components from traditional herbs, most of them show favorable effects on pigmentation reduction. These findings have developed several hot products, such as arbutin and kojic acid (Leyden et al., 2011). In Asia, the application of traditional herbs in skin whitening has gotten more attention, two outstanding factors may contribute to this situation. One of them is local culture and aesthetic manner, generally, most Asians prefer white skin; the other factor is that Asia has a long history of using herbal medicine (Scarpa and Guerci, 1987; Gao et al., 2018). Driven by the booming whitening market in Asia, many studies focus on the effects of traditional herbs; meanwhile, Asian consumers show strong need and trust for herbal reagents (Kanlayavattanakul and Lourith, 2018).

However, reliable herbal reagents are still in short supply. Though studies provide a basic guarantee for whitening effects and safety of many Asian herbs, there are still a lot of issues to be addressed before they transformed into products. The problems come from several aspects, for example, many natural ingredients are unstable and only show mild effects, the limitations of research methods are also a tough issue (Bent and Ko, 2004; Efferth, 2017; Espinosa-Leal and Garcia-Lara, 2019). It’s not just that, we need to know the potential obstacles to the application of Asian herbs in skin whitening. Thus, this review provided a comprehensive understanding of the development status and problems of herbal research. In addition to summarizing the current findings, this work mainly focused on finding problems, which might help promote the application of traditional Asian herbs.



The Increase of Asian Cosmetics Markets and Skin Whitening Demand

The Asian cosmetics market is growing rapidly. Immediately behind Europe and the United States, China, Japan, India, and Korea are major consumers of cosmetics. In China, the total retail sales of cosmetics exceeded 40 billion dollars over the past three years and still maintained a high growth rate according to the National Bureau of Statistics (NBS) (China, 2018). These statistics are impressive enough, it suggests that the Asian cosmetics market is unprecedentedly prosperous. In Asia, the whitening product is an important part of cosmetics, besides, natural products have great potential in the whitening market. From the perspective of consumers, natural products are more skin-friendly, so herbal reagents are readily accepted (Kanlayavattanakul and Lourith, 2018). Meanwhile, increased skin whitening demand leads to the explosion of herbal research.



Regulation of Melanogenesis

Skin whitening is affected by many factors, but the whitening effect of most herbs depends on regulating melanin synthesis. As an important pigment, melanin is widely distributed in mucosa, retina, and ovary (Slominski et al., 2004), but it mainly deposits in the skin and plays a role in resisting ultraviolet radiation (UVR) (Pinkert and Zeuss, 2018). Melanin is a kind of indole derivative of 3,4 di-hydroxy-phenylalanine (DOPA) produced by melanocytes. It derives from tyrosine through a series of oxidative reactions in melanosomes (Sealy et al., 1982). The first step is known as the Raper-Mason pathway, which depends on tyrosinase (TYR) (Miranda et al., 1988), the key rate-limiting enzyme. Besides, several proteins are involved in the maturation of melanosomes, such as tyrosinase-related protein 1 (TYRP1) and dopachrome tautomerase (DCT or TYRP2) (Bertolotto et al., 1998). After that, melanosomes will be transported to nearby keratinocytes and deposit around the nucleus, where they work and eventually degrade. Proteins involved in this step are Ras-Related Protein Rab-27A (RAB27A), Myosin VA (MYO5A), Fascin Actin-Bundling Protein 1 (FSCN1) (Slominski et al., 2004), and so on. The complete process is called melanogenesis.

The regulation of melanogenesis is complex and can be divided into three aspects: melanin synthesis, transport, and degradation. Melanin synthesis is the most studied area, while transport and degradation are not well understood. First of all, the expression and activation of TYR have the most immediate impact on melanin synthesis and determines the color of human skin (Pavan and Sturm, 2019); second, oxidative stress is another vital factor in promoting melanin synthesis, though it also causes cell damage (Schalka, 2017). Moreover, Microphthalmia-associated transcription factor (MITF) is an important transcription factor that can upregulate the expression of TYR, TYRP1, and TYRP2. It’s known that several signaling pathways can regulate MITF, such as the MAPKs (ERK, JNK, and p38) signaling pathway (Kim et al., 2017; Xu et al., 2018); the canonical Wnt signaling pathway, and the cAMP/PKA/CREB signaling pathway (Wang et al., 2017b; Yun et al., 2018). Besides, neighboring keratinocytes and fibroblasts have great impacts (Joly-Tonetti et al., 2018; Koike et al., 2018). It is partly due to the effects of endocrine and paracrine cytokines secreted by keratinocytes and fibroblasts, such as alpha-melanocyte-stimulating hormone (α-MSH), stem cell factor (SCF) and endothelin1 (ET1) (Pei et al., 2018; Yuan and Jin, 2018). The regulating system also plays a role in hyperpigmentation diseases, such as freckles, chloasma, and sunburn (Slominski et al., 2004; Sulem et al., 2007). Most whitening cosmetics work via part of the regulating system. For example, ascorbic acid (AA) is a famous antioxidant, arbutin and kojic acid can inhibit tyrosinase activity (Seo et al., 2012; Qu et al., 2018). As reported, the mechanisms of other natural reagents are similar to these cosmetics, the details will be shown later.



The Effects and Problems of Traditional Asian Herbs in Skin Whitening

The application of herbs in skin whitening starts quite early in Asia. The book Shen Nong’s Herbal Classic written in more than 2,000 years suggested that semen platycladi, the seed kernel of Platycladus orientalis (L.) Franco, can improve people’s complexion and appearance. The book Theory of Medicine Nature recorded that the rhizome of Atractylodes macrocephala Koidz. can ameliorate dark skin (Zhen, 2006). After thousands of years’ attempts in developing whitening reagents, lots of useful Asian traditional herbs have been recorded, and some of them have been studied in recent years (Xie and Yu, 1996). Generally, how traditional herbs are used can be divided into three types: formula (consisted of several herbs); extract (a mixture of several components, or a class of compounds, from the same herb), and active ingredient (a purified compound that has a definite molecular structure).


Herbal Formulas

Herbal formulas work via the synergy of all components, each herb is necessary, the composition of formulas will follow a particular principle to increase efficacy and reduce side effects (Zhang, 1994). Herbal formulas account for a large proportion of herb use, but the formula-based study in whitening is rare. In Ye’s study, researchers screened 50 herbal reagents (32 herbs and 18 herbal formulas) and successfully identified three useful tyrosinase inhibitors: Qian-wang-hong-bai-san, Qiong-yu-gao, and San-bai-tang (Ye et al., 2010a). The authors further revealed that Qian-wang-hong-bai-san could inhibit the p38 MAPK and PKA signaling pathway, and San-bai-tang could inhibit the p38 MAPK signaling pathway (Ye et al., 2010b; Tsang et al., 2012). This formula exists for a long time, but it is the first time to reveal the mechanisms. In addition, a Thai herbal formula AVS073 was reported to affect melanogenesis via suppressing the activity of tyrosinase, as well as neutralize ROS via increasing glutathione (GSH) biosynthesis and glutathione S-transferase (GST) activity (Panich et al., 2013). A Korean formula LASAP-C exhibited anti-melanogenic efficacy via inhibiting melanogenic proteins (TYR, TYRP1, and TYRP2) both in cells and zebrafish (Kim et al., 2016). Moreover, India also has a long history of using herbal formulas and an ancient medical systems: Ayurveda. Therefore, many Indian formulas have been studied in recent years. Ubtan, a traditional formula, was reported to have anti-tyrosinase and antioxidant effects (Biswas et al., 2016). (The composition of formulas showed in Table 1.)


Table 1 | The information of Asian herbal formulas.



These studies provide evidence for further research. However, some problems should be noted. First, the formulas processing, such as water decocting, is mainly based on ancient records or personal experience, but not a uniform standard. Apparently, differences in processing will affect the final composition (Bent and Ko, 2004). Moreover, the composition of formulas is incredibly complex (Yu et al., 2019), it brings uncontrollable interference to research. The inadequate knowledge of herbal formulas is a thorny issue for scientists under current conditions (Dai et al., 2019).



Herbal Extracts

Due to the development of extraction techniques such as High Performance Liquid Chromatography (HPLC) and Ultra Performance Liquid Chromatography (UPLC), the components of herbal extracts can be identified now (Wang et al., 2017a). These techniques help separate crude herbal extracts into several classes: saccharides, glycosides, phenylpropanoids, quinones, flavonoids, terpenes, triterpenes, steroids, and alkaloids (Li et al., 2019). No doubt it is conducive to further research. Different from formulas, there are a lot of research reports on herbal extracts. For example, ginseng (Panax ginseng C.A.Mey.) leaves extract is found to be effective in moisturizing, anti-aging, freckle-removing, and skin whitening (Jimenez-Perez et al., 2018). Ganoderma lucidum polysaccharides can reduce melanogenesis by inhibiting cAMP/PKA and ROS/MAPK signaling pathways, as well as inhibiting paracrine effects (Hu et al., 2019; Jiang et al., 2019). Goji berry (Lycium chinense Mill.) root extract can result in depigmentation via suppressing oxidation, MAPK and PKA signaling pathways (Huang et al., 2014). Gastrodia elata Blume and Foeniculum vulgare Mill. fruits extracts can resist α-MSH or UV-induced melanogenesis (Nam and Lee, 2016; Shim et al., 2017). Essential oils from the leaves of Pogostemon plectrantoides Desf. were tyrosinase inhibitors (Suganya et al., 2015). What is more, a clinical study reported that polypodium leucotomos extract treatment is safe and effective for melasma patients (Goh et al., 2018).

As we all know, growing conditions (soil, water, climate), growth time, and harvest time have great impacts on herbs in cultivation (Yuan et al., 2016; Olennikov et al., 2017; Zhang et al., 2017). These factors will subsequently influence the components of herbal extracts, so do their effects (Bent and Ko, 2004). Furthermore, different extraction methods yield different ingredients (Lin et al., 2019). For instance, Wang et al. compared the effects of water and ethanol extracts of Cuscuta chinensis Lam. seeds in B16F10 cells and zebrafish; it is impressive that water extract inhibited tyrosinase activity, but ethanol extract worked oppositely (Wang et al., 2014). What is more, many ingredients widely exist in herbs, thus different herbal extracts may have similar components (Yuan et al., 2012; Wu et al., 2018), while the content of special ingredients tends to be lower (Ho et al., 2013; Tian et al., 2019). For these reasons, it is hard to guarantee the reliability of experimental results.



Active Ingredients

With the renovation of extraction techniques, such as Enzyme-Assisted Extraction (EAE), Supercritical-Fluid Extraction (SFE), and Microwave-Assisted Extraction (MAE) (Bilal and Iqbal, 2020), a large number of active ingredients have been purified and identified, some of them show good performance in anti-tumor, anti-inflammatory, antioxidation, and skin whitening (Gao et al., 2019; Zeng et al., 2019b). Many famous herbs have been well studied, such as licorice (Glycyrrhiza uralensis Fisch. ex DC.), ginseng, and aloe (Aloe vera (L.) Burm.f.). Chen et al. confirmed that glabridin (extracted from licorice) reversibly inhibits tyrosinase in a non-competitive manner (Chen et al., 2016). Besides, floralginsenoside A (extracted from ginseng) showed anti-melanogenesis effects in cells and zebrafish via regulating MITF expression and ERK activation (Lee et al., 2017). Moreover, aloin (extracted from aloe) led to skin lightening via alpha-adrenergic receptor stimulation (Ali et al., 2012). Betulinic acid (extracted from Dillenia indica L.) exhibited non-competitive mode of tyrosinase inhibition (Biswas et al., 2017). Bixin and norbixin (from Bixa orellana L.) inhibited both melanin synthesis and tyrosinase activity (Anantharaman et al., 2016). 2-hydroxy-4-mehoxybenzaldehyde (MBALD) and its crude extract (extracted from Hemidesmus indicus [L.] R. Br. ex Schult.) could inhibit monophenolase activity (Kundu and Mitra, 2014). As the research object is more clear, these findings are more convincing to support the whitening effect of herbs.

Screening active ingredients is an important part of the herbal study, and it has great application prospects. But unlike the success in research, there are still many problems with herbal ingredients before they can be used. First, most natural ingredients are difficult to extract and purify on a large scale (Bai et al., 2014), and extraction costs are a key factor limiting the conversion of ingredients into products. Second, many herbal ingredients only show moderate effects and are unstable under normal conditions, their performance depends on the structure and properties (Manda et al., 2014; Ho et al., 2016; Lyles et al., 2017). Thus, the molecular structure of some ingredients will be further improved before use, research in this area is under development.




The Status of Asian Herbal Research in Skin Whitening

In addition to finding problems by reviewing previous studies, it is also important to have a comprehensive understanding by statistics. Thus, we collected Asian herbal studies published between January 2017 and May 2020 and conducted a multifaceted analysis, aiming to understand the research status of Asian herbs in skin whitening, as well as to assess the overall quality and value of these studies. We used “skin whitening” and/or “Asian herb” as keywords to retrieve articles by Web of Science, the selected databases were Web of Science Core Collection, BIOSIS Citation Index, and MEDLINE®, the time frame was from January 2017 to May 2020. After that, we sorted the lists by academic citations and reviewed the 300 most cited articles in detail, then removed studies that were not associated with Asian herbs. Finally, we collected 90 studies for subsequent analysis. (The information of studies we collected were provided in Supplementary Materials.)


Overview of Asian Herbal Research

Similar to the size of cosmetics markets, 72 studies were conducted in South Korea (42 studies, 46.7%), China (19 studies, 21.1%), Thailand (6 studies, 6.7%), and Japan (5 studies, 5.6%); 9 studies were conducted in Turkey, Pakistan, Iran, India, and Kuwait; the other 9 studies were cooperative projects between several Asian countries (Figure 1A). The geographical distribution of studies is related to the scientific research level, to some extent, it also can reflect the cosmetic market size and whitening demand. In another perspective, though only a few studies were conducted in countries other than Korea, China, Thailand, and Japan, the optimistic explanation is that the whitening markets in these countries have potential, and their herbal research are developing. It is known that India also has a lot of studies focused on herbs and depigmentation (Mukherjee et al., 2018). Further, we grouped studies based on reagent types. Unsurprisingly, studies mainly focused on herbal extracts (38 studies, 42.2%) and active ingredients (38 studies, 42.2%), and they share the same proportion. Besides, there are 13 studies reported both extracts and active ingredients (14.4%, labeled “Combined”), but only 1 study involved herbal formulas (Figure 1B). The result may have something to do with the difficulties in studying three types of herbal reagents. As mentioned above, there are too many distractions in studying formulas.




Figure 1 | Overview of 90 Asian herbal studies in skin whitening. (A) The number of studies in different countries; (B) the number of studies on different reagent types; (C) the number of studies from 2017 to 2019; (D) the studies in four countries from 2017 to 2019; (E) the percentage of different reagent types from 2017 to 2019; (F) the percentage of different reagent types in four countries.



The whitening market is still growing in Asia, research advances and market trends complement each other. According to our data, from 2017 to 2018, the number of studies increased from 25 to 35; but curiously, the number fell to 23 in 2019 and was not getting better in the first half of 2020 (Figure 1C). However, on the one hand, this could be a mistake caused by article collection, because we only reviewed the 300 most cited articles; on the other hand, we can’t rule out the impacts of delay in database updating of Web of Science. Likewise, studies in Korea was increased in 2018 and decreased in 2019, but China was still on the rise (Figure 1D). Partly because China’s scientific research, as a rising star, is developing fast. Though herbal research has not met a bottleneck, we should be aware that we already face some challenges. With the explosion of studies in skin whitening, the requirements are getting higher now.

Then, we further subdivided the studies by three reagent types and analyzed the differences between years and countries. Though the overall attention paid to herbal extracts and active ingredients is almost the same (Figure 1B), it seems like the proportion of extract-related studies was increasing from 2017 to 2019, so did that of combined studies (reported both extracts and active ingredients). In contrast, the proportion of ingredient-related studies had a clear decline (Figure 1E). We don’t yet know what this change means but have speculation. As new techniques and research facilities become more readily available, researchers may prefer to screen raw herbal materials rather than purchase purified ingredients, this helps to discover new reagents. Moreover, the attention paid to herbal extracts and active ingredients is slightly different between Korea and China, while Thailand and Japan have too few studies to be representative (Figure 1F).



Quality and Value of Asian Herbal Studies

There is no doubt that Asian herbal research is developing well in skin whitening, and plenty of effective reagents have been found. But sadly, scattered studies are easy to ignore, their findings may also have limitations. Thus, to learn more about the overall quality of Asian herbal studies, we moved on and evaluated the scientificity and academic value of 90 collected studies.

First, we divided studies into two groups: active ingredients and mixtures (including herbal extracts, formula, and combined studies). The evaluation criteria include information about (1) the source of herbal materials and ingredients (Source), (2) the processing method of raw materials (Processing), (3) the composition determination method of herbal extracts and ingredients, such as HPLC and UPLC (Quality control). For purchased herbal reagents, we assumed they met three criteria if detailed merchant information was provided. In this way, about 80% of the studies stated the sources and processing methods of herbal materials (Figures 2A, B). But only 65% of mixture-related studies provided quality control information (Figure 2B), which means that nearly 1/3 of the studies can not guarantee the quality of herbal extracts. Moreover, 82% of ingredient-related studies performed quality control (Figure 2A), but that does not mean they are scientific enough, because few of them stated the purity of the compounds. Therefore, we should be cautious about the credibility of these studies.




Figure 2 | Scientificity and academic value of 90 Asian herbal studies. (A) the quality control of ingredient-related studies; (B) the quality control of mixture-related studies (herbal formula, extracts, and combined studies); (C) the number of in vitro and in vivo studies; (D) the models of in vivo studies; (E) the models of in vitro studies; (F) the percentage of different mechanisms involved in studies.



To assess the academic value, we also calculated the research models in 90 studies. It is surprised to find that only 10 (11.1%) of them carried out in vivo experiments (Figure 2C), the models include volunteers, zebrafish, mice, and guinea pigs (Figure 2D). The other 80 studies conducted in vitro experiments (Figure 2E), 57 (71.3%) of them used only mushroom tyrosinase, 13 (16.3%) of them used only mice cell lines (mostly B16 cells) and human melanoma cell lines, with or without mushroom tyrosinase; only 9 studies used human epidermal melanocytes (HEMs) and 3-dimensional human skin equivalents (3D skin). That is to say, only 1/10 of the studies showed the in vivo effects of herbs, and another 1/10 showed whitening evidence in human melanocytes. Although this is an acceptable proportion, there is room for further improvement.

In the 90 studies we collected, most herbal reagents regulate melanogenesis via part of the mechanisms previously mentioned. About 81% of the studies reported a decrease in tyrosinase activity, 40% reported antioxidant effect, and 49% observed downregulation of MITF expression. Otherwise, about 2% of the studies explored the sunscreen effect. When it comes to further mechanisms, only 20% of the studies reported a change in MAPK signaling pathway (mostly ERK and p38), and 13% involved CREB/AKT signaling pathway, etc. (Figure 2F). The main mechanisms of these herbal reagents are showed in Figure 3. Besides, the data show that studies are mainly focused on the ani-tyrosinase and antioxidant effects of herbal reagents, which are common characteristics of most herbs, thus their biological effects have not been thoroughly explored.




Figure 3 | Schematic diagram of the mechanisms of herbal reagents in 90 studies.






Challenges and Prospects

In Asia, whitening cosmetics are in high demand, and leading to great progress in herbal research. However, the downside also deserves attention. In this work, we reviewed whitening-related studies from a comprehensive view and found some problems. One of them is that herbal components are complex and easily affected by multiple factors, which brings problems to studying herbal formula and extract, and also affects the reliability of the results. In contrast, active ingredients are the focus of research. The quality of most studies is reliable, but ingredient purification is a tough job. In a big way, Asian herbal research is not deep and systematic enough, because studies still focus on the discovery of new ingredients, rather than mechanism exploration and application. Also, there are few clinical studies on whitening. At present, the market for natural whitening cosmetics is a mess. On the one hand, research findings rarely translate into products; on the other hand, substandard products emerge one after another due to supervision loopholes (Desmedt et al., 2016). Many herbal reagents exhibit pharmacological properties (Zeng et al., 2019a) and can affect the structure and function of cells and organs, including the skin (Imokawa, 2008). Although herbal reagents are moderate, their side effects should be taken seriously, which have been ignored in the past.

In order to promote the application and development of traditional Asian herbs in whitening, all issues should be addressed carefully. Such as, the focus of herbal research should shift from quantity to quality and promote achievements transformation. At present, researchers are trying to synthesize herbal ingredients and derivatives, aiming to enhance their advantages and improve defects (Gonzalez-Sabin et al., 2011). From another point of view, synthetic and semi-synthetic natural ingredients may become a new hotspot in the future (Lee et al., 2016; Pillaiyar et al., 2017). In Asia, traditional herbs have been used over thousands of years, but have been ignored in the past century. In skin whitening, the discovery of natural ingredients such as arbutin was a surprise (Akiu et al., 1991; Chakraborty et al., 1998). In China alone, more than 10,000 herbs have been recorded (Xie and Yu, 1996), compared with this huge “herbal ingredient pool,” the findings so far have only scratched the surface (Zhao et al., 2020). Given the advances of techniques and the explosion of research, traditional Asian herbs need a new stage towards application.



Search Strategies

Most materials in this review were obtained from Web of Science and PubMed; only documents covered by Science Citation Index (SCI) were selected. A few materials were obtained from ancient medical books, which were collected in the library of Central South University. Some keywords used in retrieving are provided below: Asian herbs, traditional herbs, melanogenesis, skin whitening. The 90 studies collected for statistical purposes were not directly cited in the paper, and their information were provided in the Supplementary Materials.
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Cudratrixanthone U (CTU) is a prenylated xanthone compound isolated from Maclura tricuspidata Bureau (Moraceae). Prenylated xanthones have been reported to exhibit a variety of biological activities. However, the effects of prenylated xanthone on osteoclast differentiation and function are still unclear. Excessive bone resorption by osteoclasts is considered a major cause of diseases such as osteoporosis. Accordingly, suppression of excessive osteoclast formation and function is one of strategies for treating osteoclast related bone diseases. In this study, CTU inhibited osteoclast differentiation and function in RAW264.7 macrophages and BMM cells induced by receptor activator of nuclear factor-κB ligand (RANKL). CTU regulated the formation of TRAF6-TAK1 complex in RANKL-induced RAW264.7 macrophages and BMM cells. Osteoclast-specific genes including those encoding matrix metallopeptidase 9 (MMP-9), dendritic cell-specific transmembrane proteins (DC-STAMP), cathepsin K (CTSK) and chemokine CC motif ligand 4 (CCL4) play an important role in bone resorption and migration, and were effectively regulated by CTU. These results suggest that CTU is a potential therapeutic agent in osteoporosis.
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Introduction

Bone homeostasis is associated with a balance between bone resorption by osteoclasts and bone formation by osteoblasts. Bone resorption by excessive osteoclast differentiation can lead to disorders such as osteoporosis and rheumatoid arthritis (Boyce et al., 2005; Warren et al., 2015). Therefore, inhibition of bone resorption by excessive osteoclast differentiation plays a key role in the treatment of osteoporosis. Osteoclasts are giant multinucleated cells derived from the mononuclear macrophage family via continual proliferation, differentiation and fusion of hematopoietic stem cells. They are involved in bone resorption, and play an essential role in bone formation and control of bone density (Novack and Teitelbaum, 2008; Geng et al., 2017).

Osteoclast formation requires specific activation of the RANKL/RANK (receptor activator of NF-κB ligand and its receptor) system of macrophage or monocyte lineage. These osteoclasts play an essential role in various diseases (Teitelbaum, 2000). Among the TNF receptor-related factors (TRAF) molecules, TRAF6 is an important component of the RANK signaling pathway. When RANKL binds to RANK in preosteoclasts, TRAFs 2, 3, 5, and 6 are recruited, which induces mitogen-activated protein kinase (MAPK) and nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) pathways (Kim et al., 1999), and the activation of various signaling pathways. In addition, RANKL stimulation not only activates transforming growth factor beta-activated kinase 1 (TAK1), which is a member of the mitogen-activated protein kinase (MAPK) family, but also activates the TRAF6-TAK1 complex associated with RANK to induce both c-Jun N-terminal kinase (JNK) and NF-kB activation and downstream signaling pathway activator protein 1 (AP-1), and c-Fos/c-Jun dimer induces the expression of primary osteoclast regulatory nuclear factor of activated T cells c1 (NFATc1) (Takayanagi et al., 2002; Kanzaki et al., 2017). Thus, inhibition of these signaling pathways prevents pathological bone loss induced by excessive osteoclast formation. Activated NFATc1 regulates a variety of genes, such as tartrate-resistant acid phosphatase (TRAP), cathepsin K (CTSK), and dendritic cell-specific transmembrane proteins (DC-STAMP), which are essential for osteoclast differentiation and function (Li et al., 2006). Also, the matrix metalloproteinase (MMP)-9 and integrin β3 secreted by osteoclasts are known to promote osteoclast migration and mediate osteoclast bone resorption (Ishibashi et al., 2006). Previous studies have suggested that the inhibition of osteoclast migration is a potential therapeutic target in bone disease, including osteoporosis, and the chemokine CC motif ligand 4 (CCL4) is known to promote the migration and viability of pre-osteoclast cells (Lee et al., 2018). Therefore, inhibition of these genes may play an important therapeutic role in osteoporosis in order to disrupt the differentiation and function of activated osteoclasts.

Maclura tricuspidata Bureau (Moraceae) is a traditional medicinal plant native to Northeast Asia that has long been used for lumbago, hemoptysis, and hematemesis (Jung and Shin, 1990; Chang et al., 2008). In particular, M. tricuspidata root is known as “Chuan-po-shi” in traditional Chinese medicine and has been used to treat rheumatism and lumbago, and is one of the most common traditional remedies for cancer in Korea (Kim et al., 2009; Xin et al., 2017). Previous studies have reported that the roots and fruits of M. tricuspidata showed various pharmacological activities, such as anti-inflammatory effects (Jeong et al., 2010), cytotoxicity inhibition (Lee et al., 2005), and hepatoprotection (Tian et al., 2005). The major constituents of M. tricuspidata include prenylated xanthones and flavonoids, alkaloids, and organic acids (Xin et al., 2017; Li et al., 2018). Prenylated xanthones isolated from M. tricuspidata have been reported to inhibit neurotoxicity (Jeong et al., 2008), and exhibit neuroprotective (Kwon et al., 2014), and anti-cancer effects (Seo et al., 2001). Despite these pharmacological activities, studies on bone diseases are still incomplete. Therefore, this study investigated the effect of cudratrixanthone U isolated from M. tricuspidata on osteoclast differentiation, migration and bone resorption in RANKL-stimulated RAW264.7 and bone marrow-derived macrophages (BMM) cells.



Materials and Methods


Chemicals and Reagents

Minimum Essential Medium Eagle—Alpha Modification (Alpha MEM), fetal bovine serum (FBS), penicillin, and streptomycin were purchased from Welgene Inc. (Korea). Mouse RANKL was purchased from PeproTech (Rocky Hill, NJ, USA). 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide (MTT) was obtained from Amresco Inc. (Solon, OH, USA). Fast Red-violet LB salt, naphthol AS-MX phosphate 4-6-diamidino-2-phenylindole (DAPI) and ρ-nitro-phenylphosphate were obtained from Sigma-Aldrich Fine Chemicals (St. Louis, MO, USA). Antibodies against p-ERK, ERK, p-p38, p38, p-JNK, JNK, NFATc1, c-Fos, integrin β3, MMP-9, CTSK and β-actin were purchased from Cell Signaling Technology (Danvers, MA, USA). Anti-TRAF6, anti-TAK1, IκB-α, p-IκB-α, and NF-κB p65 were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Also, Antibodies of DC-STAMP and CTSK were obtained Abcam (Cambridge, UK). Secondary antibodies were purchased from Santa Cruz and Cell Signaling Technology. Nuclear and cytoplasmic extraction reagent kit and enhanced chemilu-minescence kit were provided by Pierce Biotechnology (Rockford, IL, USA). Protease inhibitors were purchased from Roche (Hoffmann, NC, USA). Alexa fluor-488 palloidin was acquired from Invitrogen (Waltham, MA, USA). Osteo assay surface multiwell plates were obtained from Corning Inc. (NY, USA). Radioimmunoprecipitation (RIPA) assay buffer and protease and phosphatase inhibitor cocktail were purchased from Fisher Scientific Inc. (Waltham, MA, USA).



Plant Materials and Isolation of Compounds

A voucher specimen (accession number KH1-4-090814) was deposited at the Department of Biosystems and Biotechnology, Korea University, Seoul, Korea. We isolated cudratrixanthone U (CTU) from the bark of M. tricuspidata. CTU was extracted as reported previously and structurally identified using nuclear magnetic resonance (NMR) and high-resolution electrospray ionization mass spectrometry (HRESIMS) (Kwon et al., 2016).



Cell Culture and Viability Assays

RAW 264.7 and BMM cells (ATCC, Manassas, VA, USA) were cultured in alpha-MEM supplemented with 10% heat-inactivated FBS, 2 mM L-glutamine, and 100 U/ml penicillin/streptomycin. Incubations were carried out at 37°C in 5% CO2. We performed an MTT assay following the manufacturer’s instructions to detect CTU cytotoxicity. RAW264.7 and BMM cells were seeded on a 96-well plate at a concentration of 5 × 103 cells/ml, followed by treatment with different concentrations and incubation for 120 h. The concentration of MTT solution was 50 mg/ml, and the absorbance at 490 nm was measured by an ELISA plate reader (Männedorf, Swiss).



Osteoclast Differentiation

RAW 264.7 and BMM cells were seeded on 24-well plates (5 × 103 cells/well) with complete alpha-MEM containing RANKL (50 ng/ml) in the presence of CTU for 5 days at 37°C and 5% CO2.



Tartrate-Resistant Acid Phosphatase (TRAP) Staining and Activity

After differentiation and osteoclast formation as described above, cells were washed and fixed with 4% paraformaldehyde for 10 min, permeabilized with 0.1% Triton X-100, and finally stained for TRAP with the Leukocyte Acid Phosphatase Kit (Sigma, Cat. No. 387A-1KT). Fixed cells were assayed for tartrate-resistant acid phosphatase (TRAP) activity, according to the manufacturer’s instructions (Saint Louis, MO, USA).



Actin Ring and DAPI Staining

RAW264.7 and BMM cells were cultured in alpha-MEM, with or without CTU for 5 days. The cells were washed three times with phosphate-buffered saline (PBS) and fixed in 4% formalin for 15 min. The cells were then stained with fluorescein isothiocyanate (FITC)-phalloidin solution for 1 h, and the nuclei were sequentially stained with 2.5 μg/ml 4′,6-diamidino-2-phenylindole (DAPI) solution for 10 min. The images were captured using a fluorescence Olympus IX microscope 71-F3 2PH (Tokyo, Japan).



Bone Resorption Assay

RAW264.7 and BMM cells were seeded with alpha-MEM containing RANKL (50 ng/ml) in the presence of CTU (0.5, 1, 2, 5 μm) into the wells of an osteo assay surface well for 12 days at 37°C and 5% CO2. After 10 days, RAW 264.7 cells were removed by 5% sodium hypochlorite (Saint Louis, MO, USA) treatment and resorption pits were visualized under a light Olympus IX microscope 71-F3 2PH. The resorption area was calculated and analyzed using Image-J software Version 1.52i (USA).



Cell Migration Assay

RAW264.7 and BMM cells (1.5 × 104 cells/well) were incubated in a 24-well plate for 24 h, followed by constant scratching. Next, cells were treated with α-MEM and 10% FBS with or without RANKL (50 ng/ml) and CTU, and the cells migrating for 5 days were counted with Incucyte® Live-Cell analysis systems (Göttingen, Germany).



Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)

Total RNA was extracted from the cells using TRIzol reagent (Bioneer, Korea) according to the manufacturer’s instructions. PCR reaction conditions included 1 μl primer, 11 μl nuclease-free ultrapure water, 4 μl 5× reaction buffer, 1 μl RiboLock RNA enzyme inhibitor (20 U/μl), 2 μl 10mM dNTP mix, and 1 μl RevertAid M-MuLV reverse transcriptase (200 U/μl) (Thermo Fisher Scientific, USA). The cycling conditions were 40 cycles at 50°C for 2 min, 95°C initial denaturation for 10 min, 95°C denaturation for 15 s, and 60°C annealing for 30 s. The primer sequences used are listed in Table 1.


Table 1 | Primer sequences.





Cytosolic and Nuclear Protein Extraction

RAW 264.7 and BMM cells were seeded on culture dishes at a density of 2.5 × 105 cells/dish and treated with indicated concentrations of CTU (0.5, 1, 2, and 5 μM), stimulated with RANKL (50 ng/ml), incubated at 37°C with 5% CO2, and then lysed using the RIPA buffer. We prepared the cytosolic and nuclear extracts using an NE-PER nuclear and cytoplasmic extraction reagents kit, according to the manufacturer’s instructions.



Co-Immunoprecipitation (Co-IP)

RAW264.7 and BMM cells treated with or without RANKL in the presence or absence of CTU (2, 5 μM) was digested using RIPA buffer and centrifuged for 30 min. First, the antibody for the targets TRAF6 and TRAF6-specific IgG was incubated with the Thermo dynabead protein G kit in a tube for 10 min, and the antibody was washed away by placing the tube in a Dynamagnet and removing the supernatant. For immunoprecipitation, cell lysates extracted were incubated with anti-TRAF6 or anti-TAK1 antibody for 1 h at 4°C, followed by 1 h incubation at 4°C with the Thermo Fisher Scientific (Waltham, MA, USA) dynabeads protein G kit, following the manufacturer’s instructions.



Western Blot Analysis

RAW 264.7 and BMM cells were lysed in RIPA buffer containing protease inhibitors and centrifuged at 14,000 rpm for 30 min. Protein concentration was measured by Bradford assay using a Bio-Rad Bradford assay reagent (Hercules, CA, USA). Amounts of each lysate were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). After electrophoresis, proteins were transferred using polyvinylidene difluoride (PVDF) membranes (Hercules, CA, USA). After blocking with TBS-T buffer containing skim milk (5%), we incubated with the primary antibody overnight at 4°C. It was washed, incubated with a secondary antibody (horseradish peroxidase-conjugated anti-rabbit IgG and anti-mouse IgG), and detected with Healthcare Life Science ECL-plus (Tokyo, Japan). Immunoreactive bands were analyzed by LAS 4000 (GE Healthcare Life Science, Tokyo, Japan).



Statistical Analysis

Each experiment was performed in triplicate and expressed as mean value and standard deviation. Statistical analysis was conducted using SPSS Statistics 19.0 software, and correlations were considered significant at p <0.05.




Results


Inhibitory Effect of CTU on RANKL-Induced Osteoclast Formation

To measure CTU (Figure 1A) cell viability, we treated RAW264.7 and BMM cells with various concentrations of CTU (0.5, 1, 2, and 5 μM) for 5 days. As shown in Figure 1B, there was no significant cytotoxicity due to CTU, also it was confirmed that the morphology of osteoclasts differentiated by RANKL was also inhibited by CTU (Figure 1C). Therefore, to verify the effect of CTU on osteoclast formation at the indicated concentrations, we treated CTU with RANKL at different concentrations in RAW264.7 and BMM cells. After 5 days of culture, we measured TRAP staining and activity of mature osteoclasts. Osteoclast differentiation and activity were significantly inhibited by CTU treatment in a dose-dependent manner (Figures 2A, B).




Figure 1 | The viability of CTU in RAW264.7 and BMM cells. The chemical structure of cudratrixanthone U (CTU) (A). Effect of CTU on cell viability measured by MTT assay. RAW 264.7 and BMM cells were incubated with various concentrations of CTU for 5 days (B). The effect of CTU in differentiated osteoclasts on morphology (C).






Figure 2 | The effect of CTU on osteoclast differentiation in RANKL-induced RAW 264.7 (A) and BMM (B) cells. The cells were incubated with 50 ng/ml RANKL or both RANKL and various concentrations of CTU for 5 days and then stained for TRAP. TRAP activity was measured using an ELISA reader (optical density, 405 nm). *p < 0.05 compared with the only RANKL-treated group.





CTU Suppresses Formation of RANKL-Stimulated Osteoclastic F-actin Rings

The F-actin ring is a characteristic structure of mature osteoclasts, and therefore we measured the area via fluorescence staining of mature osteoclasts to investigate the effect of CTU on RANKL-induced osteoclasts. We found that the formation of the F-actin ring and the pit area were significantly inhibited by CTU in a dose-dependent manner (Figures 3A, B). Increased F-actin ring formation by RANKL treatment was concentration-dependently reduced by CTU in RAW264.7 cells and In BMM cells, CTU 0.5 μM and 1 μM treatment group showed similar level of inhibition, and 5 μM treatment group significantly reduced the pit area.




Figure 3 | The effect of CTU on osteoclast-actin ring structures in RANKL-induced RAW 264.7 (A) and BMM (B) cells. RAW 264.7 cells were treated with different concentrations of CTU in the presence of RANKL. After fixation and incubation with Alexa Fluor 488-conjugated phalloidin stained with DAPI, cells were visualized under a ﬂuorescence microscope. Quantitative analysis shows percentage of osteoclasts forming F-actin rings. *p < 0.05 compared with the only RANKL-treated group.





CTU Inhibited Osteoclast Differentiation and Function

Because CTU inhibited the formation of osteoclasts and F-actin rings, we measured pit formation by inducing osteoclasts on a bone-biomimetic synthetic surface to investigate their effects on bone resorption. We found that CTU significantly inhibited the pit area in a concentration-dependent manner, and there was almost no pit area at the highest concentration (Figures 4A, B). Therefore, CTU inhibited osteoclast differentiation and function in bone resorption in RAW264.7 and BMM cells induced by RANKL.




Figure 4 | The effect of CTU on osteoclast bone resorption in RANKL-induced RAW 264.7 (A) and BMM (B) cells. The cells were treated with different concentrations of CTU in the presence of RANKL. Total resorption pit area was measured and the results are shown as % of RANKL treatment. Pit formation assay of osteoclasts and quantification of pit area. *p < 0.05 compared with the only RANKL-treated group.





CTU Inhibits Osteoclast Migration by Regulating CCL4

Chemokine CCL4 has been suggested to play an important role in osteoclast migration. Therefore, we measured the RNA expression of CCL4 in RANKL-treated RAW264.7 and BMM cells. As a result, the expression of CCL4 increased the most after 5 days of RANKL treatment. On day 5 of RANKL treatment, CTU inhibited CCL4 in a concentration-dependent manner (Figures 5C, D). CTU effectively inhibited the expression of integrin β3 in RANKL-treated RAW264.7 and BMM cells (Figures 5A, B). In addition, to measure the inhibitory effect of osteoclast migration on CTU, the coefficient of migrated cells was measured, as a result, the increased migration coefficient by RANKL on day 5 in RAW264.7 and BMM cells was reduced by concentration-dependent treatment of CTU (Figures 5E, F).




Figure 5 | The effect of CTU on RANKL-induced osteoclast migration. RAW 264.7 and BMM cells were cultured in the presence of CTU and RANKL for 1–5 days to induce osteoclast differentiation, and the protein expression of integrin β3 was measured by Western blot (A, B), and the levels of CCL4 mRNA were measured by real-time PCR (C, D). RAW264.7 and BMM cells were cultured without or with RANKL for 3 d, and further incubated for 24 h in the presence of CTU (0.5, 1, 2, and 5 μM) after gentle scratching (E, F). The number of migrated cells was averaged using IncuCyte-image marking software. *p < 0.05 compared with the only RANKL-treated group.





CTU Inhibits the Expression of RANKL-Induced Osteoclast-Specific Genes

The maturation of osteoclasts is accompanied by the expression of specific genes and protein, ATP6VOD2 and ACP5, DC-STAMP, CTSK and MMP-9, which are essential for osteoclast formation and function. Therefore, we investigated the role of specific genes and protein in osteoclast formation and function under the inhibitory effect of CTU on osteoclast differentiation and bone resorption. Treatment with CTU significantly down-regulated the expression of ATP6VOD2 and ACP5, DC-STAMP, CTSK, and MMP-9 more than in RANKL-treated group (Figures 6A, B). As a result, CTU suppressed differentiation and function by down-regulating the expression of osteoclast specific genes and proteins.




Figure 6 | The effect of CTU on osteoclast-specific gene and protein expression in RANKL-induced RAW 264.7 (A) and BMM (B) cells. The cells were treated with different concentrations of CTU in the presence of RANKL, and osteoclast-specific gene expression was measured by real-time PCR. The results were normalized to GAPDH expression. *p < 0.05 compared with only RANKL-treated group.





CTU Suppress RANKL-Induced TRAF6-TAK1 Complex Formation

TRAF6/TAK1 complex formation is an important step prior to RANKL-mediated MAPK and NF-κB activation. Therefore, we used co-precipitation to investigate the effects of CTU on the formation of RANKL-induced TRAF6/TAK1 complex. In pull-down assays, co-immunoprecipitation of TAK1 with anti-TRAF6 antibody (and of TRAF6 with anti-TAK1) was increased in the presence of RANKL. However, CTU inhibited co-precipitation of RANKL-induced TRAF6/TAK1 complexes in a concentration-dependent manner (Figures 7A, B).




Figure 7 | The effect of CTU on expression of TRAF6 and TAK1 in RANKL-induced RAW 264.7 and BMM cells. RAW 264.7 (A) and BMM (B) cells were pretreated with CTU for 2 h, and then treated with RANKL for 24 h. The cell extracts were subjected to western blot analysis. RAW264.7 (A) and BMM (B) cells were cultured for 3 days with RANKL (50 ng/ml), and pretreated with CTU. Cell lysates were immunoprecipitated (IP) with anti-TRAF6 or anti-TAK1 and immunoblotted with anti-TAK1 or anti-TRAF6, respectively. Expression of TRAF6 and TAK1 in cell lysates was measured by immunoblotting. The level of co-immunoprecipitated TAK1 or TRAF6 was quantified and normalized to total TRAF6 or TAK1.*p < 0.05 compared with the only RANKL-treated group.





CTU Suppresses RANKL-Induced Activation of NF-κB and MAPKs

Downstream of TRAF6 signaling complexes, the activation of MAPK (ERK, JNK and p38 MAPK) and NF-κB plays an important role in osteoclast differentiation. Therefore, we used western blots to further explore the activation of the MAPKs and NF-κB pathways by which CTU regulates osteoclast differentiation and function. Phosphorylation of MAPKs and NF-κB p65 activity were induced in RANKL-stimulated RAW264.7 and BMM cells, and the expression of p-ERK, p-JNK, and p-p38 was inhibited by CTU (Figures 8A, B). CTU also inhibited the activity of p65 and the phosphorylation of IκB-α (Figures 8C, D). Thus, the osteoclast-differentiation and bone-resorption functions of CTU were related to MAPKs and NF-κB activity.




Figure 8 | Effect of CTU on MAPKs (A, B) and NF-kB (C, D) activation in RANKL-induced RAW 264.7 and BMM cells. The cells were pre-incubated with or without CTU for 2 h, followed by treatment with 50 ng/ml RANKL for 30 min. The protein expression of cytosolic and nuclear p65, IкB¥á, and p-IкB¥á was compared with that of controls subjected to western blot analysis. *p < 0.05 compared with the only RANKL-treated group.





CTU Downregulates RANKL-Induced Expression of NFATc1 and c-Fos

NFATc1 and c-Fos are the most important osteoclast-specific transcription factors following RANKL binding to RANK. Therefore, we used the western blot to evaluate the effects of CTU on the two transcription factors. RAW 264.7 and BMM cells induced by RANKL for 24 h significantly increased the expression of c-Fos and NFATc1, whereas in the group treated with CTU 0.5 and 1 μM in RAW264.7 and BMM cells, similar levels of NFATc1 and c-Fos expression were suppressed, and 2 and 5 μM treatment group showed a marked inhibitory effect (Figures 9A, B).




Figure 9 | The effects of CTU on NFATc1 and c-Fos protein expression in RANKL-induced RAW 264.7 (A) and BMM (B) cells. The cells were cultured in the presence of RANKL with the CTU. After 24 h, the total protein was isolated and the protein expression levels were evaluated by western blots.*p < 0.05 compared with the only RANKL-treated group.






Discussion

Disruption of bone homeostasis is caused by increased bone resorption by osteoclasts rather than new bone formation by osteoblasts, and RANKL is a major pro-osteoclastogenic cytokine that mediates osteoclast differentiation (Park et al., 2017; Ono and Nakashima, 2018). Thus, the inhibition of osteoclast formation, bone resorption and migration by inhibiting RANKL signaling and downstream pathways is an important target in the treatment of osteoporosis (Zou et al., 2001; Xuan et al., 2017). In the present study, we evaluated the mechanism of CTU inhibition of osteoclast differentiation and migration in a RANKL-induced RAW 264.7 and BMM cell line. Osteoclast differentiation by RANKL activates TRAP, a representative osteoclast marker involved in bone resorption, forms and maintains actin ring formation on the bone surface, and promotes bone resorption (Hayman, 2008). In our study, CTU attenuated osteoclast differentiation and function by inhibiting TRAP activity, F-actin formation, and bone resorption. Also, proteolytic enzymes, such as cathepsin K and MMP-9, and osteoclastogenesis-related markers, such as ACP5, DC-STAMP, and ATP6V0d2 play an important role in bone resorption and osteoclast differentiation. CTU inhibited these osteoclast gene markers in a concentration dependent manner.

In osteoclast signaling by RANKL, the cytoplasmic domain of RANK recruits TRAF6 to initiate complex formation with TAK1, activates NF-κB and MAPK, and plays a critical signaling role in osteoclast maturation (Mizukami et al., 2002; Nakashima et al., 2012). The TRAF family consists of six proteins each. TRAF6 is a unique member of the RING domain ubiquitin ligase family, which catalyzes the poly-ubiquitin chain linked via ubiquitin Lys-63 (Arch et al., 1998; Lamothe et al., 2007; Landstrom, 2010). In addition, the TRAF6 pathway induces phosphorylation of MAPKs, such as ERK, p38, and JNK, and regulates the expression of transcription factors such as NF-κB upon binding of RANKL and RANK in osteoclast precursor cells (Kobayashi et al., 2001). During RANKL signaling, MAPK is an important target for osteoclast differentiation as a major regulator of various cellular responses, including cell proliferation, apoptosis, and differentiation (Sui et al., 2014; Thummuri et al., 2015).We found that CTU inhibited the formation of TRAF6-TAK1 complex by RANKL stimulation in RAW264.7 and BMM cells and inhibited phosphorylation and transcription of NF-κB and phosphorylation of MAPK (JNK, ERK, p38) in a concentration-dependent manner. In addition, NFATc1 inhibition by CTU may be caused by down-regulation of c-Fos. Therefore, inhibition of the TRAF6-TAK1 complex formation plays an important role in osteoclast differentiation. In our immunoprecipitation assay, RANKL increased TRAF6 and TAK1 association, which was inhibited by CTU. These results suggest that CTU targets TRAF6-TAK1 complex formation to inhibit osteoclast differentiation.

RANKL regulates a variety of transcription factors, such as NF-κB, c-Fos, and NFATc1, and induces NFATc1 early to form mature and active osteoclasts (Teitelbaum and Ross, 2003). NFATc1 has been reported to regulate genes, such as TRAP, cathepsin K, and integrin β3 involved in osteoclast differentiation and function (Kim et al., 2014). In addition, osteoclast migration plays an important role in diseases associated with abnormal bone resorption such as rheumatoid arthritis and osteoporosis. In recent studies, chemokine CCL4 has been shown to mediate cell migration and bone invasion in RANKL-induced bone resorption (Xuan et al., 2017). In this study, CTU downregulated the expression of transcription factors and genes involved in RANKL-induced osteoclast differentiation and migration.

Recent studies investigating the osteoclast-differentiation inhibitory effects of natural compounds, such as flavonoids or polyphenols, have been actively conducted (Kim et al., 2018). However, prenylated xanthones have yet to be investigated for their role in inhibition of bone disease or osteoclast differentiation, despite their various antioxidant, anti-atherosclerotic, anti-inflammatory, and hepatoprotective activities (Lee et al., 2009; Jeong et al., 2010; Kim et al., 2019). Therefore, in this study, CTU isolated from M. tricuspidata suggests a potential therapeutic agent for osteoporosis by inhibiting proteins and specific genes that play an important role in the regulation of osteoclast differentiation and bone resorption and migration.
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Onosma bracteata Wall. (Boraginaceae) is a highly valuable medicinal herb that is used for the treatment of fever, bronchitis, asthma, rheumatism, stomach irritation, and other inflammatory disorders. The present study aims to explore the hepatoprotective potential of ethanolic extract (Obeth) from O. bracteata aerial parts against carbon tetrachloride (CCl4) which causes hepatic damage in the male Wistar rats. Obeth showed effective radical quenching activity with an EC50 of 115.14 and 199.33 µg/mL in superoxide radical scavenging and lipid peroxidation analyses respectively along with plasmid DNA protective potential in plasmid nicking assay. The Obeth modulated mutagenicity of 2 Aminofluorine (2AF) in the pre-incubation mode of investigation (EC50 10.48 µg/0.1 mL/plate) in TA100 strain of Salmonella typhimurium. In in vivo studies, pretreatment of Obeth (50, 100, and 200 mg/kg) had the potential to normalize the biochemical markers aggravated by CCl4 (1mL/kg b.wt.) including liver antioxidative enzymes. Histopathological analysis also revealed the restoration of CCl4-induced liver histopathological alterations. Immunohistochemical studies showed that the treatment of Obeth downregulated the expression levels of p53 and cyclin D in hepatocytes. and downregulation in the Western blotting analysis revealed the downregulation of p-NF-kB, COX-2, and p53. HPLC data analysis showed the supremacy of major compounds namely, catechin, kaempferol, epicatechin, and Onosmin A in Obeth. The present investigation establishes the hepatoprotective and chemopreventive potential of O. bracteata against CCl4-induced hepatotoxicity via antioxidant defense system and modulation of the expression of proteins associated with the process of carcinogenesis in hepatic cells.
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Introduction

Global increase in the demand of industrial solvents in pharmaceuticals, paint and coating industry can raise the global solvent market to an estimated USD 12.31 billion by year 2026 as per Global Market Outlook report (2018). Recently, the use of industrial solvents has brought higher risks to both humans and animals. Industrial solvents cause environmental pollution and their acute and chronic exposure can cause cellular injuries and progressive genetic alterations (mutations) via activation of reactive oxygen species (ROS) with significant changes that may transform healthy cells to cancerous cells (Pizzino et al., 2017). The mutations caused alter the DNA which along with oxidative stress triggers destruction of tumor-suppressor genes and/or the stimulation of proto-oncogenes which contribute to the initiation of liver, breast, colon and prostate cancer (Maron and Ames, 1983; Canli et al., 2017).

The liver is the main organ essential for survival, which plays a crucial function in the body’s metabolism and detoxification process. The liver is a primary site in the body that is mostly involved in modulation and biotransformation of xenobiotic compounds mediated by cytochrome P450 (CYP) family of enzymes (Gu and Manautou, 2012). The chemicals like carbon tetrachloride (CCl4), acetylaminofluorene, thioacetamide, and polycyclic aromatic hydrocarbons are biotransformed into the transitional molecules and generate reactive oxygen species (ROS), including oxygen free radicals that induce hepatic damage (Karakus et al., 2011; Kaur et al., 2017; Kaur S. et al., 2019). Various hepatotoxic compounds and transitional radicals of oxidative reactions affect many proteins and encourage negative effects via oxidative stress (OS) or DNA damage (Rahal et al., 2014). The homeostatic balance of cellular redox is the main feature for combating the lethal insults of ROS, which are internally maintained by antioxidative defense systems. Any aberrant functioning to curb stress can lead to malfuctioning like cancer (Snezhkina et al., 2019). Carbon tetrachloride (CCl4) is a typical solvent which is used in the research for hepatic ailments. Firstly, liver can metabolize CCl4 by cytochrome P450 enzyme complex to produce toxic metabolites such as trichloromethyl free radicals (CCl3•) and trichloromethyl peroxyl radicals (CCl3OO•). These free radicals have capacity of eliminating hydrogen ions from fatty acids to induce lipid peroxidation. Hence, mutually CCl3• and CCl3OO• cause injury in the cell membrane, alteration in enzyme action and lastly cause hepatic damage or necrosis (Chao et al., 2019). The treatment of hepatic cancer still is one of the important tasks despite the newest developments in recognizing its biological basis. The deregulation of p53, COX-2, and NF-κB signaling is one of the central factors for the beginning of hepatic cancer (Alqahtani et al., 2019). p53 (a tumor suppressor gene) associated mutations are found in most of the hepatocellular carcinoma (HCC) (Aravalli et al., 2008). From the past few decades, the natural phytoconstituents from plants are recognized for restoring the health of humans (Che and Zhang, 2019). So, the diet rich in natural compounds has been shown to exert various healing effects via activating redox-signaling, phase-II detoxification enzymes, antioxidants, anti-inflammatory, and anti-carcinogenic properties (Wu et al., 2017).

Onosma bracteata Wall. family Boraginaceae widely knowns as ‘gaozaban’ is mainly distributed in India and Nepal in high altitude regions, spread in Jammu & Kashmir, Himachal Pradesh and Uttar Pradesh in north-western Himalayas (Ved et al., 2016). It is used as the main component for the preparation of drug in Unani and Ayurvedic medicinal system. It is usually used in Indian traditional medication due to its medicinal benefits viz. demulcent, diuretic, anti-aging, antioxidant, antibacterial, wound healing, antileprotic, spasmolytic, and tonic nature (Fareed et al., 2012). The entire parts of O. bracteata have pharmacological properties like anthelmintic, anti-inflammatory, antimicrobial, antiperoxidative, and radical scavenging (Albaqami et al., 2018; Imran et al., 2018; Farooq et al., 2019). It is reported that Onosma genus is a rich source of flavonoids, benzoquinones, naphthoquinones, shikonins, and onosmins (Kumar et al., 2013). However, to date, there are no records about its hepatoprotective activity.

Thus, we planned to explore the protective effects of Obeth from O. bracteata by using in vitro assays viz. antioxidant, antimutagenic and DNA protective potential. Further, in vivo studies were carried out to explore the hepatoprotective effects of Obeth via evaluation of serum marker enzymes, antioxidative enzymes and histopathological parameters. Modulatory effects on the expression level of p53, COX-2, NF-κB, and Cyclin D were studied using immunohistochemical (IHC) and Western blotting.



Materials and Methods


Chemical and Reagents

1-chloro-2, 4- dinitrobenzene (CDNB), 2- thiobarbituric acid (TBA), 5, 5-dithiobisnitrobenzoic acid (DTNB), Bovine Serum Albumin (BSA), Hydrogen peroxide (H2O2), malondialdehyde, nitro blue tetrazolium (NBT), and Silymarin were procured from Sigma (St. Louis, MO, USA). Carbon tetrachloride (CCl4), ethidium bromide (EtBr), low melting point agarose (LMPA), malondialdehyde (MDA), nicotinamide adenine dinucleotide (NADH), normal melting point agarose (NMPA), hydroxylamine hydrochloride, oxidized glutathione (GSSG), phenazine methosulfate (PMS), reduced glutathione (GSH), sodium pyruvate, and xylenol orange were obtained from HiMedia Pvt. Ltd., (Mumbai, India). The pBR322 (plasmid) DNA was purchased from Genei Pvt. Ltd. Bangalore, India. Cyclin-D (cyclin-dependent), p53 (tumor suppressor p53), COX-2, and Nf-κB antibodies were purchased from Cell signaling technology (Danvers, MA, USA). (PVDF) membrane (MDI, Ambala), ECL kit was procured from (Biorad, USA). Kits for analysis of serum parameters were purchased from Erba Mannheim (London, UK). The other chemicals used in the experiments were of Analytical grade.



Collection, Identification, and Authentication of Plant Material

The aerial parts including stems and leaves of Onosma bracteata Wall. were collected from Herbal Health Research Consortium (HHRC) Pvt. Ltd. Amritsar, Punjab (India), a Government of India approved Drug analysis laboratory. Mr. Viney (Research Officer), at the HHRC Pvt, Ltd. identified and authenticated the plant material by analyzing organoleptic, microscopic and pharmacognostic characteristics. The specimen with accession no: GAZ-03 was submitted in the herbarium of HHRC Pvt. Ltd. Amritsar, Punjab (India).



Extraction Procedure

The plant material was washed with running tap water and dried at 40°C. The material was crushed to powder form (2 Kg) and soaked with 80% ethanol by using the maceration method. The filtered material was evaporated using Rotavapor (Buchi Rotavapor R-210, Switzerland) and was dried to yield 120 g (6%) of the ethanolic extract (Obeth).



Antioxidant Assays


Superoxide Radical Anion Scavenging Assay

The radical scavenging activity of Obeth was conducted according to the method suggested by Nishikimi et al. (1972), with little modifications. Initially, 0.06 M NBT and 0.156 M NADH were mixed to the different Obeth concentrations (25–400 μg/mL), along with the addition of 0.468 M PMS. In the control samples, Obeth was substituted by methanol in all of the above solutions. The mixtures were kept at room temperature for 20 min. In the incubation phase, the yellow-colored NBT was reduced to blue colour and the absorbance was recorded at 560 nm.

The percentage decrease of NBT was represented as:

	

where ODC = Absorbance of control solution.

ODS = Absorbance of the sample solution.



Lipid Peroxidation (TBARS) Assay

For this experiment, the procedure was adopted as proposed by Halliwell and Gutteridge (1989), with a little amendment. The lipid origin (10% homogenous egg), 150 mM KCl, and Obeth (25–400 mg/mL) were combined in this assay. In place of Obeth, methanol was used as a control. To continue lipo-oxidation to the above reaction mixture, 10 mM FeCl3 was added followed by incubation at 37°C for 30 min. Subsequently, HCl solution (comprising TCA, TBA and BHT) was added to the mixture and the resultant mixture was heat treated for 1 h at 90°C accompanied by cooling and centrifugation at 2,500 rpm for 15 min. Lastly, the absorbance of pink coloured supernatant formed was recorded at 532 nm.

The estimation of the percent inhibition (anti-lipoperoxidation activity) was based on the formula below:

	

where ODC = Absorbance of control solution.

ODS = Absorbance of the sample solution.




Plasmid Nicking Assay

To determine the DNA protective ability of Obeth or capacity to scavenge the hydroxyl radical (•OH), the plasmid nicking assay was conducted as per the procedure given by Lee et al. (2002) with few amendments recommended by Robin et al. (2015). Different concentrations (25–100 µg/mL) of Obeth from O. bracteata were mixed with freshly prepared Fenton’s reagent (30 mM H2O2, 50 mM Ascorbic acid, and 80 mM FeCl3) and pBR322 plasmid DNA, followed by incubation for 30 min at 37 °C. The samples were resolved onto 1% (w/v) agarose gel using electrophoresis unit at 60 V for 1 h. For this assay, rutin (100 µg/mL) was used as a standard. Immediately, DNA bands were viewed with Gel Doc XR (Bio-Rad, USA), and the band density was determined by using LabImage Bioimaging Platform (Version: 4.1.1) software.



Antimutagenic Activity

The antimutagenic potential of Obeth from O. bracteata was studied using Ames test, with two Salmonella typhimurium strains as per the method given by Maron and Ames (1983) with few amendments recommended by Kaur et al. (2000). The strains of S. typhimurium were procured from Microbial Type Culture Collection (MTCC), Chandigarh. Under sterile conditions, direct-acting mutagens, i.e., 4- Nitro-o-phenylenediamine and sodium azide were used for TA98 and TA100, respectively. The antimutagenic activity of Obeth, at different concentration levels (25–250 μg/0.1 mL/plate), was studied using two experimental approaches viz. co-incubation and pre-incubation modes to distinguish between the bio-antimutagenicity and desmutagenicity, respectively. Negative control contains only bacterial culture, Obeth and top agar which showed that Obeth did not exhibit mutagenic characteristics. In co-incubation mode, mutagen with Obeth was blended into 2mL of top agar containing bacterial culture whereas, in pre-incubation, the mixture of Obeth and mutagen was incubated at 37 °C for 30 min before adding to the top agar with bacterial culture. The positive control contains bacterial culture and mutagens which help to assess the dosage rate of toxicity/mutagenicity. Obeth antimutagenicity was also tested using S9-mix in the top agar as per the procedure suggested by Garner et al. (1972). The protocol includes a similar method as previously mentioned, except with the inclusion of S9-mix among other components of top agar for the activation of indirect acting mutagens. The reverting colonies were counted using a colony counter.


Antimutagenic Effect

Antimutagenic activity is defined by the percentage decrease in the number of colonies as shown below:

	

where,

a= number of mutagenic-induced colonies (positive control)

b= number of colonies induced with mutagen and different concentration of Obeth

c= number of colonies in (negative control).




Hepatoprotective Activity


Animal Ethics Statement

This experiment was performed in compliance with the guideline of the Committee for the Purpose of Control and Supervision of Experiments on Animals (CPCSE), Ministry of Environment and Forestry, Government of India, and authorized by Institutional Animal Ethics Committee (IAEC), GNDU (approval number 226/CPCSEA/2014/06). As indicated by the IAEC, all rats were entitled to humane care.



Procurement and Care of Experimental Animals

Male Wistar rats, weighing between 150–240 g were purchased from the National Institute of Pharmaceutical Education and Research (NIPER), S.A.S. Nagar, Mohali, Punjab (India). The acclimatization of rats was conducted for one week in polypropylene cages containing husk in the aerated Central Animal House of Guru Nanak Dev University, Amritsar. Commercial rodent feed was provided for the rats, and water was given ad libitum with an environmentally regulated condition (55 ± 5 percent humidity, 23 ± 2° C) with a 12 h light/dark cycle photoperiod.



Experimental Design

After acclimatization, rats were divided into 7 groups (n=6). Group, I served as control; Group II intoxicated with 1 mL kg-1 CCl4 (mixed in same volume of olive oil via intraperitoneal (i.p.) doses, 3 days in a week) which induced liver mutilation and is mostly used for analyzing the hepatoprotective potential of various drugs (Ritesh et al., 2015; Zamzami et al., 2019); Group III was provided pretreatment of 50 mg kg−1 body weight (b.wt.) of silymarin (natural chemopreventive compound) for 21 days via oral route accompanied by CCl4 (i.p.) doses, 3 days in week without fasting of rats; Group IV was administered with an oral dose of only Obeth (100 mg kg−1 b.wt.) of O. bracteata as negative control; Group V was provided with the Obeth (50 mg kg−1 b.wt.) accompanied by CCl4 (i.p.) doses; Group VI was provided Obeth (100 mg kg−1 b.wt.) intoxicated with CCl4; Group VII was given Obeth (200 mg kg− 1 b.wt.) accompanied with CCl4 (i.p) treatment. The experimental concentrations of Obeth have been decided based on the literature report on O. bracteata in in vivo studies (Asif et al., 2019).



Blood Extraction and Serum Marker Enzyme Analysis

The rats were kept on fasting overnight before termination of experiment, the blood was extracted from retro-orbital venous puncture into heparinized tubes under moderate diethyl-ether anesthesia. The blood samples were centrifuged at 3,000 rpm for 20 min for the separation of serum. The extracted serum was used for examining the different hepatic markers enzymes (Serum Glutamic Pyruvic Transaminase (SGPT), Serum Glutamic-Oxaloacetic Transaminase (SGOT), Alkaline Phosphatase (ALP), total bilirubin, total protein, Albumin, urea, creatinine, and cholesterol) using Erba diagnostics kits with Bene Sphera autoanalyzer.



Animal Sacrifice and Preparation of Liver Homogenate

The liver was dissected after euthanizing by cervical dislocation. The collected liver was washed with ice-cold saline solution. After this, the liver was rinsed with the mixture of (150 mM KCl + 10 mM Tris-HCl) buffer. Finally, 10 percent (w/v) of dried liver homogenate was mixed with chilled Tris-KCl buffer and centrifugation at 2,500 rpm for 10 min. Supernatant was separated and used for further analysis.




Biochemical Analysis of Liver Functions


Protein Quantification

The standard protocol given by Bradford, 1976 was used for the quantification of protein concentration in the liver. In this experiment, 900 µL of Bradford reagent was mixed with 100 µL of homogenate. The reaction solution was then kept for 30 min at room temperature and the absorbance was calculated on ELISA plate reader at 595/450 nm.



Estimation of Lipid Peroxidation

To check lipid peroxidation in liver homogenate, TBARS (thiobarbituric reactive species) procedure recommended by Devasagayam et al. (1983) was used. 2 mL of TBA solution was mixed to 500 μL of the sample. The mixture was fully stirred and incubated for 30 min at 80°C followed by centrifugation for 15 min at 2,000 rpm. Lastly, supernatant reading was taken at 532 nm and 600 nm. MDA was used as a standard for measuring the amount of TBARS represented as MDA value (MDA equal μmol/g of tissue).



Estimation of Lipid Hydroperoxides

Lipid hydroperoxide generation in liver homogenate was assessed as a method proposed by Jiang et al. (1992). 900 µL of Fox reagent (0.1 M Xylenol orange, 0.025M of H2SO4, 0.25 M of (NH4)2 Fe(SO4)2.6H2O, and 0.004 M of C15H24O) was mixed to 100 µL of liver homogenate. This reaction mix was kept for 40 min at 37°C and final reading was measured at 560 nm. The lipid hydroperoxide generation is shown as nM H2O2 equivalent/g of tissue.



Estimation of Reduced Glutathione Content (EC1.6.4.2)

The reduced glutathione content in liver homogenate was detected as per the protocol given by Anderson (1985) with little changes. Potassium phosphate buffer (200 µM, pH 8) and DTNB solution (600 µM) were mixed to 100 µL homogenate, preceded by incubation for 10 min and the absorbance was recorded at 412 nm. Glutathione was used as a reference for making a standard curve and total GSH content was expressed as µmol of GSH content/g of tissue.



Phase I Enzymes


Evaluation of Cytochrome P450 and P420 Content

Phase I enzymes were determined as per the method performed by Choi et al. (2003). In this protocol, the liver homogenate was added into two 96-well plates. In one plate 15 μL of sodium hydrosulphite (500 mM) was added in each well preceded with 30–35 bubbles of carbon monoxide. Another plate was saturated with only 30–35 bubbles of carbon monoxide without adding sodium hydrosulphite. The absorbance was observed at 420 nm, 450 nm, and 490 nm.



Cytochrome b5 Analysis

The cytochrome b5 (Cyt b5) quantities were analyzed as the method suggested by Omura and Sato (1964). In this experiment, 500 µL of liver homogenate was added to 4.3 mL of Tris-HCl buffer. After that, 50 μL of this mixture was poured onto two separate 96-well plates. Now, 50 μL of NADPH (500 mM) was added in each well of one plate and 50 μL of Tris-HCl in each well in the other plate followed by incubation for 20 min. The absorbance was measured at 409 nm and 424 nm. The enzyme activity was determined by using the extinction coefficient (6.22 mM­1 cm­1).



NADPH Cytochrome b5 Reductase

The NADPH Cyt b5 was determined using procedure recommended by Mihara and Sato (1972) with little modification. For this, 200 µL of NADPH (100 µM) and 200 µL of Potassium ferricyanide (200 µM) were mixed with 500 µL of potassium phosphate buffer (300 mM). The process was initiated with the addition of 100 µL of homogenate. The NADPH Phase II Enzymes



Glutathione-S-Transferase (EC 2.5.1.18)

Phase II metabolic isozyme glutathione-S-transferase (GST) was quantified as per the method suggested by Habig et al. (1974). In this experiment, 2.7 mL of sodium phosphate buffer (100 mM) was mixed with 100 µL each of 1-Chloro-2,4-dinitrobenzene (CDNB) (0.03 M) and 100 µL reduced glutathione (0.03 M) followed by incubation at 37°C for 5 min. After incubation, 100 µL of homogenate was added to initiate the reaction and enzyme activity was recorded at 340 nm at 30 s interval for 3 min.





Antioxidative Enzymes


Catalase (CAT) (EC 1.11.1.6)

Catalase was analyzed in the liver homogenate as the method described by Aebi (1984) with little modifications. 300 µL of H2O2 (150 mM) and 2.6 mL of 50 mM potassium phosphate buffer (50 mM) were mixed thoroughly. After this, homogenate was added to initiate the reaction. Eventually, the absorbance was recorded for the catalase activity at an interval of 15 s, for 2 min at 240 nm.



Glutathione Reductase (GR) (EC 1.6.4.2)

A slight modification was done to assess the GR level in the samples using the protocol given by Carlberg and Mannervik (1975). In this assay, the reaction mixture was prepared by adding 1.2 mL of sodium phosphate buffer (200 mM), 200 μL oxidized glutathione (10 mM), 200 μL EDTA (20 mM), and 200 μL of homogenate. Finally, 200 μL NADPH (1000 µM) was mixed in a reaction solution and at an interval of 15 s, absorbance was measured at 340 nm for 3 min.



Lactate Dehydrogenase (EC 1.1.1.27)

To determine the lactate dehydrogenase (LDH) activity in liver homogenate, the protocol recommended by Kaur S. et al. (2019) with slight modifications was adopted. In this experiment, reaction mixture comprising of 2.3 mL of Tris­ HCl buffer (100 mM, pH 7.1), 300 μL of sodium pyruvate (100 mM), 100 μL Triton X (7.5%), and 300 μL of NADH (3 mM) was incubated at 30°C for 15 min. In this reaction mixer, 100 μL of homogenate was added and absorbance was measured at an interval of 10 s at 340 nm for 1 min.



Guaiacol Peroxidase (EC 1.11.1.7)

Guaiacol peroxidase activity in liver homogenate was determined as per the method suggested by Gee et al. (1970) with slight modifications. The reaction mixture was prepared by adding 75 μL (20 mM) of guaiacol solution to 25 μL 100 mM phosphate buffer with 100 µL of liver homogenate and then 25 μL of H2O2 was added. The absorbance was taken at 436 nm.




Histopathological Assessment

To check the hepatocytes’ structural integrity, the isolated livers from the respective groups were fixed in a 10% buffered formalin solution, dipped in ethanol for dehydration and implanted in paraffin wax. The microtome was used to make sections of the livers (0.4 mm thick) using paraffin blocks and stained with H&E (hematoxylin and eosin) by the standard procedure. The slides were observed with a Nikon Eclipse E200 Compound microscope.



Immunohistochemical (IHC) Examination

To evaluate the pattern of expression of p53 and cyclin D proteins (after treatment with CCl4 and Obeth) in hepatocytes, IHC analysis was performed. In this method, the liver sections (3-6 μm) were deparaffinized on glass slides. The sections were kept for 30 min in H2O2 (0.3% of methanol). The section slides were blocked with 5% skimmed milk for 30 min. Finally, slides were incubated overnight with anti-p53 and anti-cyclin D antibodies at 4°C. Slides were then washed twice with 1 x PBS followed by the addition of anti-rabbit IgG HRP- conjugated secondary antibody and incubated for 30 min and washed thrice with 1x PBS. The expression of proteins was developed by using 3-diaminobenzidine (DAB) for 2–3 min and washed with 1 x PBS. The slides were observed under a Nikon Eclipse E200, Japan microscope.



Single-Cell Gel Electrophoresis (Comet Assay)

The comet assay (single-cell gel electrophoresis) was performed according to the protocol given by Collins and Dušinská (2002) with slight modifications. In this assay, 500 mg of rat liver was minced in trypsin solution and kept for 15–20 min at room temperature. The homogenate was passed through a muslin cloth to remove tissue debris followed by centrifugation at 2,500 rpm for 10 min to obtain a cell pellet. After that, 50 µL of cell suspension was added to a low melting point agar (LMPA) solution and transferred to normal melting point agar (NMPA) coated glass slides. The slides were kept in the fridge for 10–15 min. The slides were immersed in lysine buffer (100 mM EDTA, 10 mM Tris-HCl, 1% Triton X-100, 250 mM NaCl, 10 percent DMSO; pH 10) at 4°C for 3- 4 hr. Now slides were dipped in electrophoresis buffer for 10-15 min before starting electrophoresis (voltage = 25 V, current = 300 mA, time = 20 min). After electrophoresis, the slides were dried and kept in neutralization buffer for 15 min (thrice). After 24 h slides were stained with 100 μL (20 μg/mL) ethidium bromide and observed in the fluorescent microscope (Nikon, Tokyo, Japan). Per slide thirty cells were selected randomly to assess DNA impairment, tail length, tail DNA (%) and tail moment using Comet Assay Software Project (CASP) Lab version CASP1.2.3 beta 1.



Western Blot Analysis

The liver was dissected and rapidly stored according to respective groups at -80°C. The samples were homogenized in RIPA lysis buffer followed by centrifugation at 12,000 rpm for 20 min and the upper transparent solution was then poured into new tubes. The quantity of proteins was analyzed using Bradford method. Equal concentration of protein (40 μg) was resolved by SDS-PAGE and transferred to PVDF membrane through western bloting. After that, the membrane was blocked using BSA (5% in TBST, 0.1% Tween-20) for 2 h at 25°C and kept overnight with antibodies against p53 (1:1,000), NFκB (1:2,000) and COX-2 (1:500). After that, the membrane was washed thrice with TBST and HRP-conjugated secondary antibody (1:1,500) was added followed by incubation for 2 hr at room temperature. ECL reagent was used to develop blots and imaging was done using Image-Quant LAS 4000, GE Healthcare. Band densities were quantified with Alphaease FC Software (version 4.0). β-actin (1:500) as endogenous control was used for normalizing the expression of the protein of interest.



Phytochemical Analysis


HPLC Analysis

The filtered Obeth was analyzed for the presence of polyphenols using UHPLC Nexera system (Shimadzu, MA, USA), column (C18). The solvent used in mobile phase consisted of solvent A (0.2% acetic acid) and solvent B (methanol). The flow rate of 1.0 mL/min was sustained for 21 min of running time. The gradient flow used was: 20% B (0–10 min), 55% B (10–12 min), 70% B (12–14 min), 50% B (14–15 min), 40% B (15–17 min), and 30% B (17 –21 min). For testing, the injection volume of the sample was 10 μL with column temperature maintained at 25°C. The spectra were observed at 280 nm with a photodiode array (PDA) analyzer. The peaks of the compound were identified by comparing retention time and distribution of UV-VIS spectra of samples with those of standard compounds.




Statistical Analysis

All results are represented as Mean ± SE of minimum three independent replicates. To compare difference among the means, one-way and two-way analysis of variance (ANOVA) with Tukey’s test was used at 5% confidence level (p-value ≤ 0.05).




Results


Antioxidant Potential of Obeth

Superoxide radical scavenging and lipid peroxidation activity of Obeth is shown in Figure 1, Table S1. SRS assay there is dose-dependent increase in free radical scavenging activity via NBT inhibition with EC50 (115.14 μg/mL) whereas EC50 of Rutin was observed to be 46.18 µg/mL. The lipid peroxidation activity of Rutin and Obeth was EC50 (115.68 μg/mL) and EC50 (199.33 μg/mL) respectively (Table S2) exhibiting Obeth with better antioxidant activity as compared to standard rutin.




Figure 1 | Graphs shows the in vitro antioxidant potential of Obeth from O. bracteata. (A) Superoxide radical scavenging assay. EC50 = 115.14 µg/mL; F-ratio = 187.19; HSD = 8.77. (B) Lipid peroxidation inhibition assay. EC50 = 199.33 µg/mL; F-ratio = 331.68; HSD = 5.89. Values are expressed as Mean ± SE at level of significance p ≤ 0.05. Data labels with different letters represent significant difference among them.





Plasmid Nicking Assay

DNA protective effect of Obeth at various concentrations viz. 25, 50, 100 µg/mL was demonstrated in Figure 2. It was observed that the Obeth exhibits quite strong radical scavenging properties with the highest tested concentration (100 μg/mL) on pBR322 plasmid DNA. The experiment exhibited the formation of nicked DNA because of hydroxyl (•OH) radicals produced by Fenton’s reagent. The various concentrations of Obeth showed a dose-dependent minimization of supercoiled DNA to open circular.




Figure 2 | Effect of Obeth from O. bracteata on DNA protection against oxidative damage caused by Fenton’s reagent (FR) in DNA nicking assay. (A) Relative mobility of different forms of plasmid DNA exposed to Obeth extract in electrophoresis. Lane 1: Negative control (pBR322 DNA + distilled water); Lane 2: Positive control (pBR322 DNA + FR); Lane 3: pBR322 DNA + FR + 100 µg/mL rutin; Lanes 4, 5, 6: pBR322 DNA + FR + 25, 50, 100 µg/mL Obeth fraction respectively. (B) Densitometric analysis showing relative percentage of different DNA forms in plasmid after treatment with various concentrations of Obeth fraction in the form of table and (C) graph respectively (software used = Lab Image). CN = Control, FR=Fenton reagent.





Ames Assay

The antimutagenic potential of Obeth was tested against sodium azide and 2-aminofluorene mutagenicity in S. typhimurium strains as shown in Table S3. The Obeth in TA100 strain (-S9 mix) displayed a high inhibition rate (82.30% at 250 μg/0.1 mL/plate) showing strong modulation of genotoxicity of base-pair substitution mutagen sodium azide as compared to NPD (frame-shift mutagen) in TA98 tester strain Table 1. The Obeth exhibited high antimutagenicity potential for preincubation mode than in co-incubation approach without -S9 in both TA100 and TA98 as shown in Figure 3A and with +S9 mix in Figure 3B. Minimum EC50 values were depicted by the extract against 2AF mutagenicity in pre-incubation mode in TA100 strain as shown in Table S3. In case of TA98 strain also, Obeth showed good antimutagenic potential in pre-incubation experiments as compared to co-incubation approach (Figure 3, Table 1). The calculated EC50 value showed the high suppression of mutagenicity with a minimum EC50 value (29.51 µg/0.1 mL/plate) with TA98 (+S9) in the pre-incubation approach of treatment as shown in Table S3. The evaluation between all treatments, with and without S9, is shown in Figure 3, Table S3 respectively. The assessment permits noticeable potential of Obeth +S9, even at minimum concentrations, as compared to -S9 treatments. Therefore, the complete investigation showed the conspicuous activity of Obeth, with S9 mix in pre-incubation approach. The findings were statistically evaluated by two-way ANOVA for statistical difference and the interactions as seen in Table 1, S3. The study revealed a statistically significant difference between co-incubation and pre-incubation methods of investigation, in addition to among different treatments used. So, the Obeth of O. bracteata exhibited marked antimutagenicity potential.


Table 1 | Percentage inhibition of mutagenicity by Obeth extract of O. bracteata in TA98 and TA100 tester strains of Salmonella typhimurium with and without S9.






Figure 3 | Graph represents the antimutagenic potential of Obeth using S. typhimurium in Ames assay. (A) Represents the TA100 and TA98 without S9 (Pre and Co-incubation). (B) Represents TA100 and TA98 with S9 (Pre and Co-incubation). (A) Represent the percent inhibition between co- and pre-incubation in TA98 and TA100 strain without S9. (B) Represent the percent inhibition between co- and pre-incubation in TA98 and TA100 strain with S9.





Variations in Body Weight (b.wt.) of Animals

In the present study CCl4 treated group, the percentage fold decrease in b. wt. of rats was recorded after 3 weeks, and a statistically significant difference was observed in the b.wt. of CCl4 rats treated group (0.88-fold) relative to control group I (one-fold). Additionally, dose-dependent variability in the b.wt. of Obeth + CCl4 intoxicated groups was maintained b.wt. as the control group (Table S4).



Serum Marker Enzymes


Effect of Obeth and CCl4 on SGOT, SGPT, and ALP Levels

Group II (CCl4) significantly increased the amount of SGOT, SGPT, and ALP to 351.45 ± 21.01, 133.86 ± 29.88, and 529.16 ± 56.74 IU/L respectively in comparison with Group I (control) at 5% level of significance (p ≤ 0.05) (Table S5). Increased concentration of these enzymes in serum, highlighted the poor functioning of the liver and liver injury because of their seepage into the blood. However, the results showed that the treatment of Obeth minimized the amount of these enzymes relative to the CCl4 Group II. III and IV exhibited the amounts of SGOT, SGPT, and ALP in serum in the acceptable limits, signifying reduction in liver injury (Figure 4A).




Figure 4 | Graph represents the effect of Obeth of O. bracteata on level of serum enzymes level in CCl4-treated male Wistar rats. (A) Represent the levels of SGOT, SGPT, and ALP. (B) Represent the levels of direct bilirubin and total bilirubin. (C) Represent the levels of albumin and total protein. (D) Represent the levels of urea, creatine and cholesterol. Values are expressed as Mean ± SE at level of significance p ≤ 0.05. Data labels with different letters represent significant difference among them.





Direct Bilirubin and Total Bilirubin Enzymes in Obeth and CCl4 Treated Rats

Obeth pretreatment followed by CCl4 doses in Groups V, VI, and VII was effective in maintaining natural level of direct bilirubin and total bilirubin disturbed in Group II (Figure 4B). In Group III and Obeth treated Group VII indicated an optimum capacity for regeneration by stopping a rise in these enzymes (Table S6).



Total Protein and Albumin Level in Serum

CCl4 stimulated changes in the hepatic enzymes resulting in decreased albumin (2.15 ± 0.3 g/dL) and protein (5.93 ± 0.34 g/dL) content that lead to hepatic injury (Table S7). Pretreatment of Obeth followed by CCl4 intoxication exhibited substantial protective capacity retaining the normal levels of these enzymes as identified in Groups V, VI, and VII (Figure 4C).



Effect of Obeth and CCl4 on Serum Proteins, Urea, Creatinine, and Cholesterol

The levels of urea, creatinine and cholesterol in the serum of various groups is given in Table S8. There was a significant increase in the level of urea, creatinine and cholesterol in CCl4 treated Group II. As depicted from the results of Group IV pretreated with Obeth followed by CCl4 showed a restored level of urea, creatinine and cholesterol, hence showing the recovered hepatic damage in a dose-dependent manner (Figure 4D).




Biochemical Parameters


Estimation of Protein Content in Liver Homogenate

The protein content in the CCl4-treated group (24.89 ± 4.16 mg/g tissue) was observed to decrease significantly as compared to the control group (52.74 ± 11.37 mg/g tissue) Table S9. Group IV, however, showed a high protein content of 53.38 ± 4.21 mg/g. On the other side, pretreated groups (V, VI, and VII) were shown to greatly recover the normal protein amount as seen in Figure 5A.




Figure 5 | Graph represents the effect of Obeth of O. bracteata on level of enzymes in CCl4-treated male Wistar rats. (A) Represent the levels of protein in liver homogenates. (B) Represent the levels of malondialdehyde (MDA) content in liver homogenate. (C) Represent the levels of lipid hyperoxide in liver homogenates. (D) Represent the levels of reduced glutathione (GSH) in liver homogenate. (E) Represent the levels of NADH Cyt b5 and NADH Cyt P450 in liver homogenate of Wistar rats. (F) Represent the levels of GST in liver homogenate of Wistar rats. (G) Represent the levels of NADH Cyt b5 and NADH Cyt P450 in liver homogenate of Wistar rats. (H) Represent the levels of Catalase in liver homogenate. (I) Represent the levels of lactate dehydrogenase and glutathione reductase in liver homogenate. Values are expressed as Mean ± SE at level of significance p ≤ 0.05. Data labels with different letters represent significant difference among them.





Estimation of Lipid Peroxidation in Liver Homogenate

The level of MDA content exhibited the level of lipid peroxidation. Group II revealed a significant increase (p ≤ 0.05) in the MDA content relative to the Group I. Group IV Obeth treated exhibited less concentration of MDA content (0.67 ± 0.33 nM MDA equivalent/g of tissue). However, pretreatment of Obeth followed by CCl4 resulted in a dose-dependent decrease in raised MDA content as seen in Figure 5B and Table S9.



Estimation of Lipid Hydroperoxide in Liver Homogenate

It was observed that the group treated with CCl4 displayed a substantial increase in the lipid hydroperoxide content (23.24 ± 2.54 nM equivalent H2O2/g of tissue) relative to the control group (9.43 ± 0.79 nM equivalent H2O2/g of tissue). Pretreatment by Obeth maximum dose showed to decrease CCl4 toxic impact by exhibiting a maximal decrease in lipid peroxide content (Figure 5C and Table S9).



Reduced Glutathione (GSH) Content

The group administered with silymarin displayed substantial improvement in GSH content (209.75 ± 14.71 μmol of SH content/g of tissue) compared with CCl4-treated group with GSH content of 85.99 ± 9.57 μmol of SH content/g of tissue (Table S9). Obeth recovered the reduced amount of GSH effectively as close to that of the control group (Figure 5D).



Phase I Enzymes

As shown in Table S10, Obeth exhibited a dose-dependent effect on cytochrome P450, b5 and P420 levels in the liver homogenate. CCl4-treated group exhibited reduction in the level of cytochrome P450 (45.90 ± 5.07 μmol) and P420 (329.18 ± 26.63 μmol) as compared to the control group. Pre-treatment of Obeth followed by CCl4, showed increasing cytochrome levels P450 and P420 showing an important defensive effect against hepatic toxicity (Figure 5E). A rise in the production of cytochrome b5 (98.32 ± 5.74 μmol) in CCl4 treated group compared to the control group (29.34 ± 2.27 μmol) was observed. NADH cytochrome P450 reductase activity showed an increase in the CCl4-intoxicated group relative to the control group. Silymarin (45.27 ± 1.91 mIU) and Obeth Group IV (41.82 ± 3.23 mIU) showed same activity as compared to the control group of rats (37.23 ± 2.96 mIU) whereas group VII showed decrease in level of enzyme (32.47 ± 4.99 mIU) as shown in Table S11. Moreover, the CCl4-treated group exhibited an increase in the specific action of NADH cytochrome b5 reductase to 188.43 ± 3.86 mIU in comparison to the control group (86.40 ± 3.17 mIU) whereas group VII exhibited minimization in level of enzyme (67.20 ± 2.36 mIU) as shown in (Figure 5G, Table S11).



Phase II Enzymes


Glutathione S-Transferase (GST)

CCl4 treated group showed decreased GST behavior (4.59 ± 0.684 mIU/mg protein) compared to the control group (7.6 ± 1.14 mIU) (Table S12) (Figure 5F). However, it was observed that there was a significant increase in GST activity in group III, IV, and VII which showed enhancement of hepatic antioxidant enzymes to combat the increased level of reactive oxygen species.





Antioxidative Enzymes


Catalase

As shown in Table S13, the catalase activity decreased in the CCl4-intoxicated group (21.92 ± 3.76 IU/mg protein) as compared to control group (50.76 ± 1.95 IU/mg protein). The higher pretreated dose of Obeth (200 mg/kg b.wt.) followed by CCl4 showed an increase in catalase function over the untreated group, thereby offering protective activity against CCl4 intoxication (Figure 5H).



Glutathione Reductase (GR)

The enzymatic expression of GR in the CCl4-administered group showed 0.03 IU of GR level as compared to control group (0.09 IU). The increased GR specific activity was detected in groups VI and VII which suggested Obeth has a protective role against hepatic damage done by CCl4 (Table S13, Figure 5I).



Lactate Dehydrogenase (LDH)

The level of lactate dehydrogenase is correlated with the integrity of the cell membrane. The increased LDH level in the CCl4-intoxicated group (0.03 IU) mediated cell injury occurred due to the lethal metabolites created by Phase I and II enzyme stimulation. Pre-treated groups with different doses of Obeth were shown to significantly reduce the level of LDH equivalent to the control group (Table S13) and (Figure 5I).




Histopathological Studies

The histopathological analysis showed supportive results for the biochemical and serum enzyme markers. The liver of the CCl4-treated group showed necrosis, inflammation and loss of hepatocytes with vacuolization when observed between central vein and portal traid area with hematoxylin and eosin staining (Figure 6B). In Figure 6, compared to other groups, CCl4-intoxicated group showed a maximum region of fibrotic markers and collagen localization. Obeth and Silymarin treated groups maintained normal liver hepatocyte architecture relative to control group around the central vein area (Figures 6C–G).




Figure 6 | Effect of Obeth from O. bracteata on histology of liver tissues as assessed by H & E staining. (A) Control group (tap water ad libitum) (GI) showing normal lobular architecture with clear portal triad. (B) CCl4: Olive oil (1:1; 1mL kg-1b.wt.) induced necro-inflammatory activity in GII was noted. Treatment of Obeth extract was associated with diminution of portal hypertension with increasing dose. (C) Silymarin (100 mg kg-1b.wt.) + CCl4, (D) low dose (50 mg kg-1b.wt.) + CCl4, (E) medium dose (100 mg kg-1b.wt.) + CCl4, (F) High dose (200 mg kg-1b.wt.) + CCl4, (G) Negative (only extract 100 mg kg-1b.wt. Arrows indicate Kupffer cell (KC), central vein (CV), hepatic cells (HC), blood sinusoids (BS), steatosis (S) (black arrow), and necrosis (N) (red arrow).





Immunohistochemical (IHC) Analysis

Within hepatocytes, over-expression of p53 protein and cyclin-D contribute to hepatocellular carcinoma development. In this experiment, CCl4-treated group exhibited an upregulated expression level of cyclin D (Figure 7A) and p53 markers (Figure 7B) which finally show fibrosis and lobular inflammation whereas, treatment of Obeth decreased the CCl4 induced p53 and cyclin D protein expression dose-dependently in liver hepatocytes as compared to the toxic group (Figures 7A, c–g and 7B, c–g).




Figure 7 | Effect of Obeth from O. bracteata on expression levels of proteins using immunohistochemical analysis of liver tissues. (A) shows cyclin (d) and (B) shows p53 antibodies. Arrows showed the increase in expression of cyclin D and p53 proteins in CCl4 treated liver samples (Original magnification = 40 x). Expression of these proteins was downregulated when observed in liver samples co-treated with CCl4 and Obeth (200 mg/kg b.wt.). Red arrow indicates the increase in the expression of protein in the CCl4 treated group. (b) Control group (tap water ad libitum) (GI) showing normal lobular architecture with clear portal triad. (b) CCl4: Olive oil (1:1; 1mL kg-1 b.wt.) induced elevation in the expression level of cyclin D was noted. Treatment of Obeth extract was associated with diminution of portal hypertension with increasing dose. (c) Silymarin (100 mg kg-1b.wt.) + CCl4, (d) low dose (50 mg kg-1b.wt.) + CCl4, (e) medium dose (100 mg kg-1b.wt.) + CCl4, (f) High dose (200 mg kg-1b.wt.) + CCl4, (g) Negative (only extract 100 mg kg-1 b.wt.).





Comet Assay

As shown in Figure 8, larger Comet tail length in CCl4 treated groups indicated the higher necrosis, apoptosis and DNA fragmentation in hepatocytes. Whereas, reduced Comet tail length in Obeth + CCl4 treated groups (100 mg/kg b.wt. and 200 mg/kg b.wt.) showed inhibition of necrosis, apoptosis and DNA fragmentation.




Figure 8 | Single cell gel electrophoresis assay was used for determined DNA damage/protect in liver of rats. Results of the comet assay confirm that pretreatment with Obeth decreases CCl4-induced hepatotoxicity in rats. (A) Control group (tap water ad libitum) (GI), (B) CCl4: Olive oil (1:1; 1mL kg-1b.wt.) in GII, (C) Silymarin (100 mg kg-1b.wt.) + CCl4, (D) low dose (50 mg kg-1b.wt.) + CCl4, (E) medium dose (100 mg kg-1b.wt.) + CCl4, (F) High dose (200 mg kg-1b.wt.) + CCl4, (G) Negative (only extract 100 mg kg-1b.wt.). Histograms showing densitometric analysis of % of DNA in tail in comet assay. Values are expressed as Mean ± SE at level of significance p ≤ 0.05. Data labels with different letters represent significant difference among them.





Western Blotting


Protein Expression of p-53, Cox-2, and NfκB

To explore the relationship between p53, COX-2, and NfκB and the hepatoprotective effects of Obeth on toxicity induced by CCl4, we studied protein expression using western blotting. As shown in Figure 9. there was a significant increased (p < 0.05) in p53, Cox-2, and NfκB protein expression in CCl4 treated group as compared to the untreated control group. However, there was a dose-dependent decrease in the expression of proteins on administration of Obeth with CCl4 treated groups as compared to only CCl4 intoxicated group.




Figure 9 | Expression level p53, NFκB, and COX-2 protein in liver homogenate of Wistar rats detected using Western blotting. (A) Control group (tap water ad libitum) (GI), (B) CCl4: Olive oil (1:1; 1mL kg-1b.wt.) induced elevation in the expression level of p53 was noted. (C) Silymarin (100 mg kg-1b.wt.) + CCl4, (D) low dose (50 mg kg-1b.wt.) + CCl4, (E) medium dose (100 mg kg-1b.wt.) + CCl4, (F) High dose (200 mg kg-1b.wt.) + CCl4, (G) Negative (only extract 100 mg kg-1 b/wt.). Histograms showing densitometric analysis of p53, NFκB, and COX-2 protein bands using western blotting. Band density was measured and normalized to that of β-actin. Values are expressed as mean ± SE at level of significance p ≤ 0.05. Data labels with different letters represent significant difference among them.






Phytochemical Analysis by HPLC Analysis

The phytochemical analysis by HPLC exhibited the occurrence of catechin, epicatechin, Onosmin A, rutin and kaempferol as major phytoconstituents in Obeth (Figure 10, Table 2).




Figure 10 | Chromatogram of Obeth of O. bracteata showing presence of polyphenols as identified using HPLC analysis by reference compound.




Table 2 | Amount (mg/L) of different phytochemical quantified by HPLC in different Obeth of O. bracteata.






Discussion

The active polyphenols present in the plants act as scavengers of ROS, DNA protective agents and help to maintain the expression of genes/proteins that break down toxins and keep cellular redox homeostasis (Liu et al., 2018). These polyphenols have the antioxidant, antimutagenic and chemopreventive properties that might help to protect and conserve the constancy of genome (Mehta et al., 2010; Rodríguez-García et al., 2019). Previous studies have reported the potential of Onosma genus as antioxidant compounds and their use in averting numerous pharmacological situations (Naz et al., 2006; Ebrahimzadeh et al., 2010; Ahmad et al., 2013; Imran et al., 2018; Farooq et al., 2019).

In the current study, we investigated the antioxidant, antimutagenic, genoprotective, and hepatoprotective properties of Obeth from Onosma bracteata along with evaluation of the expression of proteins involved in the inflammation and apoptotic induction in in vivo studies using male Wistar rats. In antioxidant assays, Obeth had shown potential to scavenge free radicals, namely in SRS and LPO assays. Obeth showed strong radical scavenging activity with EC50 (115.14 µg/mL) whereas LPO inhibition activity with EC50 (199.33 µg/mL) (Tables S1 and S2). Radical scavenging potential of Obeth might be correlated to the nature of phenolics, contributing to their electron transfer/hydrogen donating ability.

Plants contain natural antioxidants, primarily flavonoids, which are being explored to inhibit various diseases viz. chronic inflammation and cancer (Surh, 2003). Onosma genus plants are enriched with bioactive components viz. flavonoids, alkannin, and shikonin responsible for wound healing, analgesic and its antibacterial actions (Kumar et al., 2013). The HPLC analysis of Obeth revealed the existence of different phytoconstituents viz., kaempferol, Onosmin A, catechin and epicatechin. Numerous reports have shown that Onosma genus and its isolated compounds are responsible for excellent antioxidant activities (Riedl et al., 2004; Kandemir and Türkmen, 2008; Menghani et al., 2011). The ethyl acetate, methanol and water extracts from Onosma heterophylla Griseb. have an appreciable amount of kaempferol, caffeic acid, o-Coumaric acid, rutin and rosmarinic acid which are responsible for antioxidant activity (Ozer et al., 2018). Saravanakumar et al., 2019 also reported that the methanol extract of Onosma isaurica Boiss. & Heldr. and Onosma bracteosa Hausskn. & Bornm. showed effective free radical scavenging ability due to the presence of the phytoconstituents. This plant has been widely used because of its medicinal properties.

In Ames assay, the antimutagenic potential of Obeth against sodium azide, 4-nitro-o-phenylenediamine and 2- aminofluorene mutagens was evaluated against two Salmonella typhimurium strains, i.e., TA100 and TA98. The study showed that Obeth effectively modulated the mutagenicity of direct-acting base-pair mutagen, sodium azide with 82.30% inhibition at 250 μg/0.1 mL/plate (Table S3) in TA 100 while it showed moderate antimutagenic effect against 4NPD with 62.85% inhibition at the same concentration in TA98 tester strain. Obeth exhibited antimutagenicity against 2AF (S9 dependent) in both the tester strains. Kaur et al., 2001 reported that phenolic fractions isolated from Terminalia arjuna showed mutagen specificity via decreasing the frameshift mutagen NPD whereas it failed in the prevention of sodium azide (base pair substitution)-induced his+ revertants. Kaur et al., 2016 described that ethyl acetate fraction of Cassia fistula (CaFE) showed strong antimutagenic and antioxidant properties due to the presence of polyphenolic compounds (umbelliferone, catechin and epicatechin). Obeth also demonstrated the potential to protect plasmid DNA against free radicals of Fenton’s reagent in plasmid DNA nicking assay. Obeth at 100 µg/mL concentration efficiently retained DNA’s supercoiled form.

In in vivo studies, serum analysis showed that the oxidative stress serum markers (SGOT, SGPT, ALP, creatinine and direct bilirubin) were significantly increased, following the dosage of CCl4 to rats (Group II) (Tables S5, S6, and S8). The potential to produce albumin proteins (which function as transport molecules) vanished in damaged hepatocytes, and the capacity to make inflammatory proteins increased. CCl4 generated free radicals (trichloromethyl and peroxytrichloromethyl) that induced damage in hepatocytes resulting in leakage of cytoplasmic SGPT and SGOT into the bloodstream (Shah et al., 2015). Obeth ameliorated the toxic effects of CCl4 by enhancing the activity of antioxidant molecules in the liver. Obeth significantly decreased the damage caused by CCl4 (Group II) in cellular TBARS. A decrease in GSH enzymes and protein levels was observed in the CCl4 treated group (Group II), while an increase in these markers was observed following Obeth treatment (Table S9). Sabir et al. (2017) reported in their study that aqueous extracts of Zanthoxylum armatum DC. (syn. Zanthoxylum alatum Roxb.) restored the level of glutathione and showed hepatoprotective property against paracetamol-induced hepatic damage in albino mice which decreased the hepatic glutathione level. The activation of lipid hydroperoxides, Cytochrome P450, P420, and b5 were observed in CCl4 treated group whereas Obeth treatment declined the level of these markers (Table S10). The values of the above parameters in the Obeth-treated group were the same as of the control (GroupI) which reflects a high safety potential of Obeth. CCl4 treated group showed decline GST levels as compared to control but in a dose-dependent manner whereas Obeth treated groups exhibited restored level of GST. Allocati et al., 2018 reported that GSTs can protect DNA against oxidative stress and eliminate toxic molecules that can led to mutations or carcinogenesis. Laouar et al., 2017 reported that treatment of CCl4 lead to significantly reduced levels of hepatic GSH, GPx, and GST activities than control group in Wistar rats, whereas aqueous extract of Juniperus phoenicea L. berries treatment significantly restored the levels of these enzymes. The Group II showed a significant increase in the amount of NADPH cytochrome b5 and NADH cytochrome 450, whereas, Obeth treated groups exhibited a dose-dependent decline in the level of these enzymes (Table S11). The CCl4 treatment generates CCl3• radicals which not only damaged DNA but also caused necrosis and apoptosis as evidenced from increase in Comet tail length in CCl4 treated group whereas in case of Obeth -treated groups, the reduced Comet tail length showed the DNA protective activity of Obeth in a dose-dependent manner (Figure 8). Damage of cells by CCl3• free radical (toxic) formed by the reduction of CCl4, in hepatocytes has also been reported Brai et al. (2014) and Josan et al. (2015). The previous report from Younis et al., 2018 showed that CCl4 treated rats showed a high degree of DNA damage and remarkable changes in (comet, head, tail) length and %DNA in the tail, while methanolic extract of Fraxinus xanthoxyloides (G.Don) Wall. ex A.DC. ameliorates the effect of CCl4 similar to that of control group.

Histopathological studies showed that Obeth was itself non-toxic and showed close histological similarity to the control group and displayed the same histological arrangement with no sign of inflammation (Figure 6G). In contrast, CCl4 treated group displayed steatosis, necrosis, inflammation in blood sinusoids and vacuolization (Figure 6B). However, pretreatment of Obeth followed by CCl4 treatment effectively restored the regular hepatocytes’ architecture and also reduces the vacuoles formation between the central vein and portal triad indicating hepatoprotective potential of Obeth, as shown in Figures 6D–F. Earlier, Josan et al. (2015) reported that CCl4 treated Sprague Dawley rats showed necrosis of hepatocytes nearby central vein and increased the level of alanine transaminase (ALT) whereas control group showed normal architecture of hepatocytes. Ganaie et al., 2015 also reported that dose-dependent treatment of ethanolic extract of Rumex vesicarius L. showed a restored pattern of histological architecture, while silymarin treatment followed by CCl4-intoxication in Wistar rats showed less disarrangement of hepatocytes. The results of the Immunohistochemistry (IHC) studies showed that p53 protein and Cyclin D expressions in the liver tissues were maximum in the CCl4 intoxicated group. Upregulated expression of pro-apoptotic p53 in CCl4 treated group might be formed in response to hepatocyte inflammation and the induction of necrosis in liver cells (Figures 7A, B). Similar results were observed in western blotting studies showing p53 upregulation in the CCl4 group as compared with the control group. The tumor suppressor gene p53 is upregulated in response to DNA damage, and its upregulated expression is only found in cells that show mutant forms (Aly et al., 2019). The upregulated expression of Cyclin D protein in the CCl4 intoxicated group also highlighted the mutation in hepatocytes while Obeth treatment showed the downregulation of Cyclin D exhibiting its protective effects against CCl4 intoxication. Cyclin D has been described to have the main role in cell progression through the G1/S phase of the cell cycle, and its deregulation can lead to tumorigenesis (Ying et al., 2008; Chibazakura et al., 2011; Gao et al., 2016).

The expression of p53, COX-2, and NF-κB was upregulated due to cellular stress, inflammation and mutation in cellular DNA (Banerjee et al., 2002; Cha and DeMatteo, 2005). Hepatic cancer can be controlled by the suppression of COX-2, NF-κB and p53 which might offer an effective control approach. The investigation of the effects of Obeth towards stimulated forms of p53, cyclin-D, COX-2 and NF- κB proteins was performed. The expression levels of COX-2 and NF-κB proteins were upregulated after CCl4 administration (Figure 9) highlighting the production of mediator cytokines which facilitate tumor growth via inhibiting apoptosis and promoting cell proliferation (Brücher et al., 2019; Lerdwanangkun et al., 2019). Eltahir et al. (2020) reported that CCl4 treated Wistar rats showed significantly high expression levels of NF- κB and COX-2 while Boswellia serrata Roxb. (BS) gum resin treatment followed by CCl4 significantly restored the level of NF- κB and COX-2 expression due to the presences of a natural compound that exhibited anti-inflammatory effects by targeting multiple pathways. The stressed cells promoted the overactivation of signaling proteins or inflammatory cytokines including, IL-6, TNFα, and IL-1β that stimulate the overproduction of IL-6 in Kupffer cells leading to the enhanced proliferation of hepatocytes, some of which harbor oncogenic mutations (Sun and Karin, 2008). Obeth has efficient antioxidant properties that protect the hepatocytes against any damage by inducing antioxidative mechanisms. Previous reports have proved the connotation among natural compounds isolated from plants and cancer inhibition via antioxidant properties (Seufi et al., 2009). In the present study, it was found that the Obeth contains catechin, epicatechin, rutin, kaempferol, and Onosmin A (Figure 10, Table 2). All these compounds have antioxidant potential are known to ascertain their remedial effects by scavenging the free radical species due to the presence of H donating hydroxyl groups on the different polyphenolic rings of these molecules stabilize the negative charge on the different reactive species and hence, nullify their damaging consequences (Kaur P. et al., 2019). One such study showed catechin to regulate the expression of NF-κB and Cox-2 by scavenging the ROS and hence delivering the anti-inflammatory and antioxidant effects (Chu et al., 2017). Similarly, rutin has also proven as an effective hepatoprotective agent against CCl4 induced Wistar rat liver damage by altering the expression of IL-6/STAT3 pathway genes expression due to its antioxidative, anti-inflammatory and anti-apoptotic properties (Hafez et al., 2015). On the other hand, epicatechin has the potential to inhibit Sprague-Dawley rat liver inflammation via NFκB signaling pathway initiated by HSP60 (Huang et al., 2019). Zang et al., 2018 reported that soybean leaves and its isolated compound kaempferol galactoside and kaempferol have the ability to reduce serum parameters (serum aspartate aminotransferase and serum alanine aminotransferase) increased by CCl4 intoxication. In addition to this, all these compounds were also found to ameliorate the lipid peroxidation and regulate the levels of different liver enzymes (Sinha et al., 2012; Khan et al., 2012; Liu et al., 2015; Wang et al., 2015). The polyphenolics such as catechin, caffeine, epicatechin (EC), epigallocatechin gallate (EGCG), and epicatechin gallate (ECG) showed preventive effects of Liubao Tea against CCl4 -induced liver injury in Kunming mice, comparable to silymarin (Pan et al., 2018). Ahmad et al., 2005, reported that Onosmin A isolated from Onosma hispida Wall. ex G.Don has potential to inhibit lipogenase enzyme in a concentration-dependent manner. It can be stated that the chemical association of phytochemicals, presumable flavonoids in Obeth from O. bracteata have protective effects on liver damage via suppression of CCl4-induced oxidative stress (Figure 11). This study reported that antioxidant, antimutagenic, DNA protective, and anti-inflammatory properties of Obeth are correlated with the phytoconstituents present in and have also been shown to have modulatory impact on pro-carcinogenic proteins p53, NF-κB, and COX-2 for the first time.




Figure 11 | Schematic proposed mechanisms for hepatoprotective property of Obeth from O. bracteata. Obeth phytoconstituents ameliorated hepatic oxidative stress and suppressed inflammation, apoptosis, and DNA damage in CCl4-injured hepatocytes.





Conclusions

In the current study, Obeth of O. bracteata has shown significant antioxidant, genoprotective, antimutagenic and hepatoprotective properties. As revealed by HPLC investigations, Obeth harbors catechin, epicatechin, rutin, Onosmin A and kaempferol as major phytoconstituents. Obeth exerted its protective potential via its radical scavenging and DNA protective abilities, minimizing oxidative stress through induction of antioxidative enzymes and ameliorating the hepatic changes triggered by CCl4. The modulation of crucial proteins such as p53, cyclin D, Cox-2, and NF-κB demonstrated potential of Obeth as an effective chemotherapeutic agent against hepatic cancer.
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The ultimate goal of precision medicine is to determine right treatment for right patients based on precise diagnosis. To achieve this goal, correct stratification of patients using molecular features and clinical phenotypes is crucial. During the long history of medical science, our understanding on disease classification has been improved greatly by chemistry and molecular biology. Nowadays, we gain access to large scale patient-derived data by high-throughput technologies, generating a greater need for data science including unsupervised learning and network modeling. Unsupervised learning methods such as clustering could be a better solution to stratify patients when there is a lack of predefined classifiers. In network modularity analysis, clustering methods can be also applied to elucidate the complex structure of biological and disease networks at the systems level. In this review, we went over the main points of clustering analysis and network modeling, particularly in the context of Traditional Chinese medicine (TCM). We showed that this approach can provide novel insights on the rationale of classification for TCM herbs. In a case study, using a modularity analysis of multipartite networks, we illustrated that the TCM classifications are associated with the chemical properties of the herb ingredients. We concluded that multipartite network modeling may become a suitable data integration tool for understanding the mechanisms of actions of traditional medicine.
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Introduction

Classification and clustering are our fundamental learning process to understand human biology and diseases. To achieve the ultimate goal of precision medicine, i.e., the right intervention for a patient at the right time (Stefano and Kream, 2015), there has been a long history of symptom-based diagnosis that utilizes available information to classify patients, diseases, and drugs (Figure 1). In the early days of traditional medicine, physicians tried to characterize diseases using empirical terms, such as temperament and meridian (Rezadoost et al., 2016; Arji et al., 2019; Wang Y. et al., 2019), based on which they prescribed corresponding herbs that are known to target them (Xu, 2011; Li and Weng, 2017). With increasing knowledge on biochemistry, the era of modern medicine has started, further advancing our understanding of human diseases to the molecular level. Molecular profiles, along with clinical phenotypes, are leveraged to formally characterize diseases, disorders, and symptoms (Steindel, 2010).




Figure 1 | A brief history of medicine and its relation with other branches of science. Traditional medicine as the first era of medicine was mainly built on the physical characterization of diseases and patient biographical data. The modern medicine was established by including more chemical and physical characterizations. Defining biomolecule using biochemistry and molecular biology revealed more details of diseases and pathological processes. This eventually led to the development of diagnosis codes and the pharmaceutical industry. Recently, precision medicine has emerged with the advances of data science, which involves more holistic analyses in order to understand human medicine at the systems level.



One of the greatest challenges in precision medicine is to integrate all available patient-derived data for accurate diagnosis and treatment, which would require novel data-driven approaches rather than more conventional hypothesis-driven approaches (Rouillard et al., 2015). Genomic information for patients, albeit fundamental and often necessary, may not be sufficient due to the fact that the human genome is dynamically adjusting its functions by epigenetic regulations (Jafari et al., 2017; Nussinov et al., 2019). Therefore, interactions among other molecular features including transcriptome, proteome, and metabolome should also be considered to obtain a more systematic characterization of the diseases (Eric, 2014). On the other hand, phenotypic data including cell and tissue images have been utilized for illustrating the impact of molecular alternations in human diseases (Langlois et al., 2011; De Fauw et al., 2018). Likewise, to improve our understanding on human diseases, we may also investigate sources of clinical, phenotypic, and pharmacological data that are derived from traditional medicine (Ma et al., 2010; Zhao et al., 2014). A systematic integration of all of these available information may provide a promising approach to turn precision medicine into a reality ultimately.

Here, we started by reviewing the application of clustering analysis in high-throughput biological studies in modern and traditional medicine. Next, we described the application of clustering in network modeling for the stratification of drugs or patients. We focused on the advantages and promises of a particular network modelling approach called multipartite networks which can inherently integrate heterogeneous data types at multiple levels. In a case study, a multipartite network was developed to model traditional medicine herbs. We showed that this modeling approach provides novel insights on the rationale of herb classifications, which may facilitate the drug discovery in TCM, such as discovering herb combinations or prioritization of active ingredients.



Using Clustering to Improve Patient Stratifications

Thanks to advanced experimental and computational technologies, we are able to collect, standardize, and integrate a variety of cell-based patient-derived datasets. For example, the LINCS program (Keenan et al., 2018) is one of the recent multi-center studies to facilitate the understanding of cancer biology by providing transcriptional and morphological changes of multiple cancer cell lines in responding to a variety of pharmaceutical agents. Moreover, there are national and international efforts to sequence patients’ genomic features. For example, UK Biobank and FinnGen focused on the contributions of genetic predisposition and environmental exposure to the occurrence of common diseases for over half a million subjects (The Finngen Research Project Takes Finns to a Discovery Trip to Genome Data; Manolio, 2018). On the other hand, with the development of computational methods such as text mining technologies, researchers are able to standardize data resources in traditional medicine, making them easily accessible and reusable (Zhou et al., 2005; Mirzaeian et al., 2019). For example, the SymMap database was constructed to provide a mapping relationship between 499 natural products, 19,595 ingredients, 1,717 clinical symptoms, and 5,235 diseases (Wu et al., 2019). This work showed the potential to integrate traditional and modern medicine at both phenotypic and molecular levels toward phenotype-based drug discovery. Another example was the UNaProd database which contains information concerning 3,411 natural products used in Iranian traditional medicine (ITM) (Naghizadeh et al., 2020).

Clustering has been commonly used to identify subpopulations of patients with distinctive genetic variants or gene expression profiles. For example, Naval et al. showed how clustering analysis helped identifying single nucleotide polymorphisms (SNPs) associated with skin properties (Naval et al., 2014). Combining transcriptomic data with images, Voineagu et al. showed how the clustering methods characterize distinct complex disease subtypes in autism spectrum disorder (Voineagu et al., 2011). Additionally, in clinical proteomics, clustering analysis also identifies a group of proteins as functional modules in pathogenesis. For example, Baldelli et al. clustered non-small cell lung cancer tumors according to the expression, activation, and phosphorylation levels of 26 signaling proteins (Baldelli et al., 2015). Implementing clustering methods in the context of precision medicine is not only applicable to omics data, but also to physiological data. For example, Xu et al. developed human stress management using clustering of physiological signals during series of task-rest cycles (Xu et al., 2015). On the other hand, image data as a major part of health records of individuals is commonly utilized (Hsu et al., 2013). For example, Enguehard et al. presented a strategy of integrating neural network and clustering analysis for automatic magnetic resonance imaging data analysis (Enguehard et al., 2019). Furthermore, it has been shown that utilizing biomedical annotations can potentially improve clustering analysis to obtain more biologically relevant disease categories (Futschik and Carlisle, 2005; Bandyopadhyay et al., 2007; Lee, 2011). Therefore, the integration of existing biomedical annotations, such as gene ontology or pathway enrichment, is also expected to improve patient disease clustering with refined distance functions (Handl et al., 2005).

As abovementioned, exploring subclasses of diseases and drugs is a prevalent task in precision medicine, and traditional medicine is no exception. For example, Liu et al. studied the gene expression signature of breast cancer cell lines for an herbal formula Si-Wu-Tang (SWT). This analysis showed that the effect of SWT is comparable to β-estradiol treatment on estrogen-responsive genes (Liu et al., 2013). Ruan et al. proposed a clustering algorithm called THCluster that can effectively discover meaningful categorization of herbs and their potential clinical indications (Ruan et al., 2017). Zhang et al. validated TCM syndrome types using a clustering method based on latent tree models, based on which they proposed a standard for syndrome differentiation in TCM which was then validated successfully in a study of kidney deficiency (Zhang et al., 2008). Likewise, Zhao et al. proposed a top-down subspace clustering for improving the precision of syndrome differentiation. Considering 5,600 symptoms and 150 syndrome elements of AIDS (acquired immune deficiency syndrome) patients, they showed that their method identified clusters of patients more precisely, compared to conventional clustering algorithms such as k-means (Zhao et al., 2014).

While identifying the heterogeneity of patients is critical, understanding the driving molecular mechanisms of such heterogeneity shall provide more rational on the design of precision medicine. To understand the underlying factors that are shared by patients with similar diseases, more information about the interaction of biological entities including genes, proteins, and drugs is required. By introducing network models, such a complex layer of information can be systematically evaluated, for which clustering analysis may further help infer the distinctive disease patterns. In the following we focused on the combination of network modeling and clustering analysis and showed that how they may contribute to the understanding for precision medicine.



Exploring Network Modules as a Basis for Classification

A simple network consists of a set of elements called nodes or vertices which are connected by a set of links or edges (Jafari et al., 2013). Depending on the definition of node and edge sets, numerous types of biological networks can be constructed and used for further analysis. For example, the degree of a node, which is defined as the number of links attached to the node, suggests the importance of node and helps detect global and provincial hubs within the network. The heterogeneity of a network which is defined as the root of the variance of degrees divided by their mean, also explains the overall topology of the network and organization of relationships among the nodes (Dong and Horvath, 2007).

One of the major network modeling approaches is the modularity analysis or community detection which is the intersection of clustering analysis and network science (Fortunato, 2010; Fortunato and Hric, 2016). In this analysis, exploring the local densely connected nodes, i.e., networks community structure is the main aim. In other words, a community within a given network includes nodes with high intra-relationship and low inter-relationship with the other nodes outside the community (Girvan and Newman, 2002). Therefore, finding network modules is important to elucidate and understand the complex topology of networks by discriminating dense and sparse local structures. The network topology determines the adjacency matrix, which can be utilized for clustering analysis alone or in combination with the similarity matrix derived from the node properties (Von Luxburg, 2006; Fortunato, 2010). Since in real biological and disease networks, there are multifunctional nodes belonging to more than one group, soft clustering is also recommended (Yang and Leskovec, 2015). In the soft clustering, overlapping communities, also called covers, are detectable because the multiple memberships for a node are allowed. There are other methods including dynamical clustering (Jeub et al., 2015). For example, the Markov Clustering algorithm (MCL) is one of the commonly used dynamic clustering algorithms based on biological annotations (Jafari et al., 2015). After exploring the modules of a given network, it is common to convert the network into its reduced version, where a node of the reduced network corresponds to a module of the original network, and an edge is inferred from the number of interactions between the modules (Figure 2).




Figure 2 | A Poisson-distributed random network is represented in three formats. (A) A complex view of the network by placing nodes on a sphere layout that obscure the complexity of the network topology. (B) The same network using the force-directed layout algorithm in which communities were identified via a greedy optimization of modularity score. This representation is usually used to show the modular structure of the network. (C) The simplified network in which each node represents a community in the original network, and each edge denotes the interaction of communities.



Utilizing molecular information in conjunction with the module detection to predict biological functions is a common task (Vespignani, 2003; Jafari et al., 2015). The main assumption is that members of the same cluster tend to be involved in the same biological process which is known as guilt-by-association. For example, in protein-protein interaction networks, clique-based clustering was used to detect protein complexes (Altaf-Ul-Amin et al., 2006; Phan and Sternberg, 2012; Jafari et al., 2013). Hierarchical clustering was utilized to identify signaling cascades or metabolic pathways (Guimera and Amaral, 2005; Koch and Ackermann, 2013; Azimzadeh Jamalkandi et al., 2016). Also, according to the local topological features of biological networks, clustering methods are commonly used to predict cellular co-localization and co-expressed gene regulatory mechanisms (Dittrich et al., 2008; Amiri et al., 2013; Mitra et al., 2013). At the phenotypic level, network modeling linking phenotypes to molecular components of a biological system, e.g., disease-causing genetic variations is also one of the exciting research areas (Goh et al., 2007; Loscalzo and Barabasi, 2011; Goh and Choi, 2012; Emmert-Streib et al., 2013). In the context of traditional medicine, Huang et al. highlighted how network pharmacology modeling allows us to integrate concurrent and traditional knowledge of herbal medicines for the development of new drugs for complex human diseases (Huang et al., 2013). Using a network-based integration of chemical structure and omics data, they inferred novel drug-disease interactions via molecular targets and pathways. Similarly, Li et al. introduced a distance-based mutual information model to score herb interactions based on their frequencies and distances, and thus identify the rationale of herb combinations (Li et al., 2010).

Network biology approaches have also shown potential for exploring disease subcategories and patient subclasses in TCM. For instance, Zhou et al. constructed a clinical phenotype network to investigate the underlying mechanisms of TCM diagnosis and treatment (Zhou et al., 2014). Wang et al. proposed a co-occurrence network approach to identify the TCM symptoms as biomarkers for the fatty liver disease (Wang W. et al., 2019). Interestingly, Jiang et al. also demonstrated the association between the TCM symptoms and tongue-coating microbiome using co-occurrence networks (Jiang et al., 2012). Network modeling of cold and hot syndromes of traditional medicine has also been developed. For example, Ma et al. provided a gene expression signature of the cold syndrome in TCM associated with the neuroendocrine-immune system. By analyzing the protein interaction networks, they showed that the genes related to the cold syndrome are involved in pathways of energy metabolism, neurotransmitters, hormones, and cytokines (Ma et al., 2010). Likewise, Lu et al. provided distinctive molecular signatures in CD4-positive T cells of Rheumatoid Arthritis patients associated with the cold and heat patterns in TCM respectively (Lu et al., 2012a; Lu et al., 2012b).



Multipartite Network Models for Integrating Heterogeneous Data

With the development of high-throughput technologies, precision medicine has been made more plausible with increasingly diversified data sets. These data sets range from gene expression profiles to medical images, where the scales, characteristics, and formats are different since they are gathered at the different levels of biological systems (Lee, 2011). The integration of information from these heterogeneous biological and clinical data sets need to be applied in order to discover new mechanistic insights of systems medicine. For example, to predict more effective disease treatment options using multi-targeted drug combinations (Tang and Aittokallio, 2014), we need to gather multiple data types such as in vitro drug response of cancer cells and in vivo response of patients including symptoms and molecular profiles. To predict the effectiveness of drug combinations, understanding about the signaling pathways and drug target interactions along with the pathophysiological states is essential. There is a major type of network models called multipartite networks which are commonly used in systems medicine (Junker and Schreiber, 2008). This kind of network modeling is crucial due to its flexibility to integrate mixed datasets and discover complex hidden relationships which are required for understanding precision medicine. Unlike ordinary uni-partite networks which contain single sets of nodes and edges represented by an adjacency matrix, a multipartite network constitutes of multiple sets of nodes and edges which are exemplified by incidence matrix (Agnarsson and Greenlaw, 2007). Depending on the data types, the network can represent gene-disease (Bauer-Mehren et al., 2011; Barneh et al., 2016; Chen et al., 2018), drug-target (Barneh et al., 2016), protein-cell localization (Mirzaei Mehrabad et al., 2018), drug-disease (Lamb, 2007) and drug-side effect associations (Luo et al., 2014), as well as associations at the patient level including patient-drug interactions and patient-symptom interactions (Bhavnani et al., 2010).

Based on the constructed multipartite networks, different kinds of clustering algorithms can be applied to identify the hidden subnetwork structures for each node set. For instance, Long et al. proposed a clustering method by a combination of co-clustering and probabilistic hidden Markov models (Long et al., 2007). Also, Hartsperger et al. developed a fuzzy multipartite clustering to decompose the nodes of multiple types in tripartite networks (Hartsperger et al., 2010). They showed that the fuzzy clustering algorithm was able to identify functionally correlated modules of a tripartite gene-disease-protein complex network for the identification of biologically meaningful clusters. Duan et al. identified two major subtypes of breast cancer by reconstructing a tripartite graph of drug-cell line-patient tumors. They showed how drug response data helped discover dysregulated pathways for breast cancer (Duan et al., 2013). A multipartite network can be also utilized as a visualization tool, with which one can navigate efficiently the high-throughput drug response data from public databases including Cancer Cell Line Encyclopedia (CCLE) and Genomics of Drug Sensitivity in Cancer (GDSC) (Duan et al., 2014).

Typical multipartite network analyses involve network projection, which aims for simplifying the network topology from the viewpoint of each node set separately. In Figure 3, the projection of a schematic bipartite network and module detection analysis is briefly presented. Constructing the projected networks facilitates the exploration of hidden relationships among each set of nodes in a multipartite network. For example, Barneh et al. constructed a drug-target network and further developed its projected version called Drug Similarity Network (DSN) and Target Similarity Network (TSN), which can be used for drug-target prediction (Barneh et al., 2016). Recently, they have applied the method to predict drug combinations, and confirmed them experimentally (Barneh et al., 2018; Barneh et al., 2019). To facilitate drug repositioning, network topological similarity-based inference (NTSIM) and its classification-equipped version, i.e., NTSIM-C methods were also proposed to unveil novel drug-disease associations (Zhang et al., 2018).




Figure 3 | A random bipartite graph or bigraph of drugs (square nodes) and targets (circular nodes) is represented along with two possible projections of it. The center graph (B) is a main bipartite graph by placing nodes in two different sets. The projection of drugs (A) and the projection of targets (C) are shown in which communities were identified via greedy optimization of modularity score.





Network Analysis Rationalizes TCM Classifications: A Case Study

The idea of utilizing multipartite networks in traditional medicine is potentially feasible, as the data standardization and annotation has been increasingly pursued. However, to the best of our knowledge, the models are not yet utilized to provide more profound insights on traditional medicine, although some tools such as SymMap (Wu et al., 2019) may provide an appropriate dataset to build such multipartite networks. In the following, we conducted a case study to reconstruct a bipartite network of natural products and ingredients of TCM to show the potential of this modeling for understanding TCM rationale for disease treatment and drug discovery.

TCM-related databases provide a large set of information about the TCM herbs including their classifications and disease indications, as well as molecular characterization, such as ingredient profiles and molecular targets. Recently, this information has been successfully applied for developing computational models to understand the TCM classifications (Wang Y. et al., 2019). As a case study to show the potential of multipartite networks in the integration of heterogonous data, we obtained a list of 4,485 natural products consisting of 2,857 chemical ingredients from the TCMID database (Huang et al., 2018). We used the second version of the TCMID database, as the largest dataset in this field, which contains richer experimental data originating from ingredient-specific and herbal mass spectrometry spectra. The natural products and ingredients are considered to be the two parts of a bipartite network. After removal of disconnected nodes, we extracted a giant component of the graph consisting of 7,004 nodes and 17,555 edges. Following the projection of this bigraph as outlined in Figure 3, two projected graphs called the natural product similarity network (NSN) and ingredient similarity network (ISN) were reconstructed, such that each edge indicates at least one common ingredient or natural product in NSN and ISN, respectively. The NSN contains 4,308 natural products and 204,807 edges, while the ISN consists of 2,696 nodes and 78,228 edges. The community detection was subsequently done for both similarity networks via optimizing a modularity score (Clauset et al., 2004), resulting in 42 and 24 communities for NSN and ISN, separately. The fast greedy algorithm outperformed compared to the other high-performance algorithms, i.e., infomap and walktrap (Labatut and Balasque, 2013; Wagenseller et al., 2018) according to the highest average of modularity index in the NSN and ISN (Supplementary file 2). These communities reflect the internal similarity of herbs and ingredients which could be investigated further. For example, a community of NSN indicates a set of natural products with similar profiles of ingredients. Therefore, the members of the same natural product cluster can be used for therapeutic interchanging due to the similarity of ingredient profiles in the cluster. Also, members of different clusters can be candidates for new drug combinations as they are expected to affect distinctive biological pathways. Similarly, the cluster of active ingredients in ISN can be used to predict the mechanism of action of newly discovered or synthesized compounds based on TCM classifications. In other words, a functionally-unknown molecule with high structural similarity to any of active ingredient clusters indicate the analogous TCM properties and implications. Therefore, any follow-up experimental analysis can be prioritized to disclose therapeutic hits of the new molecules based on known properties and implications of the corresponding cluster. Also, the priority of active ingredients for treatment can be redefined in each cluster independently using availability, and the relevant protein targets characterizations (code and data set for this case study can be found in Supplementary File 1).

We sought to validate our prediction about the herb and ingredient communities, i.e., whether the herbs or active ingredients that are clustered in the same community tend to share similar features. Four types of features for the natural products and their ingredients including meridians and properties were extracted from TCMID. Furthermore, the SMILE strings of these ingredients along with the identified or predicted protein targets of them were extracted using PubChem (Kim et al., 2018) and STITCH databases (Szklarczyk et al., 2016). Then, the average of pairwise intersection of meridian and property profiles was computed separately for each cluster in NSN. Likewise, the average similarity of SMILE string using the Dice index and the pairwise intersection of their protein targets in each cluster of ISN were also calculated. We showed in Figure 4 the average similarity of all the 42 and 24 communities in NSN (Figures 4A, B) and ISN (Figures 4C, D), as compared to that of random clustering from 100 simulations. We found that the similarity of natural products or active ingredients within a cluster is significantly higher than that for the random clustering. For example, the median of meridian-based similarity of random grouping is 0.56, while the median similarity of the 42 clusters found in NSN is 0.96 (p-value = 1.99e-05, Wilcoxon test). Similarly, in ISN, the median of the Dice similarity of SMILE strings in random groups is 0.22, while the median of the 24 clusters in ISN is 0.36 (p-value = 5.84e-05, Wilcoxon test). Our findings suggested that the clusters of ISN and NSN consist of similar ingredients or natural products, and thus validating the feasibility of bipartite modeling in analyzing TCM data.




Figure 4 | Validation of the network communities in TCM herbs. The distribution of Meridian similarity (A) and Property similarity (B) within the communities of NSN (natural product similarity network) compared to random groups; The distribution of drug target similarity (C, D) the Dice index similarity within the communities of ISN (ingredient similarity network) compared to random groups. Lines indicate the quartiles values and gradient color represent the probability of values within the empirical cumulative density function for the distributions.



Interestingly, these network analyses also suggested a molecular basis of TCM classifications, which originated from the physical features of natural products or empirical knowledge about the disease indications. Although the chemical and molecular characteristics of the natural products, i.e., chemical structures and protein targets have only been available recently, the TCM classification according to meridians were indeed associated with them. The same observation was found for the property classification in TCM in our findings, as the natural products in a given cluster based on ingredient profiles are associated with their property profiles. On the other hand, our approach promises to bridge a gap between pharmaceutical chemistry and traditional pharmacology in TCM. For example, we can use attributes of active ingredient profile of natural products as a rich training set, and newly discovered, or synthesized molecules can be characterized accordingly as a test set. To summarize, this bipartite network analysis provides novel insights for the understanding of molecular evidence of traditional classification in TCM. Using the bipartite network modeling, we may integrate phenotypes of different types, i.e., signs and symptoms, with the chemical knowledge of drug molecules in order to provide a formal framework for phenotype-based drug discovery in TCM.



Summary and Outlook

Nowadays, TCM, along with the other traditional medical schools, was modernized and expanded by the molecular shreds of evidence provided by experimental biology (Xue et al., 2013). These experiments usually are started by extraction and fractionation techniques such as chromatography, and followed by identification methods such as mass spectrometry to determine a comprehensive profile of ingredients within the natural products (Jafari et al., 2016; Kabiri et al., 2017). The challenging part of this experimental design is identifying the ingredients responsible for the bioactivities of natural products. To further explore the drug-target interactions of these ingredients, high-throughput omics is now a preferable approach to study the effects on gene expression and protein activity. Through these experimental techniques, large volumes of molecular features related to disease indications can be disclosed, including antimicrobial, antiviral, antioxidant, anti-inflammatory, and neurological activities (Neghabi-Hajiagha et al., 2016; Pourramezan et al., 2018). In the next step, we always face the challenge of applying appropriate data integration methods to associate these molecular features with the phytochemical and pharmacological properties of the TCM ingredients.

A remarkable portion of biological studies deal with generating, organizing, and retrieving patient data, which is usually large scale and noisy. Data mining algorithms such as clustering and classification are being applied. Furthermore, the integration of heterogeneous biological data is imperative. Rigorous and efficient analysis tools are required for the integration of different data characteristics and formats as standard statistical inference techniques may be limited (Lee, 2011; Eric, 2014). Harnessing the network modeling in computational biology becomes a feasible strategy for data integration to navigate the complex space of biological systems (Barabási et al., 2011). Here, we highlighted the application of the multipartite network reconstruction for data integration in biomedical researches, particularly in traditional medicine. More specifically, we demonstrated how we can combine current chemical knowledge of ingredients and TCM classifications of natural products to bridge the gap between traditional and modern medicine. We provided a case study to show its potentials for uncovering TCM concepts and discovering potential treatments.

Although network science, and more precisely, network medicine is on its developing stage, using multipartite network modeling may provide more rational on the therapies in traditional medicine. Generally in traditional medicine, much efforts are spent on collecting the symptoms of patients, while in modern medicine, biochemical profiles and image data are more relied on. Providing a framework for integrating all these data using multipartite network model shall facilitate the interchange of knowledge from traditional and modern medicine. Reconstructing multipartite networks is a convenient way to characterize patient similarity, which serves the basis for further explorations on their diseases mechanisms (Pai and Bader, 2018). Depending on the nature of the node sets, a multipartite network can be utilized to investigate complex interactions, that might be critical for understanding diseases with high-level patient heterogeneity such as cancer (Yaffe, 2019). Considering all available data from cellular behaviors to patient responses using multipartite network modeling can play a significant role in the integration of these heterogeneous datasets, a successful application of which may make precision medicine a reality ultimately.
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Jian-pi-bu-xue-formula (JPBXF), a TCM formula composed of twelve Chinese medicinal herbs, has been used in clinic to ease patients’ state of weakness and fatigue especially after receiving anti-tumor chemotherapy in China. The lack of the phytochemical characterization, detail therapeutic evaluation and mechanism of JPBXF remains the main limitation for its spreading. In this study, we systematically evaluated the effectiveness and underline mechanism of JPBXF on cyclophosphamide (CTX)-induced myelosuppression and identified the main constituents of JPBXF aqueous extract. JPBXF treatments reversed CTX-induced myelosuppression through increasing the number of haematopoietic stem cells (HSCs) and expression of C-kit in bone marrow cells. Simultaneously, JPBXF treatments alleviated CTX-induced blood cells reduction by increasing numbers of RBCs and WBCs and levels of GM-CSF, TPO and EPO in plasma. JPBXF treatments reduced CTX-induced immunosuppression by increasing expressions of CD3, CD4, and CD8a in PBMCs, and recovering structure damages of thymus and spleen. Moreover, JPBXF notably increased the expression of NRF2 compared with CTX group, and subsequently up-regulated HO1 and NQO1 both in mRNA and protein levels. In addition, eighteen compounds were recognized from JPBXF aqueous extract and the potential targets of the identified compounds were predicted. Overall, JPBXF can greatly reverse CTX-induced myelosuppression in C57BL/6 mice, especially in improving the blood and immune function through activating NRF2/HO1/NQO1 signaling pathway, which provides a reliable reference for JPBXF application in clinical. By recognizing eighteen compounds in JPBXF aqueous extract and predicting the underline mechanisms of the identified compounds, our study would provide theoretical guidance for further research of JPBXF.




Keywords: Jian-pi-bu-xue-formula, cyclophosphamide, complementary therapy, myelosuppression, NRF2





Graphical Abstract | 




Introduction

Cancer, an aggressive malignancy, approximately causes 4,285,033 new cases and 2,865,147 cancer-related deaths annually in China (Bray et al., 2018). The conventional therapies for cancer treatment include chemotherapy, radiotherapy and surgery. Among these treatments, chemotherapy acts as a practical method and was widely used to kill cancer cells by impeding their growth and reproduction (Potti et al., 2011). However, most of chemotherapeutic agents pose many side effects including myelosuppression, immunosuppression, gastrointestinal reaction and hepatic or renal toxicity, that greatly threaten patients’ quality of life, reduce treatments’ efficiency, and furthermore lead to termination of ongoing useful therapy (Tachi et al., 2015). For instance, cyclophosphamide (CTX), a common anti-cancer chemotherapeutic agent, is often used alone or in combination with platinum and paclitaxel as standard first-line therapy (Handolias et al., 2016). Myelosuppression, the most common side effect of CTX characterized by decrease of stem and progenitor cells in bone marrow, often arises complications such as neutropenia, anemia and thrombocytopenia (Carey, 2003; Neboh and Ufelle, 2015). It has proof that NRF2 deficiency deteriorated CTX-induced myelosuppression, while activation of NRF2 mitigates ionizing CTX -induced myelosuppression (Que et al., 2016). The up-regulation of HO1 and NQO1 could resist to CTX-induced bone marrow suppression, oxidative stress, inflammation and apoptosis (Chen et al., 2014; HAS et al., 2019). Therefore, methods, which could prevent or eliminate chemotherapy-induced side effects through regulating NRF2 pathway, have great significance for patients struggling against cancer.

Complementary medicine, forms of treatment that used along with standard medical treatments, is common among cancer patients to help lessen some side effects of cancer treatment (Hubner et al., 2015). In clinical, hematopoietic growth factors (HGFs) including granulocyte colony-stimulating factor (G-CSF) and granulocyte macrophage colony-stimulating factor (GM-CSF), are effective complementary medicines for therapy to alleviate chemotherapy-induced myelosuppression (Miller and Steinbach, 2014). Unfortunately, G-CSF and GM-CSF can also accelerate growth of cancer cells (Gutschalk et al., 2006). Therefore, new approaches on finding more effective and safe drugs for preventing and treating chemotherapy-induced myelosuppression are necessary. Traditional Chinese medicine (TCM) complementary treatment has been reported to alleviate chemotherapy induced side effects and improve quality of life (Zhang et al., 2007; Konkimalla and Efferth, 2008). For instance, Ipomoea obscura (L.) Ker Gawl. extract could reduce CTX-induced myelosuppression, improve white blood cell counts and recover bone marrow cellularity (Hamsa and Kuttan, 2010). Sip-jeon-dea-bo-tang, a traditional herbal medicine, has been reported to prevent the cisplatin-induced reduction of food intake and weight loss (Woo et al., 2016). Considering the limitations of hematopoietic growth factors, finding effective TCMs on alleviating chemotherapy-induced myelosuppression is helpful and meaningful.

Jian-pi-bu-xue-formula (JPBXF), a TCM consisted of twelve Chinese medicinal herbs, is consumed in clinical for strengthening spleen and fortifying the blood in China for decades. According to basic theories of Chinese medicine, JPBXF is a combined formula based on Si-Jun-Zi-Tang, Si-Wu-Tang and Dang-Gui-Bu-Xue-Tang without unnecessary drugs, aiming to improve the hematopoiesis effects and make it gently to patients with chemotherapy. JPBXF is composed of monarch drugs Hedysarum multijugum Maxim (Huang-Qi) and Codonopsis pilosulae (Franch.) Nannf. (Codonopsis pilosulae Radix, Dang-Shen), minister drugs including Ficus simplicissima Lour. syn. Ficus hirta Vahl (Wu-zhi-mao-tao), Atractylodes macrocephala Koidz. (Bai-Zhu), Angelica sinensis (Oliv.) Diels (Dang-Gui), and Rehmannia glutinosa (Gaertn.) DC. (Shu-Di-Huang), assistant drugs including Pinellia ternata (Thunb.) Makino syn. Arum ternatum Thunb. (Ban-Xia), Citrus × aurantium L. syn. Citrus reticulata Blanco (Chen-Pi), Pogostemon cablin (Blanco) Benth. (Huo-Xiang) and Zingiber officinale Roscoe (Sheng-Jiang), and guide drugs Ziziphus jujuba Mill (Da-Zao) and Glycyrrhiza uralensis Fisch (Gan-Cao). In JPBXF, H. multijugum, C. pilosula and R. glutinosa had been reported to enhance immunity in vivo after CTX treatment (Cohen et al., 2002; Wang et al., 2012). A. sinensis has great impacts on promoting hematopoiesis (Gong et al., 2016). Z. jujuba, Z. officinale, A. ternatum, P. cablin, C. aurantium, A. macrocephala and G. uralensis are often used in formulas for antiemetic during chemotherapy (Cohen et al., 2002). Our previous study also showed that JPBXF could improve hematopoiesis of chemotherapy mice by affecting the expression levels of GM-CSF, TPO, and EPO (Feng and Liu, 2015). Although JPBXF has been used as a formula in clinical for decades, the lack of detail therapeutic evaluation and underline mechanism of JPBXF remains the main limitation for its spreading. Furthermore, the phytochemical characterization of JPBXF is still unclear.

In our study, a CTX-induced myelosuppression animal model was established to assess the effectiveness and safety of JPBXF in alleviating chemotherapy-induced myelosuppression. Changes in thymus, spleen, bone marrow, blood cell counts, expressions of T-cell surface markers such as CD3, CD4, and CD8a in peripheral blood mononuclear cells (PBMCs), expression of C-kit in bone marrow cells, as well as levels of GM-CSF, TPO, and EPO in plasma in the mice were systematically evaluated. Meanwhile, effects of JPBXF on NRF2, HO1, and NQO1 expressions in thymus and spleen were also detected. Furthermore, main chemical constituents of JPBXF aqueous extract were identified using UHPLC/MS/TOF and the underline mechanisms of the identified compounds were predicted using bioinformatics analysis.



Material and Methods


Reagents

Cyclophosphamide (Pude Pharmaceutical Co., Datong, Shanxi, China) was purchased from the First Affiliated Hospital of Guangzhou University of Chinese Medicine. The anti-CD3 and anti-CD4 antibodies, goat anti-rabbit and anti-mouse secondary antibody horseradish peroxidase conjugate (IgG antibodies) were purchased from Abcam (Cambridge, Massachusett, UK). The anti-CD8a antibody and anti-C-kit receptor antibody were purchased from Santa Cruz Biotechnology (Santa Cruz, California, USA). GM-CSF, TPO, and EPO Elisa kits were purchased from R&D Systems (Minneapolis, MN., USA). All other reagents were from a standard source and were analytical pure grade.



Plant Materials and JPBXF Preparation

F. simplicissima (30 g), H. multijugum (30 g), C. pilosula (20 g), A. macrocephala (15 g), A. sinensis (6 g), R. glutinosa (10 g), A. ternatum (10 g), C. aurantium (10 g), P. cablin (10 g), Z. officinale (6 g), Z. jujuba (10 g) and G. uralensis (10 g) were all purchased from the First Affiliated Hospital of Guangzhou University of Traditional Chinese Medicine (Guangdong, China) and identified by Institute of Chinese Materia Medica, China Academy of Chinese Medical Sciences (Beijing, China). A voucher specimen was deposited at the Laboratory of International Institute for Translational Chinese Medicine, Guangzhou University of Chinese Medicine (Guangzhou, China). The Chinese herbal mixture was immersed in a 8-fold amount of distilled water for 30 min and gently boiled for 30 min. The extract was collected. The herb residues were boiled again with a 6-fold amount of distilled water for 1 h, and the extract was collected again. Following, the collection extract were combined, filtered with three layers of gauze, and evaporated in 60 °C. After cooling at room temperature, liquid was spared and stored at 4 °C.



JPBXF Chemical Components Analysis

Characterization of main chemical components in JPBXF was detected by UHPLC/MS/TOF (Agilent Technologies 6540). Chromatographic separation was achieved on a Zorbax C18 column (100 × 3.0 mm2, 1.8 μm) (Agilent Technologies), with column temperature maintained at 25°C. The mobile phases consisted of water (A) and acetonitrile (B) using a gradient elution. The flow rate was 0.3 ml/min. The mass spectrometer was operated in negative ion mode. The full scan setting parameters are as follows: capillary voltage, 2.5 kV; nozzle voltage, 1,000 V; gas temperature, 290°C; sheath temperature, 340°C; sheath gas flow, 11 L/min; and gas flow, 10 L/min; fragmentation voltage: 135 V. Self-building database containing mass spectrometry information of reported compounds from each herb was used for compounds matching.



Animals

Male C57BL/6 mice (4–6 weeks, 18–22 g) were purchased from the Laboratory Animal Center of Guangzhou University of Chinese Medicine (Guangzhou, China; License: SCXK, Guangdong, 2018-0034). The mice were kept in the animal facility in the SPF animal laboratory (License number: SYXK (GZ) 2019-0144) at International Institute for Translational Chinese Medicine, Guangzhou University of Chinese Medicine (Guangzhou, China). The animal experiments were approved by the International Institute for Translational Chinese Medicine Animal Care and Use Committee, Guangzhou University of Chinese Medicine (Guangzhou, China). The mice randomly divided into five groups: control, CTX, GM-CSF, high- and low-dose JPBXF. Control group (n = 6) received treatments with 0.9% physiologic saline (i.p.) once a day for 10 days and intragastric administrations with 0.9% physiologic saline once a day for 12 days. CTX, GM-CSF, JPBXF groups (each with n = 6) received administrations with CTX (25 mg/kg, i.p.) once a day for 10 days and intragastric administrations with 0.9% physiologic saline, GM-CSF (5 μg/kg), high- and low-dose of JPBXF (2.5 g/mL and 0.62 g/mL) once a day for 12 days, respectively. The body weights of the mice were recorded every other day. Finally, the mice were sacrificed and the organs (including spleen and thymus) of each mouse were isolated and weighed.



Peripheral Blood Cell Count

Before the mice were sacrificed, the blood samples (200 µL of each mouse) were collected in heparin-treated tubes by and then stored at 4°C. After all samples collection, the numbers of leukocyte, platelet, and erythrocyte were counted using SYSMEX XT-1800I (Kobe, Japan).



Isolation of Plasma and PBMCs

After the mice were sacrificed, the whole blood of each mouse was collected in heparin-treated tubes and then centrifuged at 3,000 rpm for 10 min. The plasma samples were harvested, and stored at -80 °C. The remaining precipitation was resuspended in PBS (v/v, 1:1), and loaded into the tubes filled with Ficoll (GE Healthcare, Chicago, USA). After centrifuged at 400 g for 30 min, PBMCs were isolated, and rinsed twice with PBS.



ELISA Assay

Levels of GM-CSF, TPO, and EPO in plasma were measured by enzyme-linked immunosorbent assay (ELISA), using Quantikine ELISA kits (R&D Systems, Minneapolis, MN, USA), according to the manufacturer’s instructions. Results were expressed as ng/L of plasma.



Flow Cytometry

After isolated, PBMCs were treated according our previous study (Feng et al., 2016). After incubated with anti-CD3 antibody (1:200), anti-CD4 antibody (1:200), anti-CD8a antibody (1:50), and secondary antibodies (1:200), the PBMCs samples were detected using Flow cytometry (BD Biosciences, San Diego, CA, USA).



H&E Staining

Tissues such as thymus, spleens, and femurs were treated and observed according our previous study (Feng et al., 2016). Briefly, after fixed, embedded, and sliced, sections (4 μm) of thymus, spleens, and femurs were deparaffinized and rehydrated. Following, hematoxylin and eosin staining were performed. The slices were then observed under a light microscope (Leica DM750, Wetzlar, GER).



Western Blot

Total proteins of thymus or spleens were extracted using RIPA lysis buffer and phenylmethanesulfonyl ﬂuoride (PMSF), and quantified using Coomassie Brilliant Blue Kit (Bio-Rad, Hercules, CA, USA). Protein samples of each tissue were separated by 10% SDS-PAGE, transferred onto PVDF membranes, and blocked with 5% BSA for 1 h. The membranes were incubated with the primary antibody of NRF2 (1:1,000) at 4 °C overnight, subsequently, with the corresponding secondary antibodies (1:5,000) at room temperature for 1 h. β-actin acted as a loading control. ECL chemiluminescence reagent was applied to detect for fluorescent signals using FluorChem E (Santa Clara, CA, USA). Protein bands were quantified using Quantity One software (Bio-Rad, Hercules, CA, USA).



Real-Time PCR Analysis

Total RNA of thymus or spleens was isolated through the TRIzol extraction method. Then, RNA reverse transcribed into cDNA according to a reverse transcription kit (TaKaRa, Shiga, Japan). SYBR Green real-time PCR amplification and detection were then performed with an ABI 7500 system (Applied Biosystems, Foster City, USA). β-actin was regarded as house-keeping gene. Primers are as follows. HO1: 5’-TGATGGCTTCCTTGTACCATATC-3’ and 3’-AGCTCCTCAGGGAAGTAGAG- 5’; NQO1: 5’-GAGAAGAGCCCTGATTGTACTG-3’ and 3’-ACCTCCCATCCTCT CTTCTT-5’; β-actin: 5’-CTGTCCCTGTATGCCTCTG-3’ and 5’-ATGTCACGCAC GATTTCC-3’.



Immunohistochemistry (IHC)

Thymus and spleens tissues were fixed in 4% paraformaldehyde, embedded in paraffin. After sliced up, the slices (4 μm) were dewaxed, hydrated, and then incubated with natrium citric (0.01 M) for antigen retrieval. Following, the slices were rinsed with PBS, and incubated with anti-HO1 and anti-NQO1 overnight at 4 °C. Following steps were performed using the immunostaining kit (BOSTER Biological Technology) based on the manufacturer’s instructions.



Target Prediction by Network Pharmacology

The myelosuppression-related genes were obtained from the GeneCards database (https://www.genecards.org/), and the potential target genes of compounds were predicted using a Bioinformatics Analysis Tool for Molecular mechANism of Traditional Chinese Medicine (BATMAN-TCM) (http://bionet.ncpsb.org/batman-tcm/) and Swiss Target Prediction database (http://www.swisstargetprediction.ch/). Genes obtained from these three databases were analyzed using Venny 2.1 (https://bioinfogp.cnb.csic.es/tools/venny/index.html). The gene ontology (GO) and Genomes (KEGG) enrichment analyses were performed for the potential targets using the Database for Annotation, Visualization and Integrated Discovery (DAVID) (https://david.ncifcrf.gov/) and the online software Omicshare. The protein-protein interaction (PPI) among these potential targets was constructed using the STRING database (https://string-db.org/) (Du et al., 2019). The compound-target-pathway network was constructed using Cytoscape 3.7.2 (Zhang et al., 2019).



Data Analysis

All data were expressed as mean ± standard deviation (SD). Significant differences were analyzed by one-way ANOVA followed by LSD test (for more than two groups) by SPSS. Statistical difference was considered significant at P < 0.05.




Results


Phytochemical Characterization of JPBXF

To identify the main constituents of JPBXF aqueous extract, we analyzed the JPBXF aqueous extract using UHPLC/MS/TOF. Eighteen compounds were recognized from JPBXF aqueous extract as shown in Table 1. The typical scaffold backbones for the eighteen compounds are flavonoids, saponins and polyphenols. Among the eighteen compounds, there are thirteen flavonoids, including liquiritin apioside, liquiritin, acteoside, naringin, isoacteoside, hesperidin, isoliquiritin apioside, isoliquiritin, liquiritigenin, calycosin, formononetin, glycycoumarin, and licoisoflavone B. Meanwhile, licoricesaponine A3, licoricesaponine G2 and glycyrrhizic acid are three saponins. Paeonol and 4-gingerol are two polyphenols. According to UHPLC/MS/TOF, liquiritin, acteoside, naringin, hesperidin, glycyrrhizic acid and 4-gingerol were identified with high contents (Figure 1). Three pairs of flavonoid isomers need further identification.


Table 1 | Compounds of aqueous extract from Jian-pi-bu-xue-formula (JPBXF) were identified.






Figure 1 | Chromatograms of UHPLC/MS/TOF of JPBXF extract.





Effects of JPBXF on CTX-Induced Myelosuppression

To assess the effects of JPBXF on chemotherapy-induced myelosuppression in mice, body weight change and H&E staining of femurs were performed. Although there was no significant change in body weight among each group, CTX treatment induced a slight decrease in body-weight of mice compared with the control group (Figure 2A). However, after treated with JPBXF, the body-weight loss of mice induced by CTX was decreased slightly (Figure 2A). H&E staining results shown that CTX treatment significantly reduced the number of haematopoietic stem cells (HSCs) in femurs compared with control group. To the contrary, JPBXF treatments increased the number of HSCs compared with that of CTX treatment alone (Figure 2B). To further confirm whether JPBXF treatments could influence the number of HSCs, the expression of C-kit, a marker of HSCs, was detected in bone marrow cells. The results shown that compared with control, the expression of C-kit was markedly decreased by 57.02 ± 6.16% in CTX treated bone marrow cells (P < 0.01, Figure 2C). Meanwhile, 5 μg/kg of GM-CSF and 2.5 g/mL of JPBXF treatments increased the expression of C-kit by 35.68 ± 7.82% and 42.44 ± 8.71% respectively compared with that of CTX alone (P < 0.05, Figure 2C).




Figure 2 | Effects of JPBXF on myelosuppression in CTX-treated mice. (A) The body weight curves of CTX-treated mice after JPBXF treatments. (B) Histopathological changes in bone marrow tissues (stained by H&E, ×400). (C) Expression of C-kit in bone marrow cells. Data shown are means ± SD from day 13. **P < 0.01 vs. Control, #P < 0.05 vs. CTX.





JPBXF Alleviated CTX-Induced Blood Cells Reduction

Along with myelosuppression, CTX treatments often induce blood cells reduction (Hill et al., 2011). To investigate the effects of JPBXF on blood cells, we detected the numbers of WBCs, RBCs, and PLTs and analyzed the secretion levels of hematopoietic growth factors including GM-CSF, EPO, and TPO. The whole blood analysis revealed that compared with control group, the numbers of WBCs and RBCs were significantly decreased after CTX treatments. However, 5 μg/kg of GM-CSF and 2.5 g/mL of JPBXF treatments increased the numbers of WBCs and RBCs at different degrees. Nevertheless, the number of PLTs showed a slight increase in GM-CSF group, but had few changes in CTX and JPBXF groups (Figure 3A). Meanwhile, ELISA assays showed that the secretion levels of GM-CSF, EPO, and TPO were significantly reduced by 35.05 ± 7.99%, 89.84 ± 2.48%, and 49.48 ± 4.79% respectively in CTX group compared with the control group. However, JPBXF treatments abrogated the suppression effect of CTX and markedly increased the secretion levels of GM-CSF, EPO, and TPO at different degrees in plasma. Compared with CTX group, 2.5 g/mL of JPBXF treatments increased the levels of GM-CSF, EPO and TPO by 2.94-, 69.84-, and 4.21-fold in plasma (Figure 3B).




Figure 3 | Effects of JPBXF on blood system in CTX-treated mice. (A) The numbers of white blood cells, red blood cells and platelets in CTX-treated mice after JPBXF treatments. (B) The secretion levels of GM-CSF, EPO, and TPO in plasma in CTX-treated mice after JPBXF treatments. Data shown are means ± SD from day 13. *P < 0.05, **P < 0.01 vs. Control, #P < 0.05, ##P < 0.01 vs. CTX.





JPBXF Reduced CTX-Induced Immunosuppression

According to the white blood cell analysis results, we found that JPBXF treatments might raise the immunity of mice suppressed by CTX. Among these white blood cells, T cell play important role in immunity. To further confirm the effect of JPBXF on T cells, we detected the expressions of T-cell surface markers, such as CD3, CD4, and CD8α in PBMCs. The results demonstrated that compared with control group, CTX treatment significantly decreased the expressions of CD3, CD4, and CD8α by 44.03 ± 2.96%, 14.63 ± 4.14%, and 46.70 ± 3.10%, respectively. However, CTX-induced expression decrease of CD3, CD4 and CD8α were recovered by JPBXF treatments (Figure 4). In detail, 2.5 g/mL of JPBXF treatments increased CD3, CD4, and CD8a expression levels by 31.33 ± 5.59%, 28.62 ± 3.44%, and 18.13 ± 2.24%, respectively. Meanwhile, 0.62 g/mL of JPBXF treatments increased the expressions of CD3, CD4, and CD8a by 37.99 ± 5.07%, 34.06 ± 3.09%, and 45.16 ± 3.29%, respectively.




Figure 4 | Effects of JPBXF on the PBMCs in CTX-treated mice. The expression levels of CD3 (A), CD4 (B), and CD8α (C) in peripheral blood mononuclear cells (PBMCs) of CTX-treated mice after JPBXF treatments. Data shown are means ± SD from day 13. *P < 0.05, **P < 0.01 vs. Control, #P < 0.05, ##P < 0.01 vs. CTX.



Thymus and spleen are two main immune organs that play important roles in cellular and humoral immunity. To assess the effects of JPBXF on cellular and humoral immunity in mice, size comparison and H&E staining of thymus and spleen were further conducted. The pictures of thymus directly showed that CTX treatment induced a size reduce of thymus compared with that of control, however, JPBXF treatments increased the size of thymus. Compared with the control group, thymus index (ratios of thymus to body-weight) in CTX group decreased markedly. Meanwhile, thymus index in GM-CSF group and high-dose JPBXF group were significantly increased compared with CTX group; however, thymus index in the low-dose JPBXF group had no significant change (Figure 5A). H&E staining results showed that the tissue structures of thymus, including cortex, medulla, and thymic corpuscle, were clear observed in control group, and destroyed in CTX group. However, the structure damages of thymus by CTX were significantly recovered by JPBXF treatments (Figure 5B). The same as thymus, the size of spleen was reduced by CTX and increased by JPBXF. Spleen index (ratios of spleen to body-weight) in CTX group was decreased markedly compared with that of control group, meanwhile, increased in GM-CSF and JPBXF groups compared with CTX group (Figure 6A). In addition, white pulp atrophy, hemorrhage and necrosis were observed in spleen after CTX treatment. However, these damages were reduced in GM-CSF and JPBXF groups, especially in 2.5 g/mL JPBXF group (Figure 6).




Figure 5 | Effects of JPBXF on the thymus in CTX-treated mice. (A) Sizes and index of thymus in mice (scale = 3 mm). (B) Histopathological changes in thymus tissues (stained by H&E, ×200). Data shown are means ± SD from day 13. **P < 0.01 vs. Control, #P < 0.05 vs. CTX.






Figure 6 | Effects of JPBXF on the spleen in CTX-treated mice. (A) Sizes and index of spleens in mice (scale=5 mm). (B) Histopathological changes in spleens tissues (stained by H&E, ×100). Data shown are means ± SD from day 13. *P < 0.05 vs. Control, #P < 0.05, ##P < 0.01 vs. CTX.





JPBXF Alleviated CTX-Induced Myelosuppression Through Activating NRF2/HO1/NQO1 Signaling Pathway

NRF2, a pivotal transcription factor, is involved in regulating redox homeostasis, drug metabolism, responses to oxidative and electrophilic stress and so on (Hayes and Dinkova-Kostova, 2014). NRF2 deficiency deteriorated CTX-induced myelosuppression, while activation of NRF2 mitigated CTX-induced myelosuppression (Que et al., 2016). Herein, to further determine the underlying mechanism of JPBXF in alleviating CTX-induced myelosuppression, NRF2 expressions in thymus or spleen were evaluated. Our results showed that the expressions of NRF2 were significantly decreased by CTX both in thymus and spleen compared with control group, meanwhile, notably increased by GM-CSF and JPBXF treatments compared with CTX group, suggesting that JPBXF could mitigate CTX-induced myelosuppression through activating of NRF2 (Figure 7A). The up-regulation of HO1 and NQO1 could resist to CTX-induced bone marrow suppression, oxidative stress, inflammation and apoptosis (Chen et al., 2014; HAS et al., 2019), and we found that JPBXF reversed CTX-induced HO1 and NQO1 suppressions both in mRNA and protein levels (Figures 7B–D), indicating that JPBXF alleviated CTX-induced myelosuppression through activating NRF2/HO1/NQO1 signaling pathway.




Figure 7 | JPBXF activated NRF2/HO1/NQO1 pathway. (A) Protein expressions of NRF2 in thymus or spleen tissues after treatments as design. mRNA expression levels of HO1(B) and NQO1 (C) were detected using real-time PCR analysis. (D) Images of HO1 and NQO1 protein expressions in thymus or spleen tissues were presented by immunohistochemistry. Data shown are means ± SD from day 13. *P < 0.05, **P < 0.01, ***P < 0.001 vs. Control, #P < 0.05, ##P < 0.01, ###P < 0.001 vs. CTX.





Target Prediction of Eighteen Compounds on Alleviating Myelosuppression by Network Pharmacology

We queried 3,519 genes related to myelosuppression using GeneCards database, 482 predicted target genes of compounds using BATMAN-TCM database and 582 predicted target genes of compounds using Swiss Target Prediction database. 87 of the potential targets yielded from these three database were selected for GO and KEGG analyses (Figure 8A). P < 0.05 was set as threshold criteria to identify the functional gene ontology and pathway, and Top 20 ontology and pathway were showed in Figures 8B, C. GO enrichment analysis indicated that the 87 potential targets were primarily associated with the “response to organic substance,” “response to chemical,” “multicellular organismal process,” “regulation of multicellular organismal process,” and “regulation of biological quality” terms. KEGG enrichment analysis revealed that the 87 potential targets were significantly enriched in the “Neuroactive ligand-receptor interaction,” “Pathways in cancer,” “Calcium signaling pathway” “cAMP signaling pathway” and “Vascular smooth muscle contraction” terms. The PPI network identified 14 key genes for the compounds, including AGTR2, PTGS2, MTOR, DRD2, EP300, OPRM1, AGTR1, DRD3, OPRD1, OPRK1, PPARG, PTGER3, RXRA, and TNF (Figure 8D). The three-level network consisted of 125 nodes (18 compounds, 87 genes and 20 pathways) and 552 edges. Among the 18 compounds, naringin showed the broadest effect on the target genes (38 genes). Liquiritin apioside, liquiritigenin, licoricesaponine G2, and isoliquiritin also affected 36, 35, 33, and 33 genes, respectively. Among the 87 genes, PRKCA, PRKCB and IMPDH1 were influenced by 16, 13, and 12 compounds, respectively. OPRD1, PPP2CA, ESR1, OPRM1, OPRK1, and ALOX5 were affected by 11 compounds. CNR2 was affected by 10 compounds. IMPDH2 was influenced by 9 compounds. DRD2, NR3C1 and TOP2A were affected by 8 compounds. While three targets were influenced by 7 compounds, one target was influenced by 6 compounds, ten targets were affected by 5 compounds, nine targets were affected by 4 compounds, twenty three targets were affected by 3 compounds, and the rest twenty seven were affected by only one compound.




Figure 8 | Target prediction of eighteen compounds on alleviating myelosuppression. (A) The 87 potential target genes of eighteen compounds on myelosuppression were selected using Venny. (B) Gene ontology (GO) enrichment analysis of 87 selected genes performed by Database for Annotation, Visualization and Integrated Discovery (DAVID) and visualized by Omicshare. (C) KEGG enrichment analysis of 87 selected genes performed by DAVID and visualized by Omicshare. (D) The protein-protein interaction (PPI) network of 87 selected genes constructed by the STRING database. (E) The compound-target-pathway network was constructed and visualized by Cytoscape.






Discussion

TCMs are widely used in Asian countries, especially China, Japan and Korea. With the development of medicine, Chinese medicine is gradually accepted by western countries (Dobos and Tao, 2011). Given the ability of alleviating chemotherapy-induced side effects, TCMs complementary treatment is widely adopted for patients suffering from cancers (Woo et al., 2016). To be an empirical TCM formula, JPBXF has been used to ease chemotherapy-induced weakness and fatigue for cancer patients in clinic in China for decades. However, the phytochemical characterization, detail therapeutic evaluation and underline mechanism of JPBXF remain unclear.

Our study directly provides evidence that JPBXF treatments could alleviate CTX-induced myelosuppression in C57BL/6 mice as following aspects: (i) JPBXF treatments increased the number of HSCs; (ii) JPBXF treatments recovered CTX-induced blood cells reduction; (iii) JPBXF treatments reduced CTX-induced immunosuppression. Cancer patients who receive CTX-chemotherapy, often suffered side effects including myelosuppression, weight loss, asthenia, and so on (Strati et al., 2013; Que et al., 2016). In our study, JPBXF treatments could increase the number of HSCs and the expression of HSC marker C-kit (Figure 2), illustrating that JPBXF could abrogate the myelosuppression induced by CTX. On the other hand, CTX treatment could significantly reduce the number of WBCs and RBCs and the secretion levels of GM-CSF, EPO and TPO in mice, which consistent with the previous reports (Botnick et al., 1981; Jantunen et al., 2003). Expectedly, JPBXF treatments increased the number of RBCs and WBCs, and the secretion levels of EPO and GM-CSF at different degrees (Figure 3). Except for increasing blood function, JPBXF also showed great ability on reducing CTX-induced immunosuppression in C57BL/6 mice. It is reported that CTX treatment could induce immunosuppression and inhibit the generation and function of T cells (Traverso et al., 2012; Salva et al., 2014). CD3, CD4, and CD8a are the most abundant immunity T cell in the PBMCs (Sedgmen et al., 2013). We found that the expressions of CD3, CD4, and CD8a in PBMCs were decreased by CTX, while JPBXF abrogated the decrease expressions of CD3, CD4 and CD8a (Figure 4). Furthermore, thymus and spleen are two main immune organs that play important roles in cellular and humoral immunity. Thymus and spleen functions can be inhibited by CTX treatment (Zhao et al., 2009). In the present study, we found that thymic atrophy and splenatrophy were obvious after CTX treatment. To the contrary, thymus and spleen index increased after JPBXF treatments (Figures 5A and 6A). In addition, CTX-induced structure damages, including cortex, medulla and thymic corpuscle in thymus and white pulp atrophy, hemorrhage and necrosis in spleen, were recovered by JPBXF treatments (Figures 5B and 6B).

Our data also revealed that JPBXF alleviated CTX-induced myelosuppression through activating NRF2/HO1/NQO1 signaling pathway. It is reported that NRF2 deficiency deteriorated CTX-induced myelosuppression, while activation of NRF2 mitigates CTX -induced myelosuppression (Que et al., 2016). The up-regulation of HO1 or NQO1 could resist to CTX-induced bone marrow suppression, oxidative stress, inflammation and apoptosis (Chen et al., 2014; HAS et al., 2019). We observed that JPBXF treatment notably reversed CTX-induced NRF2 suppressions both in thymus and spleen, subsequently, recovered the expression of HO1 and NQO1 both in mRNA and protein levels (Figure 7), indicating that JPBXF alleviated CTX-induced myelosuppression through activating NRF2/HO1/NQO1 signaling pathway.

In our study, JPBXF aqueous extract showed great ability in alleviating CTX-induced myelosuppression in C57BL/6 mice. However, the main chemical constituents in JPBXF aqueous extract and the underline mechanisms of the main compounds on alleviating CTX-induced myelosuppression are still unclear. Herein, we identified main chemical constituents of JPBXF aqueous extract using UHPLC/MS/TOF and confirmed that the main constituents in JPBXF extracts are paeonol, liquiritin apioside, liquiritin, acteoside, naringin, isoacteoside, hesperidin, isoliquiritin apioside, isoliquiritin, licoricesaponine A3, liquiritigenin, calycosin, licoricesaponine G2, glycyrrhizic acid, formononetin, glycycoumarin, 4-gingerol, and licoisoflavone B (Figure 1 and Table 1). We also try to explain the underline mechanism by which 18 compounds on alleviating CTX-induced myelosuppression using bioinformatics analysis and found that 87 potential targets were primarily associated with the “response to organic substance,” “response to chemical,” “multicellular organismal process,” “regulation of multicellular organismal process,” and “regulation of biological quality” terms by targeting multi-protein network, such as “Neuroactive ligand-receptor interaction,” “Pathways in cancer,” “Calcium signaling pathway” “cAMP signaling pathway,” and “Vascular smooth muscle contraction”. Combining with the PPI network and the three-level network results, 24 identified genes, including AGTR2, PTGS2, MTOR, DRD2, EP300, OPRM1, AGTR1, DRD3, OPRD1, OPRK1, PPARG, PTGER3, RXRA, TNF, PRKCA, PRKCB, IMPDH1, PPP2CA, ESR1, ALOX5, CNR2, IMPDH2, NR3C1, and TOP2A (Figure 8), might be the key targets of 18 compounds in alleviating CTX-induced myelosuppression. To confirm these prediction results, more researches will be conducted in the future.

In conclusion, JPBXF can greatly reverse CTX-induced myelosuppression in C57BL/6 mice, especially in improving the blood and immune function through activating NRF2/HO1/NQO1 signaling pathway, which provides a reliable reference for JPBXF application in clinical. By recognizing 18 compounds in JPBXF aqueous extract and predicting the underline mechanism, our study would provide theoretical guidance for further research of JPBXF.
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Objective

The aim of this study was to eluc\idate the preventive and therapeutic effects and the underlying mechanisms of Huoxue Huatan Decoction (HXHT) on myocardial ischemia/reperfusion (I/R) injury in hyperlipidemic rats.



Methods

An I/R model was established in hyperlipidemic Wistar rats. After 4–8 weeks of HXHT treatment, the physical signs of rats were observed. Lipid metabolism, myocardial enzyme spectrum, cardiac function, myocardial histomorphology, and mitochondrial biosynthesis were investigated by a biochemical method, ultrasonography, electron microscopy, pathological examination, real-time PCR, and Western blot.



Results

HXHT can affect lipid metabolism at different time points and significantly reduce the levels of cholesterol (CHO), triglyceride (TG), high-density lipid-cholesterol (HDL-C), and low-density lipid-cholesterol (LDL-C) in hyperlipidemic rats (P < 0.05 or P < 0.01); it can significantly reduce the levels of creatine kinase-MB (CK-MB) and lactate dehydrogenase (LDH), reduce the myocardial infarct size and myocardial ischemic area, and improve cardiac function. The results of myocardial histomorphology showed that HXHT could protect myocardial cells, relieve swelling, reduce the number of cardiac lipid droplets, and improve myocardial mitochondrial function. HXHT could significantly increase the levels of total superoxide dismutase (T-SOD) and succinate dehydrogenase (SDH) (P < 0.05 or P < 0.01), increase CuZn-superoxide dismutase (CuZn-SOD) and glutathione-peroxidase (GSH-Px) levels, and decrease the levels of malondialdehyde (MDA) (P < 0.05); it could increase the mRNA and protein expression levels of peroxisome proliferator-activated receptor-gamma coactivator 1 alpha (PGC-1α), peroxisome proliferator-activated receptor alpha (PPARα), nuclear respiratory factor 1 (NRF1), and mitochondrial transcription factor A (mtTFA) (P < 0.05 or P < 0.01), and increase the synthesis of mitochondrial DNA (mtDNA) (P < 0.01).



Conclusion

HXHT can reduce myocardial I/R injury in hyperlipidemic rats. The protective mechanisms may involve a reduction in blood lipids, enhancement of PGC-1α–PPARα pathway activity, and, subsequently, an increase in fatty acid β-oxidation, which may provide the required input for mitochondrial energy metabolism. HXHT can additionally enhance PGC-1α–NRF1–mtTFA pathway activity and, subsequently, increase the antioxidant capacity, promote mtDNA synthesis, and reduce mitochondrial damage. The two pathways use PGC-1α as the intersection point to protect mitochondrial structure and function, reduce I/R-induced injury, and improve cardiac function.





Keywords: Huoxue Huatan Decoction, hyperlipidemia, ischemia/reperfusion (I/R), mitochondria, PGC-1α


Coronary heart disease refers to heart disease caused by hypoxia and ischemia of the myocardium due to arterial obstruction or stenosis, which is a common type of disease caused by coronary atherosclerosis (Benjamin et al., 2018). Hyperlipidemia is closely related to the risk of coronary heart disease. At present, 50.0% of patients in China have hypertension, of whom 37.5% have coronary heart disease and more than 30.0% have peripheral arterial disease (Chen et al., 2014). The risk factors of cardiovascular disease can be broadly divided into two categories, i.e., intervenable and non-intervenable. Intervenable factors include lifestyle (smoking, blood pressure, blood sugar, and cholesterol) and medication, non-intervenable factors include age, gender, race, and family history (Derosa et al., 2020).

A high-fat diet, as a common intervenable factor, can lead to lipid accumulation, induce the inflammatory response, promote atherosclerosis, and accelerate the development of cardiovascular diseases (Cao et al., 2018). Specifically, a high-fat diet can increase plasma low-density lipoprotein (LDL) levels. LDL is oxidized and modified into oxidized LDL (Ox-LDL). Monocytes take up Ox-LDL, and the expression of adhesion molecules increases. A high-fat diet promotes the conversion of monocytes into foam cells, which is a key step in the development of atherosclerosis (Henning et al., 2018). Chronic arterial inflammation plays an important role in the pathogenesis of atherosclerosis. The secretion of atherogenic cytokines induces the expression of endothelial adhesion molecules, which mediate the attachment of monocytes and lymphocytes (Ham et al., 2019). Atherosclerosis results in thickening of the vessel wall and a reduction of lumen diameter and blood flow. The current guidelines mainly focus on the treatment of hyperlipidemia, with LDL and cholesterol levels as the main indicators (Okopień et al., 2016), and the ultimate goal is to reduce the risk of atherosclerotic cardiovascular disease. The main ways of lowering lipids are lifestyle regulation and pharmacological lipid-lowering. Studies have shown that reducing LDL-cholesterol (LDL-C) and triglyceride (TG) levels, reducing the intake of saturated fatty acids and refined carbohydrates, and increasing the intake of fruits, vegetables, cereals, and low-fat dairy products can reduce the risk of cardiovascular events and prevent coronary plaque progression. It is important to focus on whole foods and eating habits to successfully reduce the risk of cardiovascular disease (Alissa and Ferns, 2017; Welty, 2020). Pharmacological treatment is still mainly based on statins and targeted at LDL-C (Han et al., 2019).

Traditional Chinese medicine has a rich clinical history of coronary heart disease and dyslipidemia treatment. Coronary heart disease accompanied by elevated blood lipids or obesity is classified as coronary heart disease with phlegm–blood stasis syndrome, and both TG and LDL-C levels are significantly increased in patients with coronary heart disease with phlegm–blood stasis syndrome (Wang et al., 2008). The only patented medicines for the treatment of coronary heart disease with phlegm–blood stasis syndrome in China are Danlou tablets (The cardiovascular disease branch of China Association of Chinese Medicine, 2019). Mitochondria, as semi-autonomous organelles, are known as “enzyme bags” and “power plants.” They are the main sites for the biological oxidation of sugars, proteins, and fats. Myocardial cells have a high demand for energy, and mitochondria account for approximately 40% (m/m) of cardiomyocytes. Abnormal structure and function of mitochondria directly affect myocardial energy metabolism, oxidative stress, ion uptake and release, and apoptosis (Goldenthal, 2016).

Huoxue Huatan Decoction (HXHT) is a commonly prescribed medicine for the treatment of coronary heart disease with phlegm–blood stasis syndrome, and has been used clinically for more than 20 years. It is composed of Salvia miltiorrhiza Bunge, Astragalus mongholicus Bunge, Panax notoginseng (Burkill) F.H. Chen, Ginkgo biloba L., Trichosanthes kirilowii Maxim., Allium macrostemon Bunge, and Ziziphus jujuba Mill. HXHT has the effects of invigorating qi and activating blood, resolving phlegm, and removing blood stasis.

The main components of S. miltiorrhiza Bunge are tanshinone IIA and S. miltiorrhiza polyphenols, which have antioxidant, anti-inflammatory, anticoagulant, anti-atherosclerosis, and vasodilator effects. They can also protect the myocardium and vascular endothelium, reduce adipogenesis, and reduce the proliferation and migration of vascular smooth muscle cells (Ren et al., 2019; Yuan et al., 2020). Astragaloside IV is the main active ingredient of A. mongholicus Bunge. It has protective effects on ischemic injury and cardiovascular disease. It has anti-inflammatory, immunomodulatory, and antioxidant effects, and exerts cardioprotective effects through multiple signaling pathways (Li et al., 2017). The main active ingredient of P. notoginseng (Burkill) F.H. Chen is P. notoginseng saponins, and its pharmaceutical preparations, such as Xueshuantong, Xuesaitong, and Naodesheng, are widely used and have cardiovascular protective effects. P. notoginseng saponins can reduce the formation of atherosclerotic lesions (Liu et al., 2019; Liu et al., 2020). G. biloba L. can effectively improve metabolic syndrome, diabetes, hypertension, and dyslipidemia, reduce the risk of cardiovascular disease (Eisvand et al., 2020), and alleviate vascular aging-related dysfunction (Li et al., 2020). T. kirilowii Maxim. and A. macrostemon Bunge often appear as a pair in commonly used drugs, which are essential for the treatment of angina pectoris, heart failure, and myocardial infarction. T. kirilowii Maxim. can protect the myocardium and endothelial cells, eliminates phlegm, and has anti-oxidation, anticoagulation, and anti-inflammatory effects (Yu et al., 2018). A. macrostemon Bunge is a potential drug to treat hyperglycemia, hyperlipidemia, and visceral obesity (Xie et al., 2008), and can also reduce myocardial ischemic injury by regulating abnormal energy metabolism (Li et al., 2014). Z. jujuba Mill. has sedative and hypnotic effects, and it is clinically used to treat insomnia, forgetfulness, and dizziness. In addition, it also has anti-inflammatory, anti-oxidation, blood pressure-lowering, and blood lipid-lowering effects (He et al., 2020), and it can protect myocardial cells from acute cardiac ischemia/reperfusion (I/R) injury (Gu et al., 2019). The compatibility of the whole prescription is reasonable, it has immune regulatory effects, and it can protect myocardial cells from ischemia and hypoxia. Previous clinical and experimental studies have shown that this prescription can significantly improve the clinical symptoms of patients with coronary heart disease with phlegm–blood stasis syndrome, with good safety (Li, 2016; Zhang et al., 2016).

Therefore, in this study, we analyze the effects of HXHT on myocardial I/R injury in hyperlipidemic rats from the perspectives of lipid metabolism, the myocardial enzyme spectrum, myocardial histomorphology, and myocardial infarct size. In addition, the underlying mechanisms of HXHT in preventing and treating myocardial I/R in hyperlipidemic rats are studied from the perspectives of myocardial mitochondrial function and the expression of genes related to mitochondrial biogenesis.


Materials and Methods


Preparation of Experimental Drugs

HXHT was provided by the Pharmacology Laboratory of Traditional Chinese Medicine, Guang’anmen Hospital, China Academy of Chinese Medical Science. It is composed of S. miltiorrhiza Bunge (17.4%, Specimen ID 33873, product batch number 140381391), A. mongholicus Bunge (7.0%, Specimen ID 106823, product batch number 140581231), P. notoginseng (Burkill) F.H. Chen (17.4%, Specimen ID 69689, product batch number 140581091), G. biloba L. (11.6%, Specimen ID 4988, product batch number 140581421), T. kirilowii Maxim. (17.4%, Specimen ID 15439, product batch number 140281611), A. macrostemon Bunge (17.4%, Specimen ID 50154, product batch number 140580301), and Z. jujuba Mill. (11.6%, Specimen ID 27570, product batch number 140581941) (Table 1). All of the medicinal names have been unified using the Kew Medicinal Plant Names Service. All of the specimens have been deposited in the Chinese National Herbarium, Institute of Botany, Chinese Academy of Sciences (20 Nanxincun, Xiangshan, Beijing 100093, China). All of the medicinal materials were provided by Beijing Kangmei Pharmaceutical Co., Ltd. (Beijing, China).


Table 1 | The composition of traditional Chinese medicine in Huoxue Huatan Decoction (HXHT).



S. miltiorrhiza Bunge was extracted 10 times with 60% ethanol through heating reflux twice, each time for 1.5 h. The ethanol was recovered from the extract and concentrated to thick paste (50°C, density 1.20 g/cm³) under reduced pressure, and the concentrated solution was separated twice using an AB-8 macroporous adsorption resin column (Tianjin NANDA Resin Technology Co., Ltd.), where 50% ethanol of the same volume as the column bed was used for elution. The eluate was concentrated into a thick paste (50°C, density 1.20 g/cm³), and dried in vacuum at 60°C to obtain the S. miltiorrhiza Bunge extract. The leaves of Ginkgo biloba L. were extracted 8 times with 60% ethanol through heating reflux twice, each time for 2 h. After vacuum concentration, the concentrated solution was separated three times using an AB-8 macroporous adsorption resin column, where 70% ethanol of the same volume as the column bed was used for elution. The eluate was concentrated into a thick paste (50°C, density 1.20 g/cm³), and dried in vacuum at 60°C to obtain the Ginkgo biloba L. extract. Then 10 volumes of water were added to the remaining material, and the medicine was extracted twice, concentrated (50°C, density 1.20 g/cm³), and dried in vacuum at 60°C. Finally, all the extracts were crushed and mixed to obtain the HXHT extract.

The contents of active ingredients were 12.66% for tanshinone IIA, 9.25% for cryptotanshinone, 34.51% for salvianolic acid B, 5.30% for salvianolic acid A sodium, 1.64% for rosmarinic acid, 0.66% for protocatechuic aldehyde, 1.02% for ginsenoside Rg1, 0.90% for ginsenoside Rb1, 0.20% for notoginsenoside R1, 0.12% for ginsenoside Re, 25.81% for G. biloba total flavonols, 7.01% for G. biloba total lactones, 0.29% for the total saponins of Z. jujuba Mill., 0.10% for calycosin glucoside, and 0.10% for astragaloside IV (Lin, 2015). All of the components were tested by HPLC (Agilent 1100, Agilent Technologies, Inc., CA, USA). The conditions for the measurement of all of the components and HPLC spectra are shown in Figures 1–23 in Part 1 of the Supplementary Materials. As positive controls, we used a traditional Chinese medicine (Danlou tablets, 0.3 g/tablet, product batch number: 20140605, Jilin Cornell Pharmaceutical Co., Ltd.) and a Western medicine (Atorvastatin calcium tablets, 20 mg/tablet, product batch number: J28283, sub-packaging batch number: J70319, Pfizer Pharmaceuticals LLC, Pfizer Pharmaceutical Co., Ltd., imported sub-packages).



Wistar Rats

Male SPF Wistar rats (N = 168, weight 140 ± 10 g) were provided by Beijing Vital River Laboratory Animal Technology Co., Ltd., production license No. SCXK (Beijing) 2012-0001. The research protocol was approved by the Animal Ethics Committee of Guang’anmen Hospital of China Academy of Chinese Medicine (No. 2015EC035-02). In accordance with the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health (Bethesda, MD, USA), they were raised indoors by the Animal Feeding Center of Guang’anmen Hospital, China Academy of Chinese Medical Sciences, at a constant temperature and with good ventilation, and they were fed with standard feed, with free access to food and water.



Preparation of High-Fat Feed

The high-fat feed contained 78.8% of ordinary feed, 1% of cholesterol, 10% of yolk powder, 10% of lard, and 0.2% of bile salt (People’s Republic of China Ministry of Health, 2003). The nutritional composition of high-fat feed, provided by Beijing Huafukang Biotechnology Co., Ltd., is shown in Table 2.


Table 2 | Nutrient composition of high-fat feed.





Establishment of the I/R Injury Model in Hyperlipidemic Animals

After 3 days of quarantine, Wistar rats were randomly divided into the following seven groups (n = 24 rats per group): (i) healthy control group (Normal), (ii) hyperlipidemia model group (Model), (iii) Western medicine (Atorvastatin calcium tablets, 3.33 mg/kg) positive control group (Control A), (iv) traditional Chinese medicine (Danlou tablets, 0.75 g/kg) positive control group (Control B), (v) high-dose HXHT (3.6 g/kg, equivalent to 20.06 g/kg of the original medicinal material) group (HXHT-H), (vi) medium-dose HXHT (1.8 g/kg, equivalent to 10.03 g/kg of the original medicinal material) group (HXHT-M), and (vii) low-dose HXHT (0.9 g/kg, equivalent to 5.02 g/kg of the original medicinal material) group (HXHT-L). The calculation was based on the body surface area of humans and rats. HXHT was suspended in a 0.5% sodium carboxymethylcellulose aqueous solution (carboxymethyl cellulose nanoparticles, size 300–800 mpa·s, batch number: 20081023, manufacturer Sinopharm Chemical Reagent Co., Ltd.).

The Normal group was fed with ordinary feed, and the other groups were fed with high-fat feed. The rats were kept indoors with four animals per cage, at a constant temperature and under good ventilation, and they were fed with standard feed, with free access to food and water. After 4 weeks of feeding, the serum TG and LDL levels in all six high-fat groups were significantly increased compared with the Normal group. The Model group and the five treatment groups were appropriately adjusted according to the statistical results of cholesterol (CHO) and LDL levels, so that the mean values were as similar as possible. After these initial 4 weeks (t = 0), rats from the treatment groups were administered once a day a volume of 10 ml/kg for 4 or 8 weeks. The Normal and Model groups were simultaneously treated with an equal amount of 0.5% sodium carboxymethyl cellulose aqueous solution (10 ml/kg). Blood samples were collected from the eyeballs at the 4th, 6th, and 8th weeks to analyze biochemical indicators of blood lipids.

To establish the I/R model, the left anterior descending coronary artery of rats was ligated for 40 min (Liu et al., 2011; Du et al., 2014) and the blood flow was restored for 2 h, at the 4th and 8th weeks. The specific method was as follows.

① After weighing the rats, they were anesthetized with 10% chloral hydrate (330 mg/kg) (product batch number: 20130201, Sinopharm Chemical Reagent Co., Ltd.) by intraperitoneal injection. The rats were fixed on the operating table, the skin was prepared for disinfection, the tracheal tube was inserted, and the physiological signal acquisition system was connected.

② After tracheal intubation, the small animal ventilator was connected with a ventilator frequency of 70 breaths/min, a tidal volume of 8 ml, and a respiratory ratio of 1:3 for assisted respiration.

③ The third rib was cut at 0.5 cm from the left sternal border, the musculature was dissected, the thorax was opened with an eyelid opener to expose the heart, the needle was inserted 2−3 mm from the lower edge of the left atrial appendage with a 3/8 round needle pierced with a 4-0 suture and hooked around the main trunk of the left anterior descending coronary artery, and the needle was withdrawn from the pulmonary conus. A polyethylene tube was cut and placed between the two sutures, the sutures were tightened to form a closed loop, and reperfusion occurred by cutting the sutures 40 min later.

④ Successful criteria of model establishment were the following: the ST segment arch was elevated after ligation; the color of the ligation site was grayish or cyanotic; the ST segment regressed or was elevated after reperfusion; or the color of the ligation site changed from grayish to normal bright red.

⑤ During the whole process of myocardial I/R, a PowerLab physiological signal acquisition system was used to monitor electrocardiograms (ECGs) intermittently, and ECGs were continuously recorded before and after coronary artery ligation and after reperfusion. ST elevation was closely observed and recorded at the same time.



Detection of Biochemical Indicators of Blood Lipids in Rats

Blood samples were collected from the retro-orbital venous plexus of the rats before treatment (at t = 0) and after 4, 6, and 8 weeks. Blood samples were stored at room temperature for 30 min and centrifuged at 3,000 rpm for 15 min to obtain serum. Four biochemical indicators of blood lipids were measured. The detection of CHO was performed using an enzymatic method (batch number: AUZ1433); the GPO-POD method was used for detection of TG (batch number: OSR61118E); high-density lipoprotein-cholesterol (HDL-C) levels were measured by an enzymatic method (batch number: OSR6287); and LDL-C levels were measured using an LDL-C enzymatic colorimetric assay kit (batch number: OSR6283), These kits were provided by Beckman Coulter Laboratories (Suzhou) Co., Ltd.



Detection of CK-MB and LDH

Hyperlipidemic rats were anesthetized with 10% chloral hydrate (280 mg/kg) after 4 and 8 weeks, the skin was prepared, the trachea was intubated and connected to a ventilator, the chest was opened, the left coronary artery was ligated with a 4-0 sterile suture for 40 min, and perfusion was restored, while performing ECG monitoring. After 2 h of reperfusion, blood was collected from the intraocular canthus, stored for 30 min at room temperature, and centrifuged at 3,000 rpm for 15 min to obtain serum. The serum was diluted 20 times with purified water, and the creatine kinase-MB (CK-MB) and lactate dehydrogenase (LDH) levels were measured with an AU640 automatic biochemical analyzer. LDH was detected with an LDH lactate substrate assay kit (batch number: AUZ1443, Beckman Coulter Laboratories (Suzhou) Co., Ltd.); CK-MB was detected with a CK-MB enzymatic immunosuppression test kit (batch number: OSR61155, Beckman Coulter Laboratories (Suzhou) Co., Ltd.).



Cardiac Function

After 4 or 8 weeks, the left coronary artery was ligated for 40 min, and reperfusion was allowed for 2 h. The rats were anesthetized with 10% chloral hydrate (280 mg/kg), prepared for skin disinfection, and fixed on the back. The left ventricular ejection fraction (LVEF), left ventricular end-diastolic inner diameter (LVIDd), left ventricular end-systolic inner diameter (LVIDs), and other cardiac function parameters were measured by DW-350 B-mode echocardiography (Dawei Electronic Equipment Co. Ltd., Xuzhou, JS, CHN).



Calculation of Infarct Area and Ischemic Area

After 4 or 8 weeks, hyperlipidemic rats were anesthetized with 10% chloral hydrate (280 mg/kg), the left coronary artery was ligated for 40 min, and reperfusion was allowed for 2 h. The thoracic cavity was opened, the heart was exposed, the left anterior branch of the coronary artery was re-ligated along the suture, and 0.5% Evans blue (Yang et al., 2009) was intravenously injected in the left lung. The heart was stained blue about 2 min later. The heart was removed, rinsed with normal saline, frozen at −20°C, stained, and photographed using TTC. For statistical analysis, the Evans blue-stained blue area was considered as the normal area, the TTC-stained red area as the ischemic area, and the grayish white area as the infarct area. Photographs were taken with Canon PowerShot A2600 (after 4 weeks) and L2035AW Pioneer (after 8 weeks) cameras, and the myocardial ischemic, infarct, and global areas were analyzed with Image-Pro Plus 6.0 software. The ratio of the ischemic area to the global area and the ratio of the infarct area to the global area were calculated.



Standard Operating Procedures for Pathological Staining

After 8 weeks, rats in the Normal, Model, Control A, and HXHT-M groups with better pharmacodynamic results were selected for histomorphological and molecular biological mechanism studies based on the previous experimental results. Rats in each group were subjected to myocardial ischemia for 40 min. After 2 h of reperfusion, they were anesthetized with 10% chloral hydrate mixture (280 mg/kg) and thoracotomy was performed. The hearts of the rats were removed and placed on ice, and 3 × 3 mm sized samples from the apical site were rapidly taken and fixed with 3% glutaraldehyde for sectioning. The mitochondrial ultramicrostructure in the infarct tissue was observed by transmission electron microscopy, with the assistance of the Peking University School. The 0.3 cm of myocardium below the ligature was fixed with 4% paraformaldehyde for He staining (Chen et al., 2018), another ~0.3 cm of myocardium was rapidly frozen for Oil Red O staining (Wen et al., 2019), and the rest was stored in a −80°C freezer.



Detection of Oxidative Stress Indicators

After 8 weeks, after myocardial ischemia for 40 min and reperfusion for 2 h, and after anesthesia with 10% chloral hydrate (280 mg/kg), about 5 ml of blood was collected from the abdominal aorta. The artery was immediately clamped with the hemostatic forceps. The blood was allowed to stand for 40 min and centrifuged at 3,500 rpm for 10 min, and the serum was separated and stored in a −80°C freezer until analysis. The myocardial tissue samples were collected as described in the part of Standard Operating Procedures for Pathological Staining. The contents of malondialdehyde (MDA), total superoxide dismutase (T-SOD), CuZn-superoxide dismutase (CuZn-SOD), and glutathione peroxidase (GSH-Px) in rat serum and reactive oxygen species (ROS), succinate dehydrogenase (SDH), and cytochrome c oxidase (COX) in myocardial tissue were measured following the manufacturers’ instructions of the respective kits (MDA kit, batch number: 20150118, T-SOD kit, batch number: 20150312, Nanjing Jiancheng Biotechnology Co., Ltd.; CuZn-SOD kit, batch number: 20150204, Shanghai Youniko Co., Ltd.; GSH-Px kit, batch number: 20150206, Shanghai Youniko Co., Ltd.; ROS kit, batch number: GMS10096.2, Shanghai Jiemei Biological Gene Pharmaceutical Technology Co., Ltd.; SDH kit, batch number: 20150116, Nanjing Jiancheng Biotechnology Co., Ltd.; and COX kit, batch number: GMS10014.3.2, Shanghai Jiemei Biological Gene Pharmaceutical Technology Co., Ltd.).



Detection of Protein, mRNA, and mtDNA

The protein expression levels of peroxisome proliferator-activated receptor-gamma coactivator 1 alpha (PGC-1α), peroxisome proliferator-activated receptor alpha (PPARα), nuclear respiratory factor 1 (NRF1), and mitochondrial transcription factor A (mtTFA) were measured by Western blot (Chen et al., 2018). The specific methods and steps are shown in Part 2 of the Supplementary Materials. The following antibodies were used: anti-PGC-1α (batch number: ab54481), anti-PPARα (batch number: ab8934), anti-NRF1 (batch number: ab175932), and anti-mtTFA (mitochondrial marker, batch number: ab131607) were provided by Abcam (Cambridge, UK); anti-β-actin (batch number: TA-09) was supplied by Beijing Zhongshan Jinqiao Biotechnology Co., Ltd. (Beijing, China). The mRNA expression levels of PGC-1α, PPARα, NRF1, and mtTFA were measured by real-time PCR (RT-PCR) (Mocker et al., 2019). The specific methods and steps are shown in Part 3 of the Supplementary Materials. Mitochondrial DNA (mtDNA) was detected using the PCR-fluorescent probe method (Liu et al., 2016). The specific methods and steps are shown in Part 4 of the Supplementary Materials.



Statistical Analysis

SPSS 17.0 software was used for statistical analysis. The data are expressed as mean ± standard deviation  . One-way analysis of variance (ANOVA) or the Student’s t-test was used for comparison between groups. Statistical results were considered to be statistically significant at P < 0.05. The area of myocardial infarction was analyzed with Image-Pro Plus 6.0 software, and the results were statistically analyzed with SPSS 17.0 software.




Results


Observation of Physical Signs

The body weight of rats in the Model group and the treatment groups was higher than that of rats in the Normal group, but this difference was not statistically significant. No abnormalities were found in mental status, physical activity, respiration, coat color, facial features, genitalia, food intake, urine, and feces.



CHO Analysis

After 4 weeks of feeding with the high-fat diet (at t = 0), CHO levels were significantly higher in the Model group and the treatment groups than in the Normal group (P < 0.01), confirming the hyperlipidemic rat model was established successfully. The CHO serum levels were not significantly reduced in the Control A and B groups compared with the Model group during treatment (P > 0.05), although a decreasing trend was observed. HXHT-H could reduce CHO serum levels to different extents after 4, 6, and 8 weeks; after 6 and 8 weeks, the difference between the HXHT-H group and the Model group was statistically significant (P < 0.05 or P < 0.01). After 8 weeks, the HXHT-H, HXHT-M, and HXHT-L groups showed reductions in CHO levels of 30%, 21%, and 16%, respectively (Figure 1). In conclusion, HXHT significantly reduced CHO levels compared with Controls A and B.




Figure 1 | Effects of Huoxue Huatan Decoction (HXHT) on cholesterol (CHO) serum levels in hyperlipidemic rats  . The num ber of animals per group at 4 weeks is n = 24; the number of animals per group at 8 weeks is n = 16. bP < 0.01 compared with the Normal group; cP < 0.05, dP < 0.01 compared with the Model group. HXHT, Huoxue Huatan Decoction; CHO, cholesterol.





TG Analysis

After 4 weeks of high-fat feed (at t = 0), the TG serum levels were significantly higher in the Model group than in the Normal group (P < 0.01). The TG levels in the treatment groups were lower than in the Model group, but this difference was not statistically significant (P > 0.05). After 6 weeks of treatment, TG levels in the treatment groups were significantly lower. TG levels in the Control A and B groups had decreased by 21% and 18%, respectively (P < 0.01). TG levels in the HXHT-H, HXHT-M, and HXHT-L groups had decreased by 28% (P < 0.01), 20% (P < 0.01), and 10% (P < 0.05), respectively. In all of the treatment groups except for HXHT-H group, TG levels were lower after 8 weeks than after 6 weeks (P < 0.01; Figure 2). HXHT significantly reduced TG levels compared with Controls A and B, and there was no significant difference among the three HXHT groups.




Figure 2 | Effects of Huoxue Huatan Decoction (HXHT) on triglyceride (TG) serum levels in hyperlipidemic rats  . The number of animals per group at 4 weeks is n = 24; the number of animals per group at 8 weeks is n = 16. bP < 0.01 compared with the Normal group; cP < 0.05, dP < 0.01 compared with the Model group. HXHT, Huoxue Huatan Decoction; TG, triglyceride.





HDL-C Analysis

After 4, 6, and 8 weeks, HDL-C levels were significantly higher in the Model group than in the Normal group (P < 0.01). In all three HXHT groups, after 8 weeks, HDL-C levels were significantly lower than in the Model group (P < 0.05), and no significant changes were observed among the other groups (Figure 3). The reduction of HDL-C levels after 8 weeks of HXHT administration was significantly stronger than that in the Control A and Control B groups.




Figure 3 | Effects of Huoxue Huatan Decoction (HXHT) on high-density lipid-cholesterol (HDL-C) serum levels in hyperlipidemic rats  . The number of animals per group at 4 weeks is n = 24; the number of animals per group at 8 weeks is n = 16. bP < 0.01 compared with the Normal group; cP < 0.05 compared with the Model group. HXHT, Huoxue Huatan Decoction; HDL-C, high-density lipid-cholesterol.





LDL-C Analysis

Before treatment (at t = 0) and after 4, 6, and 8 weeks, LDL-C levels were increased to different extents in the Model group and the treatment groups compared with the Normal group (P < 0.05 or P < 0.01), confirming the hyperlipidemic rat model was established successfully.

LDL-C levels in all of the treatment groups began to decrease after 4 weeks compared with the Model group. After 8 weeks, LDL-C levels were significantly decreased in the Control A group (P < 0.05), while LDL-C levels in the Control B group exhibited no significant change (P > 0.05). LDL-C levels in the HXHT-H, HXHT-M, and HXHT-L groups had decreased by 47% (P < 0.01), 30% (P < 0.01), and 16% (P < 0.05), respectively. HXHT and Control A significantly reduced LDL-C levels compared with Control B after 8 weeks of administration (Figure 4).




Figure 4 | Effects of Huoxue Huatan Decoction (HXHT) on low-density lipid-cholesterol (LDL-C) serum levels in hyperlipidemic rats  . The number of animals per group at 4 weeks is n = 24; the number of animals per group at 8 weeks is n = 16. aP < 0.05, bP < 0.01 compared with the Normal group; cP < 0.05, dP < 0.01 compared with the Model group. HXHT, Huoxue Huatan Decoction; LDL-C, low-density lipid-cholesterol.





CK-MB and LDH Analysis

After 4 and 8 weeks, CK-MB levels after I/R injury were significantly higher in the Model group than in the Normal group (P < 0.05 or P < 0.01). CK-MB levels were significantly lower in the Control A, HXHT-H, and HXHT-M groups than in the Model group (P < 0.05 or P < 0.01). No significant differences were observed for other groups (P > 0.05; Figure 5). After 4 and 8 weeks, LDH serum levels after I/R injury were significantly higher in the Model group than in the Normal group (P < 0.01). LDH levels were significantly lower in the Control A, HXHT-H, and HXHT-M groups than in the Model group (P < 0.05 or P < 0.01). No significant changes were observed for the remaining groups (P > 0.05; Figure 6). HXHT and Control A controlled CK-MB and LDH levels significantly better than Control B after 4 and 8 weeks of administration.




Figure 5 | Effects of Huoxue Huatan Decoction (HXHT) on creatine kinase-MB (CK-MB) serum levels in hyperlipidemic ischemia/reperfusion (I/R) rats .  The number of animals per group at 4 weeks is n = 24; the number of animals per group at 8 weeks is n = 16. aP < 0.05, bP < 0.01 compared with the Normal group; cP < 0.05, dP < 0.01 compared with the Model group.






Figure 6 | Effects of Huoxue Huatan Decoction (HXHT) on lactate dehydrogenase (LDH) serum levels in hyperlipidemic ischemia/reperfusion (I/R) rats  . The number of animals at 4 weeks is nNormal = 8; nModel = 7; nControl A = 7; nControl B = 8; nHXHT-H = 7; nHXHT-M = 8; nHXHT-L = 8. The number of animals at 8 weeks is nNormal = 16; nModel = 15; nControl A = 16; nControl B = 15; nHXHT-H = 16; nHXHT-M = 16; nHXHT-L = 15. bP < 0.01 compared with the Normal group; cP < 0.05, dP < 0.01 compared with the Model group. HXHT, Huoxue Huatan Decoction; CK-MB, creatine kinase-MB; LDH, lactate dehydrogenase; I/R, ischemia/reperfusion.





Analysis of Cardiac Function

After 4 weeks and I/R, no significant changes in LVEF, LVIDd, and LVIDs were observed in any group (Figures 7–10). After 8 weeks and 2 h of I/R, the LVEF, LVIDd, and LVIDs of rats in the Model group were significantly lower than in the Normal group (P < 0.05); the cardiac function of rats in all of the treatment groups was significantly better than in the Model group (P < 0.05 or P < 0.01). HXHT, Control A, and Control B significantly improved cardiac function, especially HXHT-M.




Figure 7 | B-ultrasound of hyperlipidemic ischemia/reperfusion (I/R) rats.






Figure 8 | Effects of Huoxue Huatan Decoction (HXHT) on left ventricular ejection fraction (LVEF) in hyperlipidemic ischemia/reperfusion (I/R) rats  . The number of animals at 4 weeks is nNormal = 8; nModel = 7; nControl A = 7; NControl B = 8; nHXHT-H = 7; nHXHT-M = 8; nHXHT-L = 8. The number of animals at 8 weeks is nNormal = 16; nModel = 15; nControl A = 16; nControl B = 15; nHXHT-H = 16; nHXHT-M = 16; nHXHT-L = 15. aP < 0.05 compared with the Normal group; cP < 0.05 compared with the Model group.






Figure 9 | Effects of Huoxue Huatan Decoction (HXHT) on left ventricular end-diastolic inner diameter (LVIDd) in hyperlipidemic ischemia/reperfusion (I/R) rats  . The number of animals at 4 weeks is nNormal = 8; nModel = 7; nControl A = 7; NControl B = 8; nHXHT-H = 7; nHXHT-M = 8; nHXHT-L = 8. The number of animals at 8 weeks is nNormal = 16; nModel = 15; nControl A = 16; nControl B = 15; nHXHT-H = 16; nHXHT-M = 16; nHXHT-L = 15. aP < 0.05 compared with the Normal group; cP < 0.05 compared with the Model group.






Figure 10 | Effects of Huoxue Huatan Decoction (HXHT) on left ventricular end-systolic inner diameters (LVIDs) in hyperlipidemic ischemia/reperfusion (I/R) rats  . The number of animals at 4 weeks is nNormal = 8; nModel = 7; nControl A = 7; nControl B = 8; nHXHT-H = 7; nHXHT-M = 8; nHXHT-L = 8. The number of animals at 8 weeks is nNormal = 16; nModel = 15; nControl A = 16; nControl B = 15; nHXHT-H = 16; nHXHT-M = 16; nHXHT-L = 15. aP < 0.05 compared with the Normal group; cP < 0.05, dP < 0.01 compared with the Model group.





Infarct Size and Ischemic Area Analysis

After 4 weeks, the area of myocardial infarction was larger in the Model group than in the Normal group, and the myocardial infarct size was reduced to different extents in the treatment groups compared with the Model group. The reduction in the area of myocardial infarction was more significantly reduced in the HXHT-M group (P = 0.057) than in the Control A and Control B groups. After 8 weeks, the area of myocardial infarction was significantly larger in the Model group than in the Normal group (P < 0.05). The area of myocardial infarction was significantly smaller in the treatment groups than in the Model group (P < 0.05 or P < 0.01; Figure 11).




Figure 11 | Effects of Huoxue Huatan Decoction (HXHT) on myocardial infarct size and ischemic area in hyperlipidemic ischemia/reperfusion (I/R) rats  . The number of animals at 4 weeks is nNormal = 8; nModel = 7; nControl A = 7; nControl B = 8; nHXHT-H = 7; nHXHT-M = 8; nHXHT-L = 8. The number of animals at 8 weeks is nNormal = 8; nModel = 8; nControl A = 8; nControl B = 7; nHXHT-H = 8; nHXHT-M = 8; nHXHT-L = 7. aP < 0.05 compared with the Normal group; cP < 0.05, dP < 0.01 compared with the Model group. HXHT, Huoxue Huatan Decoction; I/R, ischemia/reperfusion.



After 4 weeks, the ischemic area of the Model group was slightly increased compared with the Normal group, but this difference was not statistically significant. The ischemic area in the Control A and HXHT-H groups was significantly smaller than in the Model group (P < 0.05), and was larger than that in the Control B group. After 8 weeks, no significant difference was observed between any groups. The results of our analysis of infarct size and ischemic area are presented in Figure 11.



HE Staining Analysis

After 8 weeks and I/R injury, HE staining of myocardial tissue revealed the following.

Normal group: Local myocardial cells had small focal necrosis, the arrangement of local myocardial fibers was disordered, wavy, or broken, and granular degeneration and vacuole degeneration could be observed locally. Myocardial capillaries were dilated and hyperemia was observed; inflammatory cell infiltration was observed under the epicardium.

Model group: Local myocardial cells had small focal necrosis, and the arrangement of local myocardial fibers was disordered, wavy, or broken, with varying degrees of granular degeneration and vacuolar degeneration. The myocardial interstitium was visibly widened, the myocardial capillaries were dilated, and congestion was obvious. Inflammatory cell infiltration was observed in myocardial interstitium, perivasculature, and epicardium, which was more pronounced than in the Normal group.

Control A group: Local myocardial cells had small focal necrosis, and the arrangement of local myocardial fibers was disordered, wavy, or broken, with a low degree of cell degeneration and varying degrees of granular degeneration and vacuolar degeneration. Capillary congestion, myocardial interstitial widening, and inflammatory cell infiltration were also observed, but these were milder than in the Model group.

HXHT-M group: Mild loose edema of myocardial cells was observed, with local small focal necrosis, occasional wavy myocardial fibers, slight granular degeneration and vacuolar degeneration, and inflammatory cell infiltration, which were milder than in the Model group (Figure 12).




Figure 12 | Effects of Huoxue Huatan Decoction (HXHT) on heart histopathology after myocardial ischemia/reperfusion (I/R) injury in hyperlipidemic rats (HE staining, 200×). (A) Normal control; (B) Model control; (C) Control A; (D) HXHT-M. The number of animals at 8 weeks is nNormal = 8; nModel = 7; nControl A = 8; nHXHT-M = 8. HXHT, Huoxue Huatan Decoction; I/R, ischemia/reperfusion.





Oil Red O Staining Analysis

After 8 weeks and I/R, the results of Oil Red O staining of myocardial tissue revealed the following:

Normal group: Dark red lipid droplets were occasionally observed locally and scattered in cardiomyocytes. Occasionally, the light brown lipid droplets were connected into sheets, and light brown or tan miscellaneous droplets were observed overall.

Model group: Dark red lipid droplets were often observed scattered in cardiomyocytes, which also contained larger lipid droplets. Light reddish brown lipid droplets at the epicardium were connected into sheets, and brownish red or tan miscellaneous granules were observed overall.

Control A group: Dark red lipid droplets were occasionally scattered in cardiomyocytes, with fewer lipid droplets. The whole body was light brown, but occasionally brown red was found in the folds.

HXHT-M group: Dark red lipid droplets were occasionally scattered in cardiomyocytes, with fewer lipid droplets, and the whole body was light brown. The epicardium was reddish brown, and occasionally brown red was found in the folds.

Oil Red O staining showed that there were more lipid droplets in the Model group, while there were fewer lipid droplets in the Control A and HXHT-M groups (Figure 13).




Figure 13 | Effects of Huoxue Huatan Decoction (HXHT) on heart histopathology after myocardial ischemia/reperfusion (I/R) injury in hyperlipidemic rats (Oil Red O staining, 100×). (A) Normal control; (B) Model control; (C) Control A; (D) HXHT-M. The number of animals at 8 weeks is nNormal = 8; nModel = 7; nControl A = 8; nHXHT-M = 8. HXHT, Huoxue Huatan Decoction; I/R, ischemia/reperfusion.





Analysis of Mitochondrial Ultrastructure

After 8 weeks and I/R injury, the mitochondrial ultrastructure analysis revealed the following.

Normal group: The mitochondrial ultrastructure was relatively clear and the membrane was relatively intact, but the mitochondrial cristae were vague and disordered, fused, and damaged. Some mitochondrial cristae disappeared or vacuolized, and the ruptured membranes rarely formed vesicles or vacuoles. Occasionally, disordered intercalated discs and poor continuity were observed.

Model group: Mitochondria were significantly swollen, the inner and outer membranes were obviously damaged, or even broken and dissolved, and the contents spilled. Mitochondrial cristae were vague and disordered, and some mitochondrial cristae disappeared or vacuolized. The mitochondrial matrix was blurred, and fragmented mitochondria were observed. Myofibrils were uneven in thickness, the sarcomere structure was unclear, and some myofilaments were damaged and dissolved. Some disordered intercalated discs and poor continuity were observed. Most of the myofilaments were dissolved, and the Z-line was significantly thickened extending toward the I-band.

Control A group: The mitochondrial membrane was thinned or even ruptured. The mitochondrial ridges were reduced and the ridges were blurred. Some mitochondrial cristae disappeared or vacuolized. Mitochondria were swollen, partial rhomboid cristae and longitudinal cristae were observed, and giant myocardial mitochondria, vesicles, or vacuoles formed from ruptured membranes. The intercalated discs were neat and continuous.

HXHT-M group: The ultrastructure of rat myocardial mitochondria was clear, the membrane was intact, the mitochondrial cristae were dense, the mitochondrial matrix was clear, and occasional mitochondrial cristae were blurred. The intercalated discs were neat and continuous. Mitochondria were distributed in bands and arranged neatly. The sarcomeres were well arranged.

In the Model group, mitochondria were swollen. The mitochondrial membrane was ruptured. Mitochondrial cristae fused, disappeared, or broke. These phenomena were more serious than in other groups (Figure 14).




Figure 14 | Effects of Huoxue Huatan Decoction (HXHT) on myocardial mitochondria after myocardial ischemia/reperfusion (I/R) injury in hyperlipidemic rats (transmission electron microscopy, 40,000×). (A) Normal control; (B) Model control; (C) Control A; (D) HXHT-M. The number of animals at 8 weeks is nNormal = 8; nModel = 7; nControl A = 8; nHXHT-M = 8. HXHT, Huoxue Huatan Decoction; I/R, ischemia/reperfusion.





Analysis of Oxidative Stress

After 8 weeks and I/R injury, MDA serum levels were significantly higher in the Model group than in the Normal group (P < 0.01). MDA serum levels were lower in the Control A and HXHT-M groups than in the Model group; for the HXHT-M group, this difference was statistically significant (P < 0.05).

T-SOD, CuZn-SOD, and GSH-Px levels were significantly lower in the Model group than in the Normal group (P < 0.05 or P < 0.01). T-SOD, CuZn-SOD, and GSH-Px levels were higher in the Control A and HXHT-M groups than in the Model group; for T-SOD in the HXHT-M group, this difference was statistically significant (P < 0.01).

The SDH levels in myocardial tissue after myocardial I/R were significantly lower in the Model group than in the Normal group (P < 0.05), and the SDH levels in the HXHT-M group were significantly higher than in the Model groups (P < 0.05). No significant differences in ROS and COX levels were observed between the groups (Figure 15).




Figure 15 | Effects of Huoxue Huatan Decoction (HXHT) on oxidative stress indicators in hyperlipidemic ischemia/reperfusion (I/R) rats. aP < 0.05, bP < 0.01 compared with the Normal group; cP < 0.05, dP < 0.01 compared with the Model group. The number of animals at 8 weeks is nNormal = 8; nModel = 7; nControl A = 8; nHXHT-M = 8. HXHT, Huoxue Huatan Decoction; I/R, ischemia/reperfusion.





mRNA and Protein Expression Levels of PGC-1α, PPARα, NRF1, and mtTFA

After 8 weeks and I/R injury, the mRNA and protein expression levels of PGC-1α, PPARα, NRF1, and mtTFA were significantly lower in the Model group than in the Normal group (P < 0.01). The mRNA expression levels of PGC-1α, PPARα, NRF1, and mtTFA were significantly increased in the Control A and HXHT-M groups compared with the Model group (P < 0.05; Figure 16). The protein expression levels of PGC-1α, NRF1, and mtTFA were significantly increased in the Control A and HXHT-M groups compared with the Model group (P < 0.05 or P < 0.01; Figure 17). The protein expression levels of PPARα were significantly increased in the HXHT-M group compared with the Model group (P < 0.05; Figure 17), but the increase was not significant in the Control A group.




Figure 16 | Effects of Huoxue Huatan Decoction (HXHT) on mRNA levels in hyperlipidemic ischemia/reperfusion (I/R) rats  . The results were calculated using the 2−ΔΔCt method, where 2−ΔΔCt = (Cttarget gene − Cthousekeeper gene) experimental group − (Cttarget gene − Cthousekeeper gene) control group. The amplification factors are presented for comparison reasons. bP < 0.01 compared with the Normal group; cP < 0.05 compared with the Model group. The number of animals at 8 weeks is nNormal = 8; nModel = 7; nControl A = 8; nHXHT-M = 8. HXHT, Huoxue Huatan Decoction; I/R, ischemia/reperfusion.






Figure 17 | Effects of Huoxue Huatan Decoction (HXHT) on proteins in hyperlipidemic ischemia/reperfusion (I/R) rats  . The images were scanned and analyzed with ImageJ software. The gray-scale value was calculated for each band. The relative content of each target protein was calculated by dividing the gray-scale value of the target protein by the gray-scale value of β-actin. bP < 0.01 compared with the Normal group; cP < 0.05, dP < 0.01 compared with the Model group. The number of animals at 8 weeks is nNormal = 8; nModel = 7; nControl A = 8; nHXHT-M = 8. HXHT. (A) Normal control; (B) Model control; (C) Control A; (D) HXHT-M. HXHT, Huoxue Huatan Decoction; I/R, ischemia/reperfusion.





Analysis of mtDNA Copy Number

After 8 weeks and I/R injury, the mtDNA copy number was significantly lower in the Model group than in the Normal group (P < 0.01), and it was significantly increased in the HXHT-M group compared with the Model group, while it was further decreased in the Control A group (P < 0.01; Figure 18).




Figure 18 | Effects of Huoxue Huatan Decoction (HXHT) on mitochondrial DNA (mtDNA) copy number in hyperlipidemic ischemia/reperfusion (I/R) rats  . bP < 0.01 compared with the Normal group; dP < 0.01 compared with the Model group. The number of animals at 8 weeks is nNormal = 8; nModel = 7; nControl A = 8; nHXHT-M = 8. HXHT, Huoxue Huatan Decoction; I/R, ischemia/reperfusion; mtDNA, mitochondrial DNA.






Discussion

Elevated blood lipids are one of the main pathogenic factors of atherosclerosis (Song, 2003). LDL-C has a direct relationship with atherosclerotic cardiovascular disease and is positively correlated with the incidence of the disease. The main goal of preventing and treating atherosclerotic cardiovascular disease is to reduce abnormal blood lipids, especially LDL-C. Therefore, here we conducted an in-depth study of the dynamic continuous and dose-effect relation of the effects of HXHT on lipid metabolism in hyperlipidemic rats. Our results showed that a high-fat diet could significantly increase the levels of CHO, TG, HDL-C, and LDL-C in Wistar rats. HXHT could significantly reduce blood lipids to different extents after 4, 6, and 8 weeks of administration, and the effects of high-dose HXHT were the most significant. HXHT can significantly reduce CHO, TG, LDL-C, and HDL-C after 4, 6, and 8 weeks of administration. HXHT was superior to the positive control drugs, and it had no significant effect on body weight. S. miltiorrhiza Bunge, P. notoginseng (Burkill) F.H. Chen, T. kirilowii Maxim., and A. macrostemon Bunge, which are ingredients of HXHT, have previously been reported to have hypolipidemic effects. For example, salvianolic acid B could reduce blood glucose, increase insulin resistance, reduce CHO, LDL-C, free fatty acid, liver glycogen, and muscle glycogen, and increase HDL-C in diabetic model rats (Huang et al., 2015). P. notoginseng (Burkill) F.H. Chen could significantly reduce CHO, TG, and LDL-C and increase HDL-C in the treatment of patients with hyperlipidemia (Si, 2015). T. kirilowii Maxim. and A. macrostemon Bunge could significantly reduce TC, TG, LDL, and arteriosclerosis index (P < 0.01). The combination of the two had a synergistic effect and a better lipid-lowering effect (He, 2002).

A high-fat and low-sugar diet did not affect non-ischemic left ventricular function, but it could aggravate myocardial injury and enhance the mortality caused by pump failure and ventricular arrhythmia during myocardial I/R in rats, which might be closely related to myocardial mitochondrial fission and fusion, calcium channel, and myocardial capacity metabolism (Liu and Lloyd, 2013; Liu et al., 2014). The effect of HXHT on myocardial I/R injury in hyperlipidemic rats was studied. The results showed that after 8 weeks and 12 weeks of feeding, the myocardial enzyme levels, cardiac function, and the myocardial infarction area of the hyperlipidemia model group were significantly higher, worse, and larger than those of the Normal control group, respectively. A high-fat diet could aggravate myocardial I/R injury in rats. HXHT could prevent myocardial I/R injury in hyperlipidemic rats after 4 weeks of administration, and significantly reduce myocardial enzyme levels. After 8 weeks of administration, HXHT could significantly reduce the myocardial infarction area and improve cardiac function.

The histomorphological study showed that myocardial cell focal necrosis, myocardial vascular congestion, inflammatory cell infiltration, and lipid droplet accumulation were more serious in the hyperlipidemia model than in the other groups, while in the HXHT groups and the Control A group, these were lighter than in the hyperlipidemia model group. On the one hand, HXHT might reduce the infiltration of inflammatory cells due to its lipid-lowering effects; on the other hand, the components of HXHT may have anti-inflammatory effects. Tanshinone and salvianolic acid could promote blood circulation, dilate blood vessels, scavenge free radicals, and protect mitochondria, and they have anticoagulation and anti-inflammatory effects (Adams et al., 2006). Cryptotanshinone, which is also present in HXHT, could downregulate the expression of pro-inflammatory cytokines; cryptotanshinone and 15,16-dihydrotanshinone could inhibit the activities of nuclear transcription factor-κB and activator protein (Jeon et al., 2008). There are many ways to inhibit atherosclerosis. Salvianolic acid B and ginkgolide mainly act on inflammatory cytokines, P. notoginseng glycosides act on adhesion factors, and tanshinone acts on growth factors (Li et al., 2007).

Oxygen free radicals, calcium overload, and the inflammatory response are directly or indirectly related to mitochondria, which function as intracellular effectors and are protected by ischemic preconditioning. Mitochondria, as an important organelle in the regulation of energy metabolism in cells, participate in myocardial I/R injury through various pathways. The results of the present study showed that the mitochondria in the hyperlipidemia model group were swollen and the mitochondrial membrane was ruptured. HXHT could protect the morphology of mitochondria upon I/R. Excessive fat intake increases oxygen free radical levels. Free radicals cause lipid peroxidation of cell membranes, causing mitochondrial dysfunction, which in turn affects the tricarboxylic acid cycle and results in dysfunction of the myocardium. The results of this study showed that the activities of MDA, T-SOD, CuZn-SOD, and GSH-PX in serum were significantly changed after myocardial I/R in the hyperlipidemia model group, and SDH levels in myocardial tissue were significantly decreased. HXHT could reduce the activity of MDA in serum, increase the activity of T-SOD, and increase the activity of SDH in myocardial tissue. It was speculated that HXHT might: (i) enhance the ability of rats to resist oxygen free radicals, (ii) prevent oxygen free radicals from invading mitochondrial membranes, and (iii) protect mitochondrial membranes, thereby protecting the function of mitochondria (Liu et al., 2014).

The results of this experimental study showed that HXHT may protect the myocardium through the PGC-1α–PPAR pathway and regulate mitochondrial biosynthesis through the PGC-1α–NRF1–mtTFA pathway. The two pathways coordinate to protect myocardial mitochondria during myocardial I/R. In the PGC-1α–PPARα pathway, PPARα could regulate myocardial energy and fat metabolism, participate in every step of myocardial utilization of fatty acids, and play a decisive role in myocardial energy generation (Barroso et al., 2013).

HXHT could increase the gene and protein expression levels of PGC-1α and downstream PPARα; these results were consistent with the lipid-lowering effects of HXHT. PPARα is mainly expressed in the liver and participates in lipid regulation, adipogenesis, and blood glucose control. PPARα affects lipid metabolism by regulating fatty acid oxidation. In addition, PPARα is expressed in various cells constituting the blood vessel wall, such as monocyte-macrophages, smooth muscle cells, and vascular endothelial cells. HXHT could promote the expression of PPARα. PPARα directly acts on the inner wall of the blood vessel, increases the antioxidant effect of the vascular wall, and plays a role in the protection of blood vessels. HXHT might regulate fatty acid β-oxidation to ensure energy supply after I/R and rapidly restore the myocardium. Previous studies on the PGC-1α–NRF1–mtTFA pathway have shown that high fat intake could reduce the mRNA and protein levels of the mitochondrial biogenesis-related genes PGC-1α, NRF1, and mtTFA (Keaney et al., 2003; Liu et al., 2014). HXHT could promote the mRNA and protein expression levels of PGC-1α, NRF1, and mtTFA in the myocardium of hyperlipidemic rats in preliminary experiments, and alleviate myocardial I/R injury. On the one hand, HXHT lowered blood lipids and reduced the damage of CHO and LDL-C to the vascular endothelium; on the other hand, it reduced oxygen free radical levels in mitochondria, and acted on other pathways through its effects on NRF1 and mtTFA. HXHT might increase the expression of mtDNA and promote mitochondrial biosynthesis by promoting the mRNA and protein expression of PGC-1α, NRF1, and mtTFA and increasing PGC-1α–PPARα pathway activity.



Conclusions

The results of this study demonstrate that a high-fat diet affects myocardial mitochondria through two pathways: PGC-1α–PPARα and PGC-1α–NRF1–mtTFA. Myocardial fatty acid biosynthesis and oxidation affect mitochondrial function and aggravate I/R injury, as revealed by a comprehensive study of lipid metabolism, the myocardial enzyme spectrum, myocardial histomorphology, and mitochondrial biogenesis. HXHT could affect lipid metabolism and reduce the levels of CHO, TG, HDL-C, and LDL-C in hyperlipidemic rats in a dose-dependent manner, affect fatty acid β-oxidation through the PGC-1α–PPARα pathway, and protect against disturbances of mitochondrial energy metabolism. At the same time, HXHT could promote the mRNA expression and protein transcription of the mitochondrial biosynthesis-related genes of PGC-1α–NRF1–mtTFA, promote mtDNA synthesis, increase T-SOD levels, protect the structure and function of mitochondria, and defend against myocardial I/R injury in hyperlipidemic rats.
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Influenza infection is a highly contagious, acute febrile respiratory disease caused by the influenza virus. Traditional Chinese Medicine (TCM) has dominated plenty of theoretical and practical approaches in the treatment of influenza. It is, therefore, important to highlight the effects of TCM in the clinical treatment of influenza and their impact on inhibiting the growth of this virus in laboratory experiments. We scrutinized existing evidence on whether TCM is effective in clinical applications. Moreover, we described the potential mechanisms of TCM against the influenza virus. Our findings provide analytical evidence that supports the effectiveness of TCM in treating influenza infections as well as their mechanisms against this virus.
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Introduction

Influenza is an acute viral respiratory infection that was first described in the 4th century BC. At the time, it was estimated to have caused nearly 60,000 mortalities in Venice, Italy. Due to the impact of this disease in Venice, it was understood by folklore to be a punishment from God and was therefore named “Influenza (Devil)” (JJ, 2010). The influenza virus belongs to the Orthomyxoviridae family. It is a single-stranded negative-sense RNA virus exhibiting an eight-segmented genetic material (Brody, 2019). Its genetic material is made up of Polymerase Basic Protein 1 (PB1), Polymerase Basic Protein 2 (PB2), Polymerase Acidic (PA), Hemagglutinin (HA), Nucleoprotein (NP), Neuraminidase (NA), Matrix Protein (M), and Nonstructural Protein (NS) (Lu, 2008). Depending on the composition of its NP and M, this virus is grouped into three types (A, B, and C). Its subtypes are determined by the antigenicity of two surface glycoproteins, the 18 HA and 11 NA (Webster et al., 1992; Kawaoka, 2006; Huang et al., 2008). It is extremely susceptible to mutations because its RNA genome lacks proof-reading ability during replication as is the case with DNA genomes. Moreover, the mutations are also attributed to antigenic drifts. These mutating types propagate this virus, leading to epidemics in certain seasons (Cox and Subbarao, 2000; He et al., 2011; Kamali and Holodniy, 2013) and, notably, they hinder the development of new antiviral drugs. First-line antiviral drugs in the treatment of influenza rely on blocking the action of NP (Gaitonde et al., 2019). However, the side-effects of anti-NA drugs render many patients unavailable to treatment. In China, the broadly prescribed anti-influenza drugs include oseltamivir, zanamivir, and peramivir (Lee et al., 2017). Notably, Oseltamivir has been associated with resistance (Govorkova et al., 2001; Kiso et al., 2004; Moscona, 2004) and leads to immunocompromised conditions (Govorkova et al., 2001; Moscona, 2009; Panning, 2013). Zanamivir is administered through inhalation, and challenges over its use have been described (Shetty and Peek, 2012). Due to its limited bioavailability, peramivir can only be administered intravenously (Birnkrant and Cox, 2009). Therefore, these challenges call for more effort and attention toward developing fresh strategies to combat influenza. Previously, TCM demonstrated a positive anti-viral effect on influenza virus and alleviated the symptoms among patients (He et al., 2019; Nagai et al., 2019). In TCM theory, influenza disease was classified as “YI Disease” and was first reported in Huang Di Nei Jing. During the Han Dynasty, a theory of Shang Han (Treatise of Exogenous Febrile Diseases or Discourse on Cold-Damage Disorders) was written by Zhang Zhongjing to treat influenza. Later, during the Ming and Qing Dynasties, the emergence of “Wen Yi Lun (Analysis of Epidemic Warm Diseases)” revealed that TCM had contributed enormously to the prevention and treatment of influenza for thousands of years. Despite studies showing that TCMs are effective against influenza (Moscona, 2004; Tian et al., 2011), further studies on the development of novel anti-influenza agents are essential (Rajasekaran et al., 2013; Chang et al., 2014; Ding et al., 2014; Li C. et al., 2015). Herein, we summarize the impacts of TCM in treating influenza from basic experiments to clinical applications.



Confirmed in Clinical Application

In Asia and some countries in Europe, TCM has been proven to be effective and secure for treating influenza (Moscona, 2004). Traditional Chinese Medicine (TCM) subdivides influenza into cold syndrome and heat syndrome. The major symptoms of wind-cold type include severe cold, light heat, lack of sweating, headache, sore limbs, and stuffy nose. On the other hand, high fever, a mild cold, headache, sore throat, cough are the primary symptoms of wind-heat type. By relying on the concept of evidence-based medicine, several clinical trials have been conducted to verify the efficacy and safety of TCM.


Meta-Analysis

A meta-analysis enrolled 30 studies consisting of 3,444 cases in all to investigate efficacy and safety of TCM in the treatment of influenza infection. Our findings indicated that the mean time fever resolution of the TCM treatment group was statistically significant compared to the control group. Additionally, the synergistic effects of TCM and conventional medicines on viral infections were better compared to the control group (Li J. H. et al., 2016). Further, a different TCM prescription from Shang Han Lun, ma-huang-tang(5 g of ephedra equisetina bunge, 5 g of prunus armeniaca L., 4 g of cinnamomum verum J.Presl, and 1.5 g of glycyrrhiza uralensis fisch. ex DC.) was confirmed that it alleviated fever when singly administered or in combination with neuraminidase inhibitors (NAIs) and might be a well-tolerated treatment as reported by a systematic review and meta-analysis conducted by Japanese scientists (Yoshino et al., 2019). Andrographis paniculata was indicated to be beneficial and safe for relieving influenza symptoms and shortening time to symptom resolution (Hu et al., 2017).Conclusively, TCM are validated in lessening influenza symptoms, such as duration for defervescence and cough.



Randomized Clinical Trial (RCT)

Researchers conducted a randomized trial for comparing the efficacy and safety of oseltamivir and maxingshigan-yinqiaosan [6 g of honey-fried ephedra equisetina bunge; 10 g of anemarrhena asphodeloides bunge; 15 g of artemisia annua L.; 30 g of gypsum fibrosum; 15 g of lonicera japonica thunb.; 15 g of scutellaria baicalensis georgi; 15 g of stir-baked prunus armeniaca L.; 15 g of forsythia suspensa (thunb.) vahl; 6 g of mentha canadensis L.; 15 g of fritillaria thunbergii miq.; 15 g of arctium lappa L.; and 10 g of glycyrrhiza uralensis fisch. ex DC.] originating from Shang Han Lun and Wen Bing Tiao Bian, in treating uncomplicated influenza. Results have shown that singular use or combinations of oseltamivir and maxingshigan-yinqiaosan minimized defervescence time in patients diagnosed with influenza viral infections (Wang et al., 2011). It was, therefore, proposed that maxingshigan-yinqiaosan in combination with oseltamivir be utilized as an alternative medication in the treatment of influenza viral infections. In a multi-centric, randomized, double-blind, and placebo-controlled trial, a total of 480 adults with influenza symptoms were recruited. It was observed that TCM increased recovery by 17% (p < 0.001) and lowered disease severity (evaluated through the median symptom score) by 50% (p < 0.001) (Wang et al., 2010). Moreover, 136 influenza patients with wind-heat affecting Fei syndrome (WHAFS) were prescribed with Jinhua Qinggan Granules (JHG) that have been developed by experts in recent years. This preparation has been based on findings in a double-blind randomized control trial. In this trial, the duration of defervescence, the defervescence rate, the efficacy of TCM, the alleviation rate of primary symptoms and physical signs of influenza, the absence of viral nucleic acid in pharyngeal secretions, and safety indices were assessed. It was shown that JHG was efficient and safe in treating patients with WHAFS (Li et al., 2013). Japanese doctors have conventionally prescribed TCM to treat influenza. This is based on findings of a randomized controlled trial that compared the efficacy of TCMs with NP inhibitors in treating influenza. It has been established that TCM was effectively tolerated when used to treat influenza. Meanwhile, TCM and NP inhibitors exhibited equivalent clinical efficacies against the influenza virus (Nabeshima et al., 2012). In the US, a randomized, double-blind placebo-controlled study established that Echinacea angustifolia DC, a compound used in herbal tea preparations was potent in alleviating influenza symptoms such as stuffiness, scratchy throat and fever (Lindenmuth and Lindenmuth, 2000). In agreement with our meta-analysis, RCTs demonstrated that TCM abbreviated fever time and showed a satisfactory impact in relieving cough and sore throat. In Table 1, we summarized the efficacy of TCMs in treating influenza (Table 1).


Table 1 | Distribution of influenza article types and outcome indicators.





Retrospective Analysis

Besides meta-analysis RCT, researchers analyzed the duration of viral shedding in influenza patients admitted and administered with TCM in China. A total of 963 patients diagnosed with influenzavirus infection between May and July 2009 were recruited. The study showed that TCM therapy contributed to viral shedding among patients with a temperature of ≥ 38°C (Wang et al., 2012). Overall, these studies demonstrated that, besides alleviating symptoms of influenza patients, such as fever and cough, TCM have been proved to contribute to viral shedding.



Use of TCM in Treating Influenza Among Children and During Pregnancy

Treatment of influenza among children and pregnant women is challenging. However, other than effectively alleviating symptoms, TCM can compensate for deficiencies that cannot be bridged by conventional medicines in pregnant women. Children is the major group affected by influenza virus as they are usually vulnerable to complications. Moreover, the response of children to drug-drug metabolism is profoundly unique from that of adults. Therefore, it is essential to analyze the effects of TCM on children. It is, therefore, essential to analyze the effects of TCM on children. As mentioned above, ma-huang-tang was expansively used in China to manage children diagnosed with influenza. Ma-huang-tang has been widely used in China to manage influenza diagnoses among children. Without exhibiting adverse effects, it has been validated to be clinically useful in neonates, infants, and children with febrile viral symptoms (Nishimura et al., 2009). Additionally, it has been shown that it might potentially be useful in patients aged ≤5 who have a low sensitivity to oseltamivir and experience problems when using zanamivir (Toriumi et al., 2012). Comparison of the efficacies of ma-huang-tang and oseltamivir was evaluated among children with type A influenza. Results showed that ma-huang-tang in combination with oseltamivir was capable of abbreviating fever duration when compared to the group administered with oseltamivir only (Kubo and Nishimura, 2007). Elsewhere, a systematic review focusing on the effects of Andrographis paniculata (burm.f.) nees on influenza infections among children reported that this herb minimized the duration of cough, sore throat and morbidity time compared to conventional medicines (Hu et al., 2017). The use of TCM aerosols in treating infantile influenza infections showed an effective rate of 99.03% with a cure rate of 65.38% (Ma et al., 2000). An investigation on the clinical efficacy of a sachet of Chinese herbs in preventing influenza among 239 children from Shanghai Baoshan Xubeihong Art Kindergarten revealed that the sachet alleviated symptoms such as fever, rhinocleisis, runny nose, and throat congestions. Equally, the incidence rates of influenza in the treatment group were low compared to the control group (Liu et al., 2010). Reports indicate that TCM is a valuable option during pregnancy. For instance, when influenza outbreaks occurred in the Middle East, the prevalence in the use of TCM varied between 22.3%–82.3% in pregnant women (John and Shantakumari, 2015). Also, Across-sectional study conducted in the Central Appalachian Region showed that Trigonella foenum-graecum L. was regularly used in treating Influenza (Alwhaibi et al., 2017). More and more RCTs are focusing on the efficacy and safety of combination use of TCM and conventional therapy (He et al., 2019). In summary, there is potential value in using TCM to treat influenza among children and pregnant women; nevertheless, more investigations are necessary for clinical validations.




Basic Experiments


Direct Anti-Influenza Virus by Interfering the Invasion Process

In the clinical set-up, we have witnessed the effects of TCM in improving the symptoms of influenza and cutting the course of the disease. However, how TCM act on influenza virus and its effects on the host requires a comprehensive analysis using basic experiments. Recently, researchers have constantly been drawn to investigate the therapeutic effects of TCM. Several types of TCM including, coptis deltoidea (C.Y.Cheng & P.K.Hsiao), Isatis tinctoria L., Lonicera japonica thunb., scutellaria baicalensis georgi., cyrtomium fortunei J.Sm., Houttuynia cordata thunb., gardenia jasminoides J.Ellis, and chrysanthemum indicum L., and other TCM prescriptions have been proven to effectively suppress influenza virus (Han et al., 2016).


Single Herbal Medicine

The influenza virus invades the human body in six steps, that is, adsorption, penetration, shelling, biosynthesis, assembly, and release. As its mode of action, TCM targets these six steps. i) The extracts from single herbal medicine: Lonicera japonica thunb. HS-encoded atypical microRNA was verified to inhibit influenza viral replication in vitro and in vivo. Furthermore, HS decoction significantly minimized mice mortalities from influenza virus infection (Zhou et al., 2015). Extracts of Laggera crispata (vahl) (Hepper & J.R.I.Wood), a TCM have been shown to inhibit NA activity. It has also been reported that this compound could suppress NF-κB signaling pathways and viral RNP complexes from the nucleus thereby inhibiting viral replication (Guan et al., 2017). Besides blocking viral replication, TCM enhances the prognosis of mice infected by influenza. Yan et al. evaluated the effects of berberine, a natural isoquinoline alkaloid isolated from coptis chinensis franch. on influenza virus. Their results showed that berberine suppressed viral replication in A549 cells and the lungs of mice. Compared to conventional medicines, this compound exhibited significant anti-inflammatory effects on the pulmonary system and reduced necrosis in mice. It was also observed that inflammatory cell infiltrations and pulmonary edemas due to viral infections in mice were reduced (Yan Y. Q. et al., 2018). Houttuynia cordata Thunb (HCP), a TCM, plays a pivotal role in the treatment of bacterial and viral respiratory infections. Accompanied by a reduction in virus replication, HCP is reported to increase the overall survival rate of mice infected with influenza. Further studies have proved that it might be associated with the decrease in the concentration of pulmonary proinflammatory cytokines/chemokines and the number of intestinal goblet cells, which resulting in upregulation of sIgA and tight junction protein (ZO-1) in the intestine (Zhu et al., 2018). Researchers at the Kitasato Institute in Japan extracted flavonoids from the roots and leaves of Astragalus mongholicus bunge and confirmed their capacity in preventing the growth of influenza virus. It has been reported that glycyrrhizic acid significantly inhibits influenza virus (Pompei et al., 1983; Baltina et al., 2009). Besides, extracts of Paeonia delavayi Franch. and pogostemon cablin (blanco) benth. were found to efficiently inhibit NP (Li J. et al., 2016; Liu et al., 2016). The roots of Bupleurum marginatum var. stenophyllum (H.Wolff) had inhibitory effects on the replication of influenza (Fang et al., 2017). Importantly, it has been confirmed that Tetradium ruticarpum (A.Juss.) T.G.Hartley effectively hindered viral attachment and penetration into host cells (Lin et al., 2016). ii) Single components: A study by Li et al. addressed that, Dendrobine, extracted from a traditional Chinese herb (dendrobium nobile lindl.), interfered with early viral replication and bound to the viral NP thereby restricting nuclear export of viral NP and its oligomerization (Li et al., 2017). HESA-A is a natural ingredient retrieved from marine herbs. This compound blocks viral penetration into the cell (Mehrbod et al., 2014). Persicaria chinensis (l.) h. gross, from Vietnam, was shown to target NP, including oseltamivir-resistant ones (Tran et al., 2017). These results show that single herbal medicines inhibit viral proliferation by targeting multiple sites and pathways during replication. These results are presented in Figure 1.




Figure 1 | Multiple targets and multiple pathways to inhibit influenza virus.





Traditional Chinese Herbal Prescription

Besides the single Chinese herbal medicine, traditional Chinese herbal prescription has precariously shaped the academic debate on influenza disease management. Huang-Lian-Jie-Du-Tang (composed of coptis chinensis Franch., scutellaria baicalensis georgi, phellodendron chinense C.K.Schneid., and gardenia jasminoides J.Ellis at the weight ratio of 3:2:2:3) (HLJDT) is a classical prescription composed of 4 TCM herbs that have been used to treat diverse diseases including influenza. In total, 13 compounds have been isolated from the plasma profile of HLJDT. These compounds include, jatrorrhizine, palmatine, epiberberine, geniposide, oroxylin A, berberine, coptisine, baicalein, wogonoside, phellodendrine, wogonin, oroxylin A-7-O-glucuronide, and baicalin. They have been shown to be potent NA-1 inhibitors (Zhou et al., 2017). Xin-Jia-Xiang-Ru-Yin [(composed of mosla chinensis maxim., lonicera japonica thunb., dolichos lablab L., magnolia officinalis rehd. et wils. and forsythia suspensa (thunb.) vahl at the weight ratio of 2:3:3:2:3)], a traditional Chinese prescription used for managing summer influenza in China, has been demonstrated to integrate antiviral therapy and immune modulation effects by lowering the expression of Interferon-γ (IFN-γ) and Signal transducer and activator of transcription-1 (STAT1), resulting to reduced inflammation hence harboring key therapeutic benefits against summer influenza (Li et al., 2018). The Re Du Ping intravenous injection, a TCM can adsorb the virus into host cells and inhibit their proliferation. This injection also has a direct viricidal effect (Jing et al., 2010). Studies into the pharmacodynamics and molecular mechanisms of Qingqi Liangying granules have reported that they participate in Wnt signaling pathways by regulating virus invasions on epithelial cell signaling pathway, thereby, inhibiting viral replication (Wang et al., 2017). Chinese classical herbal prescription was also used in the prevention of influenza. It was reported to reduce the vulnerability of cells to the invasion of influenza virus and alleviate viral induced lung lesions (Liu et al., 2013).




In-Direct Anti-Influenza Virus by Regulating Host Immune System

In addition to the direct effect on the influenza virus, TCM regulates immune activation and signaling pathways that impact on the influenza virus. The host innate immune response to influenza virus occurs as follows: Infection with influenza virus stimulates the body’s innate immune response, which involves multiple effector cells, immune molecules, and factors, such as Interleukin-6 (IL-6) and Interferon-α (IFN-α), to effectively regulate viral replication (Hayden et al., 1998). Several experiments have confirmed that TCM is the most potent anti-inflammatory natural medicine which can modulate all kinds of cytokines and immune molecules.


Traditional Chinese Herbal Prescription

A study conducted on the mechanisms of TCM prescription in the treatment of influenza deduced that anti-inflammatory effects conferred by TCM protect against inflammatory injuries induced by the influenza virus in mice. These herbal medicines significantly reduce the expression of pro-inflammatory cytokines Tumor Necrosis Factor-α (TNF-α) and IL-6 in lung tissues of infected mice (Wang et al., 2005; Xu et al., 2014). Sheng Jiang San (SJS), (rheum officinale baill., bombyx batryticatus, cicadae periostracum, and curcuma longa L. in a ratio of 4:2:1:3), a traditional multi-herb prescription, used to treat influenza infections. Research has shown that SJS down-regulates TNF-α and up-regulates IL-2 in influenza infected mice. Equally, lung indices used to evaluate the level of inflammation and viral loads in SJS treated mice were markedly decreased compared to the controls (Zhang et al., 2018). Currently, Yinhuapinggan granule (YHPG), a Chinese drug with patent that originated from ma-huang-tang is used in the treatment of influenza. A study conducted by Du revealed that YHPG markedly inhibited replication of the influenza virus and significantly up-regulated the levels of IFN-β and IFN-stimulated genes (Mx-1, ISG-15, and ISG-56) compared to the control group (Du et al., 2018). The Yinqiao powder [15 g of forsythia suspensa (thunb.) vahl, 15 g of lonicera confusa DC., 9 g of platycodon grandiflorus (jacq.) A.DC., 9 g of mentha canadensis L., 6 g of lophatherum gracile brongn., 5 g of glycyrrhiza uralensis fisch. ex DC., 6 g of nepeta tenuifolia benth., 6 g of glycine max (L.) merr., 6 g of arctium lappa L., 10 g of phragmites australis subsp. australis]; The Xinjiaxiangruyin concoction [6 g of mosla chinensis maxim., 9 g of lonicera confusa DC., 9 g of lablab purpureus subsp. purpureus, 6 g of magnolia officinalis rehder & E.H.Wilson, 6 g of forsythia suspensa (thunb.) vahl]; and the Guizhi-and-Mahuang decoction [9 g of ephedra sinica stapf, 6 g of cinnamomum cassia (L.) J.Presl, 9 g of prunus armeniaca L., 6 g of glycyrrhiza uralensis fisch. ex DC., 9 g of paeonia lactiflora pall., 9 g of zingiber officinale roscoe, 3 g of ziziphus jujuba mill.] are widely applied in clinical influenza treatment. These compounds reduce the expression levels of TLR7, MyD88, IRAK4, and NF-κB thereby by regulating the Toll-Like Receptor7/Nuclear Factor Kappa-B (TLR7/NF-κB) signaling pathway (Fu et al., 2018). Yi-Zhi-Hao pellet (CYZH) is a popular Chinese prescription used in influenza treatment. Mechanistically, CYZH lacked an inhibitory effect on viral protein HA and IAV RNA-dependent RNA polymerase but inhibited IAV replication by activating the Nrf2/HO-1 pathway (Yin et al., 2017). Lianhuaqingwen, a TCM prescription alleviates viral-induced gene expressions of IL-6, IL-8, TNF-a, IP-10, and MCP-1 (Ding et al., 2017). Furthermore, Lianhuaqingwen treatment resulted in abnormal particle morphology of virion in cells (Runfeng et al., 2020). San Wu Huangqin (SWHD) decoction (sophora flavescens, scutellaria baicalensis, and rehmannia glutinosa at a ratio of 1:1:2) exhibits its anti-viral effects by regulating the immune system (Ma et al., 2018). The Ge Gen Decoction [12 g of pueraria montana var. lobata (Willd.) maesen & S.M.Almeida ex sanjappa & predeep, 9 g of ephedra sinica stapf, 6 g of cinnamomum cassia (L.) J.Presl, 6 g of glycyrrhiza uralensis fisch. ex DC., 6 g of paeonia lactiflora pall., 9 g of zingiber officinale roscoe, and 22 g of ziziphus jujuba mill.] decreased the expression of TNF-α and toll-like receptor 7 signaling pathways in influenza virus infected mice thereby reducing lung inflammation (Geng et al., 2019). Research endorsed that Gui Zhi Ma Huang Ge Ban Tang [9 g of ephedra sinica stapf, 6 g of cinnamomum cassia (L.) J.Presl, 9 g of prunus amygdalus batsch, and 6 g of glycyrrhiza uralensis fisch. ex DC., 9 g of paeonia lactiflora pall., 9 g of zingiber officinale roscoe, and 10 g of ziziphus jujuba mill.] exhibit a good ability to reduce the proportion of Helper T cell 1/Helper T cell 2(Th1/Th2) and Helper T cell 1/Regulatory cells (Th17/Treg) cells thus reducing lung inflammation (Qin et al., 2018). Artemisia scoparia Waldst. & Kit. is expansively distributed in Xinjiang China and reported to downregulate NF-κB signal pathway thereby inhibiting viral replication (Yan H. et al., 2018). Summarily, TCM regulates signaling pathways like NF-κB and inflammatory factors such as TNF-α and IL-6, that are important in modulating immune responses against the virus.



Single Herbal Medicine

Besides the TCM prescription, single herbal medicine indirectly plays a crucial role in anti-viral activity. i) The extracts from single herbal medicine: As mentioned above, laggera pterodonta, demonstrated a wide spectrum of anti-influenza virus activity via the NF-κB pathway, COX-2, and p38/MAPK pathway (Wang et al., 2017). Moreover, flavonoids extracted from Scutellaria baicalensis Georgi (FESR) could inhibit excessive activations of the complement system, thereby, improving acute lung injuries (Zhi et al., 2020). Houttuynia cordata thunb polysaccharide (HCP) aids systemic influenza treatment by locally acting on the intestines and balancing the microbiota (Chen et al., 2019). Bupleurum falcatum L., extracted from a traditional Chinese herb, was also found to be an immune modulator (Yao et al., 2018). Isatis tinctoria L., attenuates viral-induced NF-κB activation (Li et al., 2015). Research has shown that Forsythia suspensa (thunb.) vahl interferes with the budding process of newly formed virions and reduces influenza M1 protein that is necessary for viral spread (Law et al., 2017). ii) Single components: Baicalin, a popularly known herbal medicine ingredient in China for treating Fei-Re syndrome characterized by fever, and cough, can be extracted from scutellaria baicalensis georgi, which was reported to induce autophagy so as to inhibit mTOR signaling pathway. Thus, shedding more light on the development of novel anti-influenza drugs (Zhu et al., 2015). Quercetin-7-O-glucoside was discovered in many types of Chinese herb and demonstrated a strong inhibition against influenza A and B viruses by downsizing virus-induced ROS and autophagy formation (Gansukh et al., 2016). The polysaccharides extracted from the roots of astragalus mongholicus Bunge species, a famous TCM used for hundreds of years to improve QI with Chinese medicine theory, was ratified to modulate Th1/Th2 balance and secretions of IFN-γ, IL-17A, and IgG2a (Yakuboğulları et al., 2019). These studies testify that different types of TCMs possess remarkable potential in immunomodulation against influenza virus.





Summary

In conclusion, TCM impacts on the prevention and treatment of influenza. It has a potential value in shorting fever durations and alleviating influenza symptoms among children and pregnant women. However, the side effects of TCM in children and pregnant women are still elusive, which needs more clinical trials about the safety and vivo toxicity. These medicines also regulate the immune system. Their modes of action involve inhibiting NA, viral replication, and stopping viral entry into the cell. The synergistic effects of TCM and conventional medicines are encouraging as an avenue for influenza therapy.
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Based on the pathological theory of lipid metabolism and using network pharmacology, this study was designed to investigate the protective effect of water extract of Veratrilla baillonii (WVBF) on non-alcoholic fatty liver disease (NAFLD) model using LO2 cells and to identify the potential mechanism underlying the effect. The components of V. baillonii were identified from the public database of traditional Chinese medicine systems pharmacology database (TCMSP). Cytoscape software was used to construct the related composite target network. Then, Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis were carried out for critical nodes. The BioGPS database was used to determine the distribution of the target in tissues and organs. Moreover, the inhibitory effect of V. baillonii was further investigated using an in vitro hepatocyte NAFLD model. Fourteen active components were then selected from the 27 known compounds of V. baillonii. The targets of gene enrichment analysis were mainly distributed in the lipid catabolism-related signaling pathway. Network analysis revealed that five target genes of TNF, MAPK8, mTOR, NF-ĸB, and SREBP-1c were key nodes and played important roles in this process. Organ localization analysis indicated that one of the core target site of V. baillonii was liver tissue. The results of the in vitro study revealed that WVBF can alleviate the inflammatory response and lipid accumulation in LO2 hepatocytes by inhibiting oxidative stress and the adipocytokine signaling pathway. Genes and proteins related to the lipid synthesis, such as SREBP-1C, acetyl-CoA carboxylase (ACC), and fatty acid synthase (FASN), were significantly decreased, and PPARα expression is significantly increased with WVBF administration. In conclusion, V. baillonii may regulate local lipid metabolism and attenuate oxidative stress and inflammatory factors through the PPARα/SREBP-1c signaling pathway. The present study also indicates that multiple components of V. baillonii regulate multiple targets and pathways in NAFLD. The findings highlight the potential of V. baillonii as a promising treatment strategy for nonalcoholic fatty liver injury.
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Introduction

Non-alcoholic fatty liver disease (NAFLD), the most common chronic liver disease, is a metabolic syndrome characterized by hepatocellular steatosis and fat storage without a history of excessive alcohol consumption (Younossi et al., 2016). Globally, NAFLD accounts for 25.2% of global burden of disease epidemics, with approximately 30% of adults having underlying lipid metabolic disorders (Zobair et al., 2016). NAFLD affects nearly one-third of the world’s population and the prevalence of this disorder is increasing every year (Hu et al., 2019). Excessive accumulation of triglyceride (TG) due to an imbalance in fatty acid uptake, synthesis, transportation, and oxidation is the leading cause of liver injury (Du et al., 2016). Based on the underlying pathological conditions, NAFLD can further develop into simple fatty liver, non-alcoholic steatohepatitis (NASH), fatty liver fibrosis, or cirrhosis, which significantly increases the associated mortality (Perumpail et al., 2017; Ipsen et al., 2018). Since no pharmacological therapy has been approved for the treatment of NAFLD so far, there is an urgent necessity to define multiple components, multiple targets and pathways of traditional Chinese medicine (TCM) based strategies of future interventions.

Veratrilla baillonii Franch (V. baillonii) belongs to the Gentianaceae family. V. baillonii, a traditional folk medicine, has been widely used in the treatment of hepatitis-induced jaundice and drug-induced hepatitis for decades (Olennikov et al., 2015; He et al., 2015). The water extract of V. baillonii (WVBF), which contain flavonoids, iridoid glycosides, and other substances (Vaidya et al., 2009; Ge et al., 2016; Yu et al., 2016; Zhang S. R. et al., 2018; Li et al., 2019). WVBF has significant protective effects on oxidative stress-induced liver injury (Dai et al., 2018), diabetic liver injury (Lian et al., 2010), and drug liver toxicity (Huang et al., 2016). However, the effects and underlying mechanism of V. baillonii in NAFLD are still unclear.

Therefore, this study explored the main components, key targets, and signaling pathways of V. baillonii in NAFLD. Further, the efficacy network and pharmacodynamic mechanism of WVBF were investigated using the network pharmacology method. Additionally, LO2 liver cells were exposed to mixed free fatty acids (FFA), to establish an in vitro NAFLD model for investigation of the protective effect of V. baillonii on the liver.



Materials and Methods


Network Pharmacology Study


Compound Profiling and Disease Target Identification

The following databases were searched to identify the compounds in V. baillonii: traditional Chinese medicine systems pharmacology database (TCMSP) (http://lsp.nwu.edu.cn/tcmsp.php), a unique pharmacology platform that captures the relationships between herbal ingredients, targets, and diseases: SymMap (http://www.symmap.org/search/). The components were filtered by integrating oral bioavailability (OB ≥ 30%) and drug-likeness (DL ≥ 0.18), as suggested by the TCMSP and SymMap databases. OB and DL were used for candidate active ingredient screening based on a computer integrated model of absorption, distribution, metabolism, and excretion (ADME) (Xu et al., 2014).

The PubChem (https://pubchem.ncbi.nlm.nih.gov/) and HIT (http://lifecenter.biosino.org/hit/) databases were utilized to identify the verified targets of each active component (Song et al., 2018). In order to identify the potential targets of V. baillonii, the molecular similarity match tool was used based on the simplified molecular input line entry specification (SMILES) in the similarity ensemble approach (SEA) (P<0.05) (http://sea.bkslab.org/) and SwissTargetPrediction (P<0.05) (http://www.swisstargetprediction.ch/) (Stork et al., 2019). The UniProt (https://www.uniprot.org/) database was used to standardize the results. An interaction network of component-targets was constructed and visualized by Cytoscape software.

Non-alcoholic fatty liver-related targets were retrieved from the online human Mendelian genetics (OMIM, https://omim.org/), DisGeNET (http://www.disgenet.org/), and GeneCards (https://www.genecards.org/) databases. “Non-alcoholic fatty liver disease” was used as the keyword and duplicate values were deleted. The Bioconductor package in the software package R was used to standardize the disease gene targets obtained (Zeng et al., 2019). Finally, Cytoscape 3.2.1 was used to perform visual network analysis of the “disease-target.”



Screening of Candidate Targets for the Treatment of Non-Alcoholic Fatty Liver Disease

Based on the previous steps, two sets of target data files were prepared: drug-related component targets and disease-related targets. Cross genes were screened using the Venn Diagram software package in R. Intersecting protein interactions (PPIs) were analyzed using the String 11.0 database and the common targets were counted using R software. Finally, Cytoscape 3.2.1 was used to perform visual network analysis of the “drug-active ingredient-target-disease” network.



Network Construction and Central Network Topological Analysis

PPIs for each target were generated from a string database that provides experimental and predictive interaction information based on systematic co-expression analysis, shared selection signal detection across genomes, and automated text mining of scientific literature (Liu et al., 2013). The central network analysis was performed according to the topological method. Three topological parameters, degree centrality (DC), betweenness centrality (BC), and closeness centrality (CC), were calculated to evaluate the central attributes of the nodes in the network (Wang et al., 2015). In the target network of WVBF and NAFLD, DC ≥ 2 × median DC, BC ≥ median BC, and CC ≥ median CC were used as the screening criteria to obtain the key targets. The key target interaction network was also depicted using Cytoscape 3.2.1.



Bioinformatics Annotation Analysis

Bioinformatics annotation using Bioconductor R language was used to evaluate genes with high expression patterns. In this study, the PANTHER classification system (http://www.pantherdb.org/), Gene Ontology (GO) annotation database website (http://www.geneontology.org), Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis (http://www.genome.jp/kegg/), and PPIs analysis (http://string-db.org/) were used to analyze the effect of potential targets of active ingredients in V. baillonii on gene function and signaling pathways.



Prediction of Target Organ Recognition

In order to understand the intervention function of V. baillonii in NAFLD, the distribution of targets in tissues and organs was analyzed. To gain information about key targets function, the tissue specific probes of the key targets core were identified using the BioGPS Gene Expression Database (Novartis Research Foundation; http://biogps.org). The tissue distribution of targets was determined, specific methods have been described as the following aspects. Firstly, all the core targets collected above were inputted as keywords into BioGPS for screening, and species of human was selected. Secondly, the detailed information of the core targets was queried and click to retrieve the target to show its expression in different tissues. Finally, the obtained distribution and expression of each target in different tissues were imported into the SPSS, and the gene expression in different tissues was plotted (Pritchard et al., 2012; Wang et al., 2017).




Experimental Cells and Design


Extract Preparation

The dried roots of V. baillonii (Figure 1A) were bought from Kunming city, Yunnan province in China. The plant materials were authenticated by Dr. Liu Xinqiao, who is affiliated to the School of Pharmaceutical Sciences, South-Central University for Nationalities, China. The voucher specimens (No. S20140710) were deposited at the Herbarium situated in the College of Pharmaceutical Sciences at South-Central University for Nationalities, Wuhan, Hubei, P. R. China. The WVBF was extracted as described previously (Ge et al., 2016; Yu et al., 2016; Li et al., 2019). Briefly, WVBF was prepared by extracting the plant (200 g) crushed into small pieces. The mixture was refluxed with water (1:10, w/v) for 2 h. The filtrates were collected and the residues were then refluxed in water (1:10, w/v) for 1.5 h. Two batches of filtrates were combined. Afterwards, the concentrated extract was dried by vacuum concentration to obtain the WVBF extract with a yield of 25.6% (w/w, dried extract/crude herb).




Figure 1 | The chemical structures and the typical high-performance liquid chromatographic (HPLC) chromatographic profile of V. baillonii. (A) The stems and roots of Veratrilla baillonii. (B) The HPLC chromatographic profile of V. baillonii. (C) The chemical structures of glycoside of xanthone and iridoid derivatives from Radix of V. baillonii. (D) The relative contents of main activate components in V. baillonii.





Analysis of Water Extract of Veratrilla baillonii by High-Performance Liquid Chromatographic

The multi-components of WVBF were characterized by high-performance liquid chromatographic (HPLC) (Figure 1). The samples were analyzed using Phecda C18 column (150 mm×2.1 mm, 3 μm) with the detector wave length set at 215 nm, and the mobile phase consisted of water containing acteonitrile (A) and 0.1% (v/v) aceticacid (B). A gradient program was used as follows: 0–10 min, 32–55% A; 10–20 min, 55–100% A. The flow rate was 0.3 ml/min. HPLC fingerprint analysis method was established to obtain the complete fingerprint of WVBF, and the corresponding 24 compounds were identified (Figure 1B). According to the peak area normalization method, the relative contents of WVBF are calculated as follows: gentiopicroside (peak6, 5.27%), tripteroside(peak 13, 1.95%), 1,3-Dihydroxy-4,7-dimethoxyxanthone (peak 19, 5.43%), 1-Hydroxy-2,3,4,5-tetramethoxy xanthone (peak 21, 20.53%), 1-Hydroxy-2,3,7-trimethoxyxanthone (peak 22, 8.13%), Deacetylcentapicrin (peak 23, 10.59%), Amaronitidin (peak 24, 13.27%) (Figures 1C, D).



Reagents and Instrument

Fetal bovine serum (FBS) and Dulbecco’s modified Eagle’s medium (DMEM) were purchased from HyClone. A triglyceride (TG) kit (lot: A110-1-1), lipid peroxides (LPO) kit (lot: A106-1-2), superoxide dismutase (SOD) kit (lot: A001-1-2), and glutathione peroxidase (GSHPx) detection kit (lot: A005), malondialdehyde (MDA) kit (lot: A003-1), alanine aminotransferase (ALT) kit (lot: C009-2-1), aspartate aminotransferase (AST) kit (lot: C010-2-1), reactive oxygen species (ROS) kit (lot: E004) were purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing, China). An Annexin V-FITC Cell Apoptosis Assay Kit (lot: C1062L) and bicinchoninic acid (BCA) protein concentration determination kit (enhanced) (lot: P0010) were purchased from Beyotime Biotechnology (Shanghai, China). Bovine serum albumin (BSA) (98%, Sigma, St. Louis, MO, America), oil red O dye (cell-specific smear), amarogentin (AG) (HPLC≥98%, lot: B20683), gentiopicroside (HPLC≥98%, lot: B20763), sweroside (HPLC≥98%, lot: B21643), and swertiamarin (HPLC≥98%, lot: B21644) were purchased from Shanghai Yuanye Biotechnology Co., LTD. Sodium oleate (OA), palmitic acid sodium (PA), and bezafibrate tablets (BT) (HPLC≥99%) were purchased from Shanghai Macklin Biochemical, China.

A CKX41 inverted microscope (Olympus Corporation, Tokyo, Japan; Spectra Max Plus384), full wavelength marker (Molecular Devices, USA), flow cytometer (BD influx), and an Applied Biosystems 7500 fluorescence quantitative PCR instrument were also used.



Preparation of Sample Solution

The FFA mixture was preparation as reference described (Zhang et al., 2015). Non-fatty acid BSA was dissolved in DMEM medium to prepare a BSA solution with a concentration of 18.4%. OA (9 mmol·L−1) and PA (9 mmol·L−1) were each dissolved in medium containing BSA. An FFA/BSA mixture with mixture of (OA: PA, 2:1) was produced. The FFA/BSA mixture was stirred at 37°C for 6 h and the pH of the medium was adjusted to 7.4 with a pH regulator. The medium was filtered aseptically and stored at −20°C for later use.



Cell Culture and Treatment

Human LO2 cells (obtained from Chinese Academy of Science Committee Type Culture Collection Cell Bank, Shanghai, China) were kept in DMEM containing 10% (v/v) heat-inactivated FBS and 1% (v/v) penicillin/streptomycin (Gibco/BRL, NY) in a 5% CO2 incubator at 37°C. The cells were exposed to (0.125–2.0 mmol·L−1) FFA mixture (OA: PA, 2:1) for 24 or 48 h to induce steatosis. DMEM medium containing 2% FBS without fatty acids was used as the control. Then, cells were divided into eight groups: 1) normal control group (NC), treated with PBS only as vehicle; 2) NC+ high dose of WVBF group (WVBF 5.0), treated with PBS only as vehicle, 3) FFA group (MC), treated with 0.5 mM FFA mixture for 24 h, 4) FFA+ bezafibrate tablets group (BT), 5) FFA+ amarogentin group (AG), 6) FFA+ gentiopicroside: sweroside: swertiamarin: amarogentin, 5:8:6:80 group (PC), 7) FFA+ high dose of WVBF group (WVBF 5.0), and 8) FFA+ low dose of WVBF group (WVBF2.5) treated with ghrelin and FFA mixture described above (as Table 1).


Table 1 | Experimental protocol and group.



To detect the cell viability, AST and ALT were used as the basis indices for selecting the optimal time and the concentrations of FFA (Mao et al., 2015; Zhang S. R. et al., 2018).





Effect of Water Extract of Veratrilla baillonii on Non-Alcoholic Fatty Liver Disease Cell Model


Assessment of Cell Viability

Cell viability was evaluated by the methylcyclopentadienyl manganese tricarbonyl (MTT) method. After the indicated treatment, MTT was added at a working concentration of 5 mg·ml−1 and the solution was incubated for 4 h. Then, the MTT solution was removed and 150 μl well−1 of dimethyl sulfoxide (DMSO) was added to dissolve the needle-like formazan crystals formed by viable cells. The absorbance was measured at 490 nm, and the percentage of cell viability was calculated.



Flow Cytometry Analysis of Apoptosis

After treatment, the LO2 cells were collected after centrifugation at 2,000 r·min−1 for 5 min. The cells were treated according to the instructions of the Annexin V-FITC Cell Apoptosis Assay Kit. Then, a FACSCalibur flow cytometer (BD Biosciences, San Jose, CA, USA) was used to evaluate cell apoptosis and necrosis.



Cell Oil Red O Staining

The levels of lipids were assessed by oil red O stains on cells. Firstly, the cells grown in six-well plates were washed with phosphate buffer saline (PBS) three times, then 4% paraformaldehyde was used to fix the cells for 20 min. Secondly, the cells attached to the coverslip were stained with the oil red O (ORO) fixative for 15 min, and soaked with 60% isopropanol for 5 min. Then, hematoxylin stain was added onto the slides for 1 min after the slides were washed with distilled water according to the manufacturer’s instructions. The lipid droplets stained with oil red O were visualized with a CKX41 inverted microscope equipped with a DP72 microscope digital camera. Then 100% isopropanol was used to extract intracellular cholesterol. The liquid absorbance was measured at OD490 with spectrophotometer.



Biochemical Analyses

The cell lysates were homogenized and the total lipids were extracted by a mixture of chloroform and methanol (2:1). The protein concentrations of lysis buffer were measured using an enhanced bicinchoninic acid (BCA) protein assay kit. The concentrations of TG, total cholesterol (TC), total superoxide dismutase (T-SOD), glutathione peroxidase (GSH-Px), MDA, and LPO in cell homogenate were determined with commercial kit. All experimental results were normalized according to total protein levels of the samples. The levels of AST and ALT in cell culture supernatant were also determined using a fully automatic biochemical analyzer (Mindray, BS-600, China), according to the manufacturer’s protocol.



Analysis of Intracellular Reactive Oxygen Species Generation

Fluorescent dye 2,7-dichlorofluorescein-diacetate (DCFH-DA, Beyotime, China) was used to detect intracellular ROS generation. After the cells were exposed to FFA for 24 h, and treatment of BT, AG, PC, and WVBF, the LO2 cells were washed with DMEM and stained with 10 μm of DCFH‐DA for 30 min at 37°C. Subsequently, cells were harvested, rinsed twice with DMEM, and then resuspended in 0.5 ml of DMEM and analyzed for DCF fluorescence by flow cytometry.



Quantitative Real-Time PCR (qRT-PCR)

Quantitative real-time PCR was used to determine the messenger RNA (mRNA) levels of sterol regulatory element binding proteins-1c (SREBP-1c), peroxisome proliferators activator receptors alpha (PPARα), fatty acid synthase (FASN), acetyl-CoA carboxylase (ACC), nuclear factor-erythroid 2-related factor 2 (Nrf2), nuclear factor kappa-B (NF-κB), and tumor necrosis factor-α (TNF-α) in LO2 cells. Total RNA was extracted from the cells using TRIzol Reagent according to the manufacturer’s instruction. Then, total RNA was reverse-transcribed to complementary DNA (cDNA) using an SYBR® PrimeScript® RT-PCR Reagent Kit with genomic DNA (gDNA) Eraser (TaKaRa, Japan). The master mix (10 μl) included: PrimeScript RT Enzyme Mix I (1.0 μl), RT Primer Mix*4 (1.0 μl), 5×PrimeScript Buffer 2 (for real time) (4.0 μl), and RNase Free dH2O (4.0 μl). PCR amplification was performed as follows: stage 1, preheat denaturation at 95°C for 40 s, stage 2, circulatory system cycled 40 times at 95°C for 15 s, and 58°C for 1 min. The sequence of primers used for this reaction is provided in Table 2. Each sample was measured three times. The expression levels of the above genes were normalized to those of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and measured by the comparative 2−ΔΔCt method.


Table 2 | Primers used for real time PCR (RT-PCR).





Western Blotting

Total protein was extracted from frozen LO2 cells by adding protein lysates (Beyotime Biotechnology Co, Ltd, Shanghai, China). Protein was quantified using the Bradford method (Thermo Fisher Scientific Inc, Rockford, IL). Total protein was separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (50 μg), and was then transferred to Millipore Corp, Billerica, MA membranes and sealed with 5% skim milk powder at 37°C for 1 h. Subsequently, rabbit anti-mouse monoclonal antibodies against PPARα, SREBP-1c, FASN, Nrf2, and GAPDH (1:1,000; Abcam, Cambridge, MA) were added to the membrane and it was shaken at 4°C overnight. The membrane was washed with phosphate buffered saline with Tween (PBST) three times, for 5 min each time. Then, horseradish peroxidase-labeled goat anti-rabbit secondary antibody (1:4,000; Cell Signaling Technology, Danvers, MA) was added to the membrane and it was incubated at room temperature for 2 h. The membrane was washed twice using tris-buffered saline with Tween (TBST) for 10 min and was then treated with electrochemiluminescence (ECL) photoluminescence solution for imaging. ImageJ software was used to analyze the test results. The ratio of the gray value of the target band to the GAPDH reference band was used as the relative expression level of the protein. Each experiment was repeated three times.



Statistical Analysis

The results are expressed as mean ± standard error (SE). Multiple comparisons were performed using one-way analysis of variance (ANOVA) followed by Tukey’s post hoc test. For all analyses, P values below 0.05 were considered to indicate statistical significance. Analyses were performed using SPSS 18.0 software for Windows.




Results


Active Ingredient Targets and Disease Targets

As shown in Table 3, 14 active ingredients were collected from V. baillonii and 496 target proteins were found. Although the number of targets of each compound was different, the targets of the 14 active ingredients significantly overlapped. Topological analysis of protein-interaction network nodes, including screening of key nodes to eliminate duplicates, revealed a total of 287 target proteins. The constructed “composite target” network was used to evaluate the relationships between 287 targets, which had as many as 2,672 nodes. Targets associated with NAFLD were identified in the OMIM, DisGeNET, and GeneCards databases. In this study, 1,200 target genes of disease were retrieved, and 872 key nodes were obtained through screening.


Table 3 | Information on 14 compounds of Veratrilla baillonii.





Target Network Analysis

All active compound protein targets and disease-related proteins were classified into two independent groups. The set and its relations were expressed in a closed-loop form with a fixed position to obtain a Venn diagram and 31 interacting proteins, as shown in Figure 2A. Proteins were obtained using String 11.0 and topological data analysis was conducted through CytoNCA, a plugin for Cytoscape, to obtain a network PPI of 17 key targets, as shown in Figure 2B. Through network prediction, it was found that TNF, MAPK8, mTOR, HRAS, and PTGS2 were important target genes in the first few degrees.




Figure 2 | Target network analysis. (A) Venn diagram of active ingredient targets and disease proteins. (B) Fourteen active ingredients of Veratrilla baillonii and cross-critical disease targets. Blue represents the protein at the intersection of the active compound with the disease. Red is the active compound.





Gene Ontology Function, Kyoto Encyclopedia of Genes and Genomes Pathway, and Localization Analysis of Key Targets

The GO functional analysis revealed that V. baillonii affected 17 potential key target genes of five main biological processes, including regulation of lipid metabolic process, positive regulation of nitric oxide biosynthetic process, positive regulation of fever generation, regulation of monooxygenase activity, and regulation of fatty acid metabolic process, as shown in Figures 3A, B. In addition, a visual analysis was performed on the top 20 signal pathways enriched by KEGG analysis (Figure 3C). KEGG enrichment analysis demonstrated that many target genes of V. baillonii were closely related to oxidative stress indices, inflammatory factors, the TNF signaling pathway, lipid metabolism, and other signaling pathways such as the AMPK signaling pathway and PI3K-Akt signaling pathway, among others.




Figure 3 | Bioinformatics analysis and localization analysis of key targets. (A) Gene ontology (GO) enrichment analysis of the hierarchical network diagram. (B) GO biological process enrichment analysis. (C) Enrichment analysis of Kyoto Encyclopedia of Genes and Genomes (KEGG) annotation signaling pathway. (D) Targeted organ localization analysis network. (E) The key gene expression in different tissues and organs (##P < 0.01, and ###P < 0.001, liver vs. control heart or kidney.)



Moreover, to study the relationship between V. baillonii and vital organs, the BioGps database was used. The above mentioned 17 key targets were imported in the BioGps database for organ positioning. The network was divided into several tissue modules, including liver (12 targets), heart (11 targets), and kidney (7 targets) (Figure 3D). The results of this analysis indicated that the targets of the active components of V. baillonii were closely related to lipid metabolism disorder. The majority of targets of V. baillonii were located in liver tissues (Figure 3E). Lipid metabolic disorders are considered to be one of the vital causes of NAFLD (Ziamajidi et al., 2013). Important target genes of TNF, MAPK8, mTOR, NF-ĸB, and PPARα were mainly distributed in the “adipocytokine signaling pathway”. The AMPK pathway and insulin signaling pathway were the other important pathways. These results suggest that the molecular mechanisms of the most active compounds of V. baillonii are related to inflammation and lipid metabolism. Based on these predictions and the available literature, experiment at the cellular level was conducted then to verified our hypothesis.



Free Fatty Acids Reduced Cell Viability and Increased Lipid Accumulation in LO2 Cells

As shown in Figure 4Aa, FFA (0.125–2.0 mM) dose-dependently reduced the cell viability of LO2 cells after incubation for 24 or 48 h. A 0.5 mmol·L−1 dose of FFA inhibited cell growth by more than 50% after 24 or 48 h. Furthermore, ALT and AST leakage were markedly increased in the FFA group compared with the control group (Figures 4Ab, Ac). As the concentration of FFA increased, the accumulation of red-stained lipid droplets in LO2 hepatic cytoplasms increased in a dose-dependent manner (Figures 4Ad, B). Then, a low cytotoxic dose of 0.5 mmol·l−1 FFA was used and the shorter induction group was exposed for 24 h in the following experiment.




Figure 4 | Effects of free fatty acids (FFA) on cell viability and lipid accumulation in LO2 cells. (A) LO2 cells were exposure to the different concentrations of FFA for 24 or 48 h, cell viability (a), ALT (b), AST (c) and quantitative results of graph-B detected by spectrophotometer at OD490nm (d). (B) The effect of FFA on the lipid accumulation of LO2 cells. n =3 (n, the number of experiment), (#P < 0.05, ##P < 0.01, and ###P < 0.001 vs. control group).





Effects of Water Extract of Veratrilla baillonii on Free Fatty Acids-Induced LO2 Cells


Water Extract of Veratrilla baillonii Elevated Cell Viability and Reduced Free Fatty Acids-Induced Cell Apoptosis

After 24 h of FFA treatment, ALT, AST levels in LO2 cells were significantly elevated, cell viability were significantly decreased. ALT, AST levels significantly decreased, the cell viability rates significantly increased in cells treated with WVBF, BT, AG, and PC (Figures 5A, B). Flow cytometry analysis showed that the increased cell apoptosis and cell necrosis rate induced by FFA could be significantly reduced by WVBF treatment in a dose-dependent manner (Figure 5C), indicating the protective effect of WVBF treatment on FFA-induced LO2 liver injury.




Figure 5 | The effect of water extract of Veratrilla baillonii (WVBF) on free fatty acids (FFA)-induced apoptosis and injury. (A) The cell viability was measured by the methylcyclopentadienyl manganese tricarbonyl (MTT) assay, and the levels of alanine aminotransferase (ALT) and aspartate aminotransferase (AST). (B) Annexin V-FITC/PI and analyzed by flow cytometry (the upper right quadrant represents late apoptosis. The lower right quadrant represents early apoptosis). (C) Apoptosis rate (a) and necrotic cell rate (b). n =3 (n, the number of experiment), (##P < 0.01, ###P < 0.001 vs. control group; *P < 0.05, **P < 0.01, and ***P < 0.001 vs. FFA group).





Water Extract of Veratrilla baillonii Attenuates Lipid Metabolic Risk Factors and Accumulation in Cells

FFA resulted in a steady increase in TG, TC levels in liver cells, and increased accumulation of fat droplets in the cytoplasm after incubated for 24 h. And the TG, TC levels could be significantly attenuated by WVBF, BT, AG, and PC (Figures 6A, B). Moreover, WVBF significantly reduced the FFA-induced accumulation of fat droplets in the cytoplasm after incubated for 24 h (Figure 6B). The high-dose of WVBF group exhibited the best efficacy and showed a specific dose-dependent enhancement. The above results indicate that WVBF regulate the lipids metabolism in cells, thus remission lipotoxicity induced hepatocyte injury.




Figure 6 | Effect of water extract of Veratrilla baillonii (WVBF) on lipid metabolic factors and lipid accumulation in LO2 cells. (A) Effect of WVBF on TG (a), TC (b), and quantitative results of graph-B detected by spectrophotometer at OD490nm (c) in LO2 cells. (B) Effect of WVBF on lipid accumulation in LO2 cells subjected to free fatty acids (FFA) (the deeper the red oil stain, the more lipid accumulation in the cell). (##P < 0.01, ###P < 0.001 vs. control groups; *P < 0.05, **P < 0.01, and ***P < 0.001 vs. FFA group).



Effects of Water Extract of Veratrilla baillonii on Free Fatty Acids-Induced Oxidative Injury in LO2 Cells

The exposure of the cells to FFA resulted in a significant decrease in T-SOD and GSH-PX level, increase in MDA and LPO levels, and produced stronger DCF signals compared to the control group. However, after WVBF, BT, AG, and PC treatment resulted in a marked reduction in DCF fluorescence, indicating an inhibitory effect of WVBF on FFA-induced intracellular ROS production. The above results show that WVBF has certain roles in antioxidation and regulation of oxidation(Figures 7A, B).




Figure 7 | Effects of water extract of Veratrilla baillonii (WVBF) on free fatty acids (FFA)-induced oxidative stress and intercellular reactive oxygen species (ROS) production in LO2. (A) Effects of WVBF pre-treatment on T-SOD (a), MDA (b), GSH-Px (c), LPO (d) product in LO2. (B) Flow cytometry analysis of FFA-induced ROS. n=3 (n, the number of experiments), (##P < 0.01, ###P < 0.001 vs. control group; *P < 0.05, **P < 0.01, and ***P < 0.001 vs. FFA group).





Water Extract of Veratrilla baillonii Regulated the PPARα/SREBP/NF-κB Pathway

The key targets and important signaling pathways, including TNF, MAPK8, mTOR, and NF-ĸB targets and the adipocytokine signaling pathway, which were obtained from the network pharmacology analysis, were further explored and verified at the cellular level. As shown in Figure 8A, FFA significantly up-regulated the mRNA levels of SREBP-1c, FASN, ACC, NF-κB, and TNF-α and down-regulated the mRNA levels of Nrf2 and PPARα. The same trends were observed at the protein level (Figures 8B, C). However, those imbalances were significantly recovered by WVBF in a dose-dependent manner. The results were in accordance with the network analysis to some extent and provide evidence to support the view that activation of oxidative, inflammation, and lipid metabolism stress pathways are involved in a NAFLD cell model.




Figure 8 | Effect of water extract of Veratrilla baillonii (WVBF) on non-alcoholic fatty liver disease (NAFLD) lipid, oxidative stress, and inflammation of free fatty acids (FFA)-induced cell. (A) Effect of WVBF on the expression of PPARα (a), SREBP-1c (b), FASN (c), ACC (d), Nrf2 (e), NF-ĸB (f), and TNF-α (g) messenger RNA (mRNA). (B) Protein expression of PPARα, SREBP-1c, fatty acid synthase (FAS), acetyl-CoA carboxylase (ACC), and Nrf2 in FFA-induced LO2 cell was detected by western blot. (C) Effect of WVBF on the expression of Nrf2, ACC, FASN, SREBP-1c, and PPARα protein. n =3 (n, the number of experiment), (##P < 0.01, ###P < 0.001, vs. control group; *P < 0.05, **P < 0.01, and ***P < 0.001 vs. FFA group).







Discussion

Research on the efficacy and mechanism of traditional Chinese medicine (TCM) is critical to the modernization of Chinese medicine (Hopkins, 2008). Many studies have shown that the effectiveness of TCM in the complex diseases depends on the synergistic effects of multiple compounds and their targets. Network pharmacology and system biology can explain the effects of drugs on biological network destruction from the perspective of macro or global regulation and provide new research ideas and technical means for studying the mechanism of ethnic drug compounds (Muhammad et al., 2018; Zhang Y. et al., 2018). In this study, the complexity of the active ingredients in V. baillonii and the diversity of potential regulatory targets in diseases were studied through network pharmacology analysis. The results revealed that the main active ingredients of V. baillonii, such as amarogentin, 1-hydroxy-2,3,7-trimethoxyxanthone, and 1,7-dihydroxy-3-methoxyxanthone, possess anti-inflammatory, antioxidant, and liver protection effects, among others. These findings are consistent with those reported in the literature. Clinical and pharmacological studies have found that V. baillonii has a variety of anti-inflammatory, antioxidant, antiviral, and liver protective effects in autoimmune diseases. It has remarkable efficacy in the treatment of pulmonary fever, enteritis, cholecystitis, hepatitis, and other diseases of the digestive system (Lian et al., 2010).

Based on the present results, a NAFLD cell model establishment by FFA-induced LO2 was preliminarily confirmed (Zhang et al., 2015; Zhang Y. et al., 2018; Mao et al., 2015). There are significant increases in ALT and AST levels in patients with fatty liver disease. In NAFLD patients, the levels of TG, and TC, indicators of blood lipids, are significantly increased (Chavez-Tapia et al., 2011). A previous study (Ge et al., 2016) reported that WVBF can decrease Aconitum brachypodum-induced acute toxicity in KM mice and can protect liver tissue by decreasing the release of ALT, AST, and TG in serum. The present study also found that the levels of ALT, AST, TG, and TC in NAFLD model cells were significantly reduced after WVBF treatment, suggesting that WVBF can reduce FFA-induced steatosis injury and the accumulation of lipids in hepatocytes.

Oxidative stress plays an essential role in the regulation of NAFLD from steatosis to steatohepatitis, liver fibrosis, and cirrhosis (Izdebska et al., 2017). Oxidation of fatty acids is considered to be an important source of ROS in fatty liver. ROS can attack a variety of unsaturated fatty acids and induce lipid peroxidation in cells, results in the formation of aldehyde byproducts, such as MDA (Takaki et al., 2013). These molecules can spread inside and outside the cell and accelerating the effects of oxidative stress. Our previous study (Yu et al., 2016) found that WVBF has antioxidant effects which are related to the amarogentin components in WVBF. The current study also confirmed that WVBF has a significant antioxidant effect.

The Nrf2 signaling pathway is an important mechanism of cell resistance to oxidative stress. It can regulate the expression of liver detoxification and antioxidant defense genes (Kathirvel et al., 2010). Preliminary results indicate that WVBF can regulate the NRF2 pathway, WVBF treatment of NAFLD cells increased intracellular Nrf2 expression in a dose-dependent manner, suggesting that the antioxidant potential of WVBF could be an important mechanism for improving liver function of NAFLD cells, which is similar to the results of our previous study (Dai et al., 2018).

PPARα plays an essential role in fat synthesis (Qiao et al., 2013). The SREBP-1c subtype is a key regulatory element in the process of lipid synthesis. Its downstream factors include acetyl-CoA carboxylase (ACC) and fatty acid synthase (FAS), which are essential enzymes for fat production (Kanuri and Bergheim, 2013). FFA treatment enhanced the expression of PPARα and decreased the expression of SREBP-1c in FFA-exposed NAFLD model cells, indicating that WVBF activated the PPARα pathway and inhibited the expression of the SREBP-1c/ACC/FAS pathway.

Inflammation is another important factor mediating the pathogenesis of NAFLD (Zhou et al., 2018). TNF-α, a pro-inflammatory cytokine, is involved in the pathogenesis of NAFLD (Parafati et al., 2018). Continuous accumulation of fatty acids activates the NF-κB pathway, promoting the release of inflammatory cytokines and causing inflammation (Cheng et al., 2019). In the current study, WVBF inhibited the increased expression of NF-κB and TNF-α induced by FFA, thereby reducing the liver inflammation reaction in the cell.

Together, the above findings indicate that WVBF treatment can significantly reduce FFA-induced lipid metabolism disorder, oxidative stress, and the inflammatory response in LO2 cells by activating PPARα and inhibiting fat synthesis of the SREBP-1c/FASN/ACC pathway. This ameliorates the symptoms of NAFLD and plays a role in protecting the liver (Figure 9). These results are consistent with our predicted target and signaling network analysis.




Figure 9 | The protective mechanism of water extract of Veratrilla baillonii (WVBF) on free fatty acids (FFA)-induced non-alcoholic fatty liver disease (NAFLD) LO2 cells.





Conclusion

This study revealed the potential active compounds and the protective action of V. baillonii in a NAFLD cell model. WVBF inhibited oxidative stress and the inflammatory response, and reduced lipid metabolism disorder through various signaling pathways, suggesting that V. baillonii may be a candidate drug for the treatment of NAFLD. Since NAFLD is a very complex condition in which many factors are involved, lipid accumulation in LO2 liver cells induced by fatty acids can only partially represent NAFLD condition. Further studies are needed to determine the regulatory effect and mechanism of WVBF in animal models of NAFLD.
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Datura metel Linn is used traditionally for the treatment of various diseases including relaxation of smooth muscles, relief of fever, as well as gastrointestinal disorder. This study deals with the bio-guided isolation of an active, amyrin-type triterpenoid, namely 3-oxo-6-β-hydroxy-β-amyrin (daturaolone; 1), from the chloroform fraction of Datura metel L. (Angel’s trumpet) fruits and its gastrointestinal motility, antipyretic, and muscle relaxation effects in animal models. The chemical structure of daturaolone (1) was elucidated by NMR spectroscopy and crystallography techniques. The chloroform fraction and daturaolone (1) were assessed for the GIT motility test. Data exhibited in charcoal meal GI transit test show that chloroform fraction and daturaolone (1) significantly reduce GIT motility and increased intestinal transit time, comparable to the standard (atropine), a muscarinic receptor blocking agent. Muscle relaxant potency of the extract and daturaolone (1) was assessed in various animal paradigms. In the inclined plane screening test, it produced a significant (P < 0.05) muscle relaxation potential in a dose-dependent manner after 30, 60, and 90 min. Likewise, the muscle relaxation potential of the extract and daturaolone (1) was strongly complemented by the chimney and traction test, representing a dominant effect after 60 min of sample administration. The chloroform fraction showed good antipyretic activity, and while daturaolone (1) exhibited significant activity at a higher dose, the maximum effect (84.64%) was at 20 mg/kg i.p. In acute toxicity screening test, the chloroform extract (100, 250, 500, and 1,000 mg/kg) and daturaolone (1) (5, 10, 20, and 50 mg/kg) were found safe. In conclusion, the chloroform extract and daturaolone (1) exhibited strong gastrointestinal motility, muscle relaxation, and antipyretic activity in different animal models and intestinally, was found safe at higher tested doses.




Keywords: Datura metel, daturaolone, gastrointestinal motility, antipyretic activity, muscle relaxation activity



Introduction

Datura metel is a member of the family Solanaceae and is an erect shrub with spreading branches. The plant has a local name in Bengali called Dhutura. D. metel grows throughout the year and is commonly known as Devil’s Trumpet in English (Duke and Ayensu, 1985; Dabur et al., 2004). It grows in both hot and humid climate. The plant also has an American origin and is widely distributed in Pakistan, India, South America, and Africa (Sangwan and Camefort, 1983). It has long flowers having purple and white colors which scented up to 6″ (Okwu and Igara, 2009), while the leaves are broad in shape and dark green in color. D. metel is 10–20 cm long and 5–18 cm broad. Its fruits are spiny capsules in nature with a thickness of 4–10 cm. D. metel is widely used in Bangladeshi herbal medicine (Monira and Munan, 2012). In Chinese traditional system, its flowers are known as baimantuoluo which are used for the treatment of psoriasis and inflammation of the skin (Wang et al., 2008; Monira and Munan, 2012). In Ayurvedic medicinal systems, its seeds are used to cure ulcers, jaundice, diabetes, skin rashes, and bronchitis (Monira and Munan, 2012). Further to these uses, its flowers are involved in cigarette production, while the seeds are used in making tea with potent sedative action in Brazil (Agra et al., 2007). It is also used for the treatment of heart disease, epilepsy, diabetes, insanity, fever, diarrhea, asthmatic anesthetic, hallucinogenic, anti-asthmatic, hypnotic, antitussive, bronchodilator, anodyne narcotic, and skin diseases (Chopra et al., 1956; Chopra et al., 1986; Monira and Munan, 2012). The bioactivities of D. metel are due to secondary metabolites present in it. D. metel is well documented to contain varieties of potent secondary metabolites including alkaloids, steroids, saponins, flavonoids, triterpenoids, and tannins (Okwu and Igara, 2009). Various types of alkaloids have been detected in different parts of D. metel; the numbers of alkaloids increase with the age of the plant (Afsharypuor et al., 1995; Monira and Munan, 2012). The important compounds of D. metel are tropane alkaloids including hyoscine, hyoscyamine, littorine, valtropine, acetoxytropine, fastusine, and various withanolides as well as a number of trigloyl ester of tropine (Afsharypuor et al., 1995; Monira and Munan, 2012). An alkaloid known as scopolamine, a major compound isolated from D. metel, has been documented for curing various diseases including bronchitis and asthma (Dabur et al., 2004). Other tropane alkaloids isolated from D. metel are used as antispasmodic, mydriatic, and sedative agents (Nuhu, 2002). It is also an important source of withanolides, which is used to cure pain and has hallucinogenic potency (Abubakar et al., 2009; Yang et al., 2014; Arjun et al., 2015). The seeds of D. metel are used to relieve dental pain. Also, it has wide applications in ayurvedic medication such as the ability to cure hair fall and other skin-related infectious diseases (Soni et al., 2012). The plant extracts of D. metel have been documented for antimicrobial and anti-inflammatory properties (Akharaiyi, 2011; Alabri et al., 2014). In this context, atropine isolated from the title plant has been used to dilate the pupil, and it helps in the surgery of the eyes (Satyavati and Raina, 1977). The current study deals with the isolation of a triterpenoid, namely daturaolone (1), and the in vivo gastrointestinal motility, antipyretic, and muscle relaxation as well as acute toxicity study of the chloroform extract and the isolated daturaolone (1).



Material and Methods


Plant Material Collection

Fruits of Datura metel (Angel’s trumpet) were obtained from the ground of Razagram (Khall, Distt; Dir, KPK, Pakistan. The plant specimen was identified by Dr. Muhammad Ilyas, Head of the Department of Botany, University of Swabi, KPK, Pakistan. The voucher specimen no. Bot (UOS-521) was deposited at the herbarium of the Botany Department, University of Swabi.



Extractions, Fractionation, and Isolation

The fruits (8.2 kg) were dried in a shade at room temperature, ground into powder and then subjected to cold extraction with methanol (×3), which yield 349 g of reddish extract. The extract was suspended in distilled water and then successively extracted with n-hexane (52.8 g), chloroform (93.6 g), and ethyl acetate (45.1 g) as per reported methods (Bawazeer et al., 2019). Based on the TLC profile, the chloroform extract (25.0 g) was chromatographed on the silica gel normal phase column. The column was eluted with a mixture of n-hexane and ethyl acetate (0:100) of increasing polarity order. One hundred sub-fractions were obtained, which were combined to 12 major sub-fractions (SB-1–SB-12), as per the TLC profile. Based on the TLC profile, SB-7 was subjected to frequent pencil column chromatography (CC), eluting with n-hexane and ethyl acetate (14:86), which yielded white crystals. The obtained crystals were washed with n-hexane to afford daturaolone (1) (2.7 g; 99.87% pure). The chemical structure of daturaolone (1) was elucidated by advanced spectroscopic technique. The structure was confirmed by crystallography technique (Figure 1), and the spectral data were compared with the reported ones (Wang et al., 2005).




Figure 1 | Chemical structure and x-rays’ crystallographic image of daturaolone (1) isolated from Datura metel.





Animals

Balb/c mice of either sex, weighing 18–22 g were used throughout this work. These animals were placed under standard laboratory conditions. All animals were served with standard laboratory diet and ad libitum water. Experiment was performed at the Pharmacy Department University of Swabi as per standard procedure. Studies involving human participants were reviewed and approved by the ethical committee UOS/Pharm-649, Department of Pharmacy, University of Swabi, Swabi, Pakistan.



Gastrointestinal Motility Test

The chloroform fraction and daturaolone (1) were assessed for gastrointestinal motility screening test. In these tests, mice were divided into six groups (n = 6). The 1st group received normal saline (10 ml/kg) and acted as a negative control; the 2nd group was administered with the reference drug (atropine; 10 mg/kg, i.p.). The remaining groups were treated with chloroform fraction at the doses 10, 25, 50, 100, and 200 mg/kg, i.p. and daturaolone (1) at the doses 2.5, 5, 10, 20, and 40 mg/kg, i.p. After 15 min of treatment, every animal received a 0.3 ml charcoal meal in the form of a suspension in water with 10% vegetable charcoal and 10% gum acacia. Exactly after 30 min of the above administration, all animals were sacrificed by cervical dislocation, and the whole small intestine was detached. Experiments were performed in triplicate, and the percent activity was measured from the distance traveled by charcoal in the small intestine as per our previous methods (Rauf et al., 2016a; Ahmad et al., 2018).



Muscle Relaxation Assay

The muscle relaxation activity of the chloroform fraction and daturaolone (1) was performed using the chimney and inclined plane model according to the standard method (Rauf et al., 2018).


Chimney Model

Muscle relaxation potency of chloroform fractions and daturaolone (1) was performed according to our reported procedure (Rauf et al., 2018). In this model, a pyrex tube having a diameter of 3 cm and length of 30 cm was used. The design tube was marked 22 cm from the base, and the treated mice were allowed to muscle relaxant traits after 30, 60, and 90 min. The animals were divided into various groups (n = 6). Animals in one group were fed with distilled water (10 ml/kg), one group with diazepam (1 mg/kg) as a standard drug, and the remaining animals with chloroform fractions at the doses 10, 25, 50, 100, and 200 mg/kg, i.p. and daturaolone (1) at doses 2.5, 5, 10, 20, and 40 mg/kg, i.p. All groups of treated animals were allowed at the one adjacent of the tube and then permitted to move rising from the base to the marked position at 20 cm. When the animals reached the mark then we directly converted the tube to vertical. Those animals which fail to climb to the 20 cm mark of the glass tube in 30 s were counted as animals with muscle relaxation potential.



Traction Model

The muscle relaxation effect of chloroform fractions and daturaolone (1) was performed according to our reported traction methods (Rauf et al., 2018). These methods were designed by using a metallic wire coated with rubber, and both sides of the wire were connected with a stand around 60 cm upstairs of the laboratory bench. Different groups of animals (n = 6) were fed with distilled water (10 ml/kg), diazepam (1 mg/kg), and the chloroform extract and isolated daturaolone (1) (2.5, 5, 10, 20 mg/kg i.p.). Then all the animals were open to traction testing after 30, 60, and 90 min. All groups of animals were suspended by back legs to the attached wire then hanging time was recorded for less than 5 s. Failure of each animal to hang to the wire indicated muscle relaxant potency. The activity was performed again and again to calculate the muscle relaxant potency according to reported methods (Rauf et al., 2018).



Inclined Plane Model

This model was also used to check the muscle relaxation effect of chloroform fractions and daturaolone (1) as per the published method (Rauf et al., 2018). The inclined plane used in this method consisted of two plywood boards which were joined in such a pattern that one plywood board was from the base and the other with the base at 65°. Animals were divided into various groups (n = 6); each group was administered with distilled water (10 ml/kg), standard drug (1 mg/kg), chloroform fraction at the doses 10, 25, 50, 100, and 200 mg/kg, i.p., and daturaolone (1) at the doses 2.5, 5, 10, 20, 40 mg/kg, i.p. After 30, 60, and 90 min of the administration, animals were permitted on the higher portion of the inclined plane for 30 s to hang or fall.



Yeast Induced Antipyretic Activity

The antipyretic effect of chloroform extract and daturaolone (1) isolated from the title plant was evaluated using a standard procedure (Muhammad et al., 2012). Animals were distributed into various groups (n = 6). All groups of animals were subjected to fasting and allowed free access to drinking water. Among the divided groups, Group I received saline (control), Group II received the standard drug (Paracetamol), while the remaining groups (III–VII) received the fraction at different doses 10, 25, 50, 100, and 200 mg/kg, and daturaolone (1) at 2.5, at 10, 15, and 20 mg/kg. The normal temperature was noted with the help of a numerical thermometer, and then pyrexia was induced in all groups of animals by introducing aqueous suspension (20%) of Brewer’s yeast (10 ml/kg, s.c.). After 24 h, the rectal temperature was noted and groups (III–VII) were administered with the above doses. After drug administration, the rectal temperature was once more noted periodically at 1, 2, 3, 4, and 5 h of drug administration. The percent effect was calculated using our previous formula (Muhammad et al., 2013).




Toxicological Screening

The acute toxic effect of chloroform fraction and daturaolone (1) was performed in mice of both sexes as per our standard method (Rauf et al., 2016a). To find the toxicological profile of the extract and daturaolone (1), mice were starved for 16 h earlier to the experiment. All animals were divided into various groups (n = 6). Group I (Control group) was fed with normal saline (10 ml/kg). The remaining animals were treated with chloroform fraction in various doses (50, 100, 250, 500, and 1,000 mg/kg, (p.o.) and daturaolone (1) at (10, 25, 50, 100, 250, 500 mg/kg, (p.o.). Treated mice were then allowed free access to water and food and were noted for gross behavior change as well as mortality for 24 h.



Statistical Analysis

All results of this biological screening are presented as the mean ± standard error of the mean (SEM). To find the level of significant differences (p < 0.05 or 0.01) among the experimental groups, One-way analysis of variance (ANOVA) was achieved by Dunnett’s multiple comparison test.




Results and Discussion


Structure Elucidation

Daturaolone (1) was isolated from chloroform fraction and identified as 3-oxo-6β-hydroxy-β-amyrin by different spectroscopic techniques.

Daturaolone (1) was isolated as white crystals; IR (KBr, cm−1) νmax = 1599 (C=C), 1699 (C=O), 2,918 (C-H), 3650 (OH). 1H NMR (500 MHz, CDCl3): δ 0.83 (s, 3H, CH3-28), 0.85 (s, 6H, CH3-29, CH3-30), 1.08 (s, 3H, CH3-27), 1.15 (s, 3H, CH3-23), 1.22 (t, 2H, CH2-22), 1.32 (s, 3H, CH3-26), 1.40 (s, 3H, CH3-24), 1.49 (s, 3H, CH3-25), 1.53 (s, 2H, CH2-7), 1.62 (t, 2H, CH2-15), 1.64 (d, 1H, CH-5), 1.65 (d, 2H, CH2-19), 1.67 (t, 1H, CH-18), 1.76 (m, 2H, CH2-11), 1.98 (t, 2H, CH2-16), 2.06 (t, 1H, CH-5), 2.22 (3, 2H, CH2-1), 2.73 (3, 2H, CH2-2), 4.49 (brs, 1H, CH-6), 5.24 (s, 1H, CH2-12); 13C NMR (125 Hz, CDCl3): δ 16.5 (CH3-19), (CH3-19), 18.6 (CH3-26), 23.6 (CH3-11, 24), 23.9 (CH3-30), 25.8 (CH3-23), 25.9 (CH3-27), 26.1 (CH2-15), 26.9 (CH2-16), 28.3 (CH3-28), 31.0 (C-20), 32.8 (C-17), 33.3 (CH3-29), 34.0 (CH2-21), 34.4 (CH2-2), 36.3 (C-10), 37.0 (CH2-22), 39.0 (C-14), 40.6 (CH2-1), 41.6 (CH2-7), 42.5 (C-8), 46.7 (CH2-19), 47.3 (CH-9, 18), 48.7 (C-4), 56.5 (CH-5), 69.3 (CH-6), 121.2 (CH-12), 144.5 (C-13), 216.6 (C-3), ppm; HRMS (ESI) m/z: calcd. for C30H48O2 [M]+ 440.3710, found 440.3700. The spectroscopic data were compared to those published in the literature for the known compound and were found identical (Wang et al., 2005; Rauf et al., 2016b); furthermore, the daturaolone (1) was confirmed by X-ray crystallography data (Figure 1).



Effect on GIT Motility

Results of the GIT motility test of the extract and daturaolone (1) are given in Figures 2, 3. A significant movement of the charcoal meal was recorded in the intestine of mice due to chloroform at a dose of 200 mg/kg; similarly, daturaolone (1) exhibited excellent movement of the charcoal meal at a dose of 20 mg/kg. The normal saline was used as a positive control. The tested fraction attenuated the movement of charcoal 60% as compared to normal saline, and the positive control demonstrated 24% motility (Figure 2). Multiple comparison screening tests indicated that the extract and daturaolone (1) at a dose of 200 and 20 mg/kg significantly reduce the GIT motility (Figure 3).




Figure 2 | Bar diagram indicated the GIT motility profile of chloroform extract in a dose-dependent manner of charcoal meals through small intestine of mice.






Figure 3 | Bar diagram indicated the GIT motility screening profile of daturalone (1) in dose-dependent method of charcoal meals through the small intestine of mice.





Muscle Relaxant Effect

In both muscle relaxant testing paradigms, the chloroform fraction and tested daturaolone (1) demonstrated a significant muscle relaxant effect (Tables 1, 2). Dose- and time-dependent effects were noticed. The effect of chloroform fraction was 49.32% in both tested experimental paradigms. The muscle coordination activity of daturaolone (1) was greater than that of chloroform fraction. The isolated daturaolone (1) also demonstrated a significant dose- and time-dependent effect. However, the effect of daturaolone (1) was highly significant from the start of the experiment as compared to the chloroform fraction.


Table 1 | Effect of chloroform fraction and daturaolone (1) on relaxation of muscles.




Table 2 | Effect of chloroform fraction and daturaolone (1) on muscle relaxation (Inclined plane test).





Antipyretic Effect

Post treatment of chloroform fraction and daturaolone (1) showed a significant (p < 0.001) antipyretic activity in febrile mice during different assessment times (1–5 h). The promising antihyperthermia activity (66.98% was recorded for chloroform fraction at 200 mg/kg i.p., while for daturaolone (1) was (78.98%) at 20 mg/kg i.p. after 3 h of sample administration (Figures 4, 5).




Figure 4 | Percent antipyretic effects of chloroform extract in yeast induced test at various doses.






Figure 5 | Percent antipyretic effects of daturaolone (1) in yeast-induced test at various doses. All values are represented as the mean ± SEM for all groups of six animals.





Acute Toxicity

The acute toxicity of chloroform fraction was screen in doses, 100, 250, 500, and 1,000 mg/kg. During 24 h assessment no toxicity was observed. Similarly, daturaolone (1) in doses of, 5, 10, 20, and 50 mg/kg showed no mortality during 24 h of assessment. Neither gross behavior changes nor mortality was observed for the extract and daturaolone (1).

Pretreatment with chloroform fractions and daturaolone (1) caused marked (P < 0.05) dose-dependent decrease in distance traveled by charcoal meal and showed a remarkable increase in GI transit time. The percent activity exhibited significant effect of extract and daturaolone (1) isolated from the title plant. When investigated in charcoal meal gastrointestinal transit, the extract and daturaolone (1) caused a dose-dependent decrease in the propulsive association of charcoal and displayed strong GIT motility effects as compared to atropine sulfate, a muscarinic receptor blocking agent. It has been reported that blockage of muscarinic receptors in the GIT has a promising effect on the GIT smooth muscle motility. Normally, tone and propulsive moments are diminished, thus causing an increase in the intestinal transit time (Rauf et al., 2016a). Consequently, it is recommended that anti-GIT motility of chloroform fraction and daturaolone (1) may be due to the blockage of muscarinic receptors in the GIT. In short, the chloroform fraction and daturaolone (1) isolated from title plant provoked a strong decrease in GIT motility with significant safety in initial studies. More studies are required to ascertain clinical utility.

In vivo traction test, chimney test, and inclined plane screening test are the most widely used tools for evaluation of muscle relaxant activity (Rauf et al., 2014). Results of the current finding indicated a strong potential of title plant fraction and daturaolone (1) for muscle relaxation. The muscle relaxation effect of chloroform fractions and daturaolone (1) isolated from the title plant is displayed in Table 1 and Figure 1. The tested fraction and isolated daturaolone (1) exhibited marked muscle relaxation in several animal models such as traction test, chimney test, and inclined plane model. Muscle relaxation effect of the extract and isolated daturaolone (1) was assessed in several muscle relaxant paradigms including traction test, chimney test, and inclined plan model. In these models, the muscle relaxant efficiency was assessed after 30, 60, and 90 min of treatment of chloroform fractions and daturaolone (1). Significant activity was observed after 60 min of chloroform fractions and daturaolone (1) administration. In all tested model the maximum muscle relaxation was noted at a higher dose. It is concluded that chloroform extract and daturaolone (1) exhibited promising muscle relaxation effects in various in vivo protocols. The hypodermic injection of brewer’s yeast induced pyrexia by eventually increasing the synthesis of prostaglandin, and this method is considered the most important in vivo analysis test for the evaluation of antipyretic activity (Bertram, 2007; Rauf et al., 2014). Yeast-induced pyrexia is known as none pathogenic fever, the etiology of which is the making of prostaglandin (PG). Inhibition of PG synthesis may be the potential mechanism of antipyretic potency; that of paracetamol the inhibition of prostaglandin can be attained by blocking the cyclooxygenase enzyme effect (Rauf et al., 2014; Barkatullah et al., 2016). The promising antipyretic effect of chloroform fractions and daturaolone (1) is associated with numerous mediators based on pyrexia, mainly prostaglandins (Islam et al., 2015; Barkatullah et al., 2016). The intraperitoneal administration of chloroform fractions and daturaolone (1) remarkably attenuated the rectal temperature of yeast-induced febrile mice. Therefore, it can be concluded that chloroform fractions and daturaolone (1) interface with the synthesis/release of PG at any stage. We recommend chloroform extract and daturaolone (1) to researchers for further detailed and careful studies as potential plants for the controlling of various diseases. The promising gastrointestinal motility, muscle relaxation, antipyretic effects of chloroform fractions and isolated daturaolone (1) provide a strong scientific background to the traditional uses of Datura metel in the treatment of fever and muscle relaxation.




Conclusions

Phytochemicals can afford an excellent pharmacophore template for novel drug discovery which is used for the cure of many diseases. The crude extract/fraction and the isolated compound, daturaolone (1) exhibited significant gastrointestinal motility cessation, muscle relaxation, antipyretic effects. The fractions and daturaolone (1) were found safe when tested in a wide range of doses for acute toxicity. However, its safety and effect should further be assessed in chronic disease animal models. Thus daturaolone (1) could be used as lead compound for new drug development for fever, muscle relaxation, and associated gastrointestinal problems.
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Rheumatoid arthritis (RA) is an autoimmune disease mainly characterized by chronic polyarthritis. Many types of cells play pivotal roles in the pathogenicity of RA, such as T cells, B cells, macrophages, dendritic cells (DCs), osteoclasts (OCs), and fibroblast-like synoviocytes (FLS). Tripterygium wilfordii Hook f. (TwHf) and its ingredients are able to control disease activity by regulating the functions of cells mentioned above, and the clinical studies have highlighted the importance of TwHf ingredients in RA treatment. They have been demonstrated to improve the RA symptoms of animal models and patients. In this review, we discussed the effect of TwHf ingredients on pathogenicity cells, including disease/cell phenotypes and molecular mechanisms. Here, we constructed a cell-cell interaction network to visualize the effect of TwHf ingredients. We found that TwHf ingredients could inhibit the differentiation and proliferation of the pathogenicity cells. Besides, the components could decrease the levels of pathogenicity cytokines [i.e., interleukin-6 (IL-6), interleukin-1β (IL-1β), and tumor necrosis factor-α (TNF-α)]. Many signaling pathways are involved in the underlying mechanisms, such as PI3K, NF-κB, and MAPK signaling pathways.
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Introduction

Rheumatoid arthritis (RA) is an autoimmune disease mainly characterized by chronic persistent synovitis, which causes the destruction of articular cartilage and bone, eventually leading to joint deformity and finally loss of function. The incidence of RA in mainland China is about 0.42%, and the disability rate of this disease course over 15 years is 61.3%. The clinical studies have shown that the effectiveness of the anchoring drug methotrexate is only 15%–25% (Lopez‐Olivo et al., 2014; Chinese Rheumatology Association, 2018). While the addition of Tripterygium wilfordii Hook. f. (TwHf) or Tripterygium hypoglaucum (Levl.) Hutch is able to control RA disease activity more effectively by regulating immune cell functions (Jun et al., 2016; Xiao-yue et al., 2019). In the separable components of TwHf and Levl. Hutch, there are many similar but different active component, such as Wilforlide, Celastrol (Cel), and Triptolide (TP) (Xianguang and Li, 2006; Chao, 2015; Chen-qiong et al., 2015). These active components can regulate the pathogenicity immune cells and connective tissue cells of RA. For example, they can reduce the secretion of inflammatory cytokines (such as TNF-α, IL-1β, and IL-6) of macrophages, the proliferation, and differentiation of pathogenic T cells, and the bone destruction which mediated by the fibroblast-like synoviocytes (FLS) and the osteoclasts (Peng et al., 2014; Wang et al., 2014; Te et al., 2019).

Tripterygium genus alleviates disease activity by regulating RA-related cells by multiple targeting approaches. Up to date, there is no literature review for TwHf or its active ingredients on RA-related cell dysfunction. Meanwhile, there are signal transduction interactions between various immune cells and connective tissue cells in the process of RA, which jointly promote the occurrence and development of RA. Therefore, we conducted a literature review (search strategy is available in Supplementary Materials 1) to summarize the effects of Tripterygium genus active ingredients on RA-related cells. Furthermore, we constructed signal pathways and cell-cell interaction networks to summarize their molecular mechanisms and to speculate the potential target cells and proteins.



The Functions of Tripterygium Ingredients on T Cells and the Molecule Mechanisms

T cells play a crucial role in various adaptive immune responses. During RA, T cells received antigens will be activated and proliferate (Smolen et al., 2018). Ho et al. (2013) found that PG27, one of the ingredients of TwHf, inhibited the T cell activation via targeting NF-κB and AP-1 pathways. PG27 can inhibit IKKα/IκBα/NF-κB and mitogen-activated protein kinase (MAPK)-AP-1 signaling pathways, while IKKβ activity was less sensitive for the inhibition of PG27. By contrast, the purified component of TwHf, PG490 (triptolide), similarly suppressed the above pathways. Similar results were demonstrated in RA animal models and patients but lacking molecule mechanisms. Triptolide reduced the numbers of CD4+ cells in the periphery and increased the numbers of CD8+ cells in Peyer’s patch (Zhou et al., 2006). When triptolide was used to treat T cell isolated from peripheral blood of RA patients, the percentage of CD4+ and CD8+T cells secreting IFN-γ, IL-2, and IL-4 was decreased, and the percentage of CD4+ and CD8+T cells expressing CD69 and CD25 was also reduced (Ming et al., 2014). Besides, Tripterygium active compounds have been demonstrated in vivo and in vitro to reduce T cell number by promoting T cell apoptosis as well as suppressing T cell proliferation and cytokine secretion, while the mechanism is unknown (Tao et al., 1991; Cascão et al., 2015b; Wang et al., 2018).

CD4+ T cells can activate and polarize into various T helper cell subsets, including T helper 1 (Th1), T helper 2 (Th2), regulatory T (Treg), T helper 9 (Th9), T follicular helper cells (Tfh), T helper 17 (Th17), or T helper 22 (Th22) cells. Th17 cell numbers were increased in the peripheral blood, inflamed synovial tissue, and synovial fluid of RA patients (Leipe et al., 2010; van Hamburg et al., 2011; Penatti et al., 2017). Th17 cells promote the development of RA through the secretion of various inflammatory cytokines and chemokines. TGF-β/SMADs/RORγt and IL-6/STAT3 pathways are involved in mediating Th17 cell differentiation and mediating the expression of IL-17A, IL-17F, and IL-21 (Ivanov et al., 2006; Nishihara et al., 2007; Yang et al., 2008). The Cel, one of the Tripterygium ingredients, has been proved to have anti-arthritic activity by inhibiting IL-6/STAT3 signal and finally reduce the secretion of Th17-related pro-inflammatory cytokines (Venkatesha et al., 2011). Moreover, Cel inhibits the activation of NF- κB, and caspase-1 in macrophages, resulting in the reduced release of IL-1β and TNF-α, and finally decreased the infiltration and proliferation of joint Th17 cells (Cascão et al., 2012) because IL-1β is able to promote the polarization of Th17 cells through inducing the expression of the transcription factors IFR4 and RORγ (Vallières et al., 2019). In addition, TP inhibits the expression of COX2 and the secretion of PGE2 in the co-culture models of RA synovial fibroblasts (RASFs) and RA CD4+ T cells, blocking the differentiation of Th17 cells in vitro (Peng et al., 2014).

Similar to Th17, Tfh cells also promote RA progression by secreting IL-21 (Vinuesa et al., 2016). However, there is less research on the effects of TwHf on Tfh. In patients with RA treated with TwHf, the number of tenderness joints, the number of swollen joints, and the evaluation score of overall RA in the experimental group were lower than those in the control group. Consistently, the levels of Tfh cells and IL-21 were lower than those in the control group, and the levels of Tfh cells and IL-21 were positively correlated with DAS28 score (Sun et al., 2016).

Treg cells act as protective cells during RA. Enhancing the function or improving the number of Treg cells has been proved to alleviate the RA activity in varying degrees (Cooles et al., 2013). So far, research focused on the effects of TwHf on Treg cells in RA were limited. In the co-culture system of bone marrow macrophages and Tregs, TP up-regulated IL-10 and TGF-β1 produced by Treg cells, resulting in the inhibition of osteoclast differentiation and bone resorption (Xu et al., 2016).

The role of tripterygium ingredients for T cells and the molecule mechanisms were summarized in Table 1. The molecule mechanisms of CD8+ cell and Th17 are available in Figures 1, 2 (Th1, Th2, Treg, and Tfh are not available because insufficient study describes their molecule mechanism).


Table 1 | The effects of Tripterygium ingredients on T cells.






Figure 1 | Tripterygium ingredients act on the CD8+ T cell. CD8+ T cells could be activated through three signals. The first signal of T cell activation comes from the specific binding of its receptor TCR to the antigen. The second signal of T cell activation comes from costimulatory molecules. Cytokines promote the full activation of T cells. Perforin and granzyme B are secreted to exert cellular immunity via the PI3K signaling pathway. In other cell types, tripterygium ingredients act on the PI3K signaling pathway to prohibit the activation of CD8+ T cells. Note: AKT (also known as PKB), Protein kinase B; PI3K, Phosphoinositide 3-kinase; mTOR, Mechanistic target of rapamycin kinase; S6K, Ribosomal protein S6 kinase; TCR, T-cell receptor; 4EBP, 4E-binding protein.






Figure 2 | Tripterygium ingredients act on Th17. TGF-β/SMADs/RORγt, IL-6/STAT3/RORγt, and IL-6/NF-κβ signaling pathways are responsible for the differentiation and the secretion of chemokines and cytokines of Th17. The downstream effector cells include B cells, Tfh, FLS, and macrophages. The activation of FLS releases RANKL to promote the secretion of chemokines (i.e., IL-6, IL-1β, and TNF-α) of macrophages, which could target Th17 and further active Th17. Tripterygium ingredients inhibit STAT3 and NF-κβ, resulting in the reduction of many cytokines (i.e., IL-6 and IL-21) to negatively regulates Th17 and downstream effector cells. Note: FLS, Fibroblast-like synoviocytes; IFN-γ, Interferon-gamma; IL, Interleukin; NF-κβ, Nuclear factor-kappa B; RANKL, Receptor activator of nuclear factor-κB ligand; RORγt, Retinoic acid-related orphan receptor gamma t; SMAD, Suppressor of mothers against decapentaplegic; STAT, Signal transducer and activator of transcription; TGF-β, Transforming growth factor-beta; TNF-α, Tumor necrosis factor-alpha.





The Effects of Tripterygium Ingredients on B Cells

B cells are also critical in the development of RA. B cells can be used as antigen-presenting cells (APC) to provide synergistic stimulation and then activate T cells. In addition, B cells are able to secrete autoantibodies, such as rheumatoid factor (RF) and anti-citrullinated protein antibody (ACPA) (Scherer et al., 2018; Smolen et al., 2018). ACPAs, RF, or their immune complexes interact with immune cells such as macrophages, neutrophils, and osteoclasts to promote joint inflammation of RA. The differentiation and activation of B cells could be mediated by BAFF/BAFF-R-ATK-mTOR, and TACI-NF-κB (Niiro and Clark, 2002; Schmidlin et al., 2009; Pieper et al., 2013). Many studies have demonstrated that Tripterygium ingredients could inhibit the proliferation and the antibody production of B cells while the molecular mechanisms remained unknown (Tao et al., 1991; Wang and Wu, 1994; Chang et al., 1997; Cascão et al., 2015b). Only one study revealed the molecular mechanisms. Pan etc. found Xinfeng capsule, a proprietary Chinese medicine mainly composed of TwHf, can up-regulate the PTEN level of B cells while down-regulate PDK1 and BAFF/BAFF-R to suppress the activation of PI3K/AKT/mTORC signal pathway and finally inhibit the proliferation and activation of B cells (Pan, 2018). Besides, the levels of related antibodies such as RF, anti-cyclic citrullinated peptide antibody (anti-CCP Ab), IgG, and IgM, were also inhibited. The effects of Tripterygium ingredients on B cells and the molecule mechanisms are summarized in Table 2. The molecule mechanisms of B cell are summarized in Figure 3.


Table 2 | The effects of Tripterygium ingredients on B cells.






Figure 3 | Tripterygium ingredients act on the B cell. The anti-bodies production and proliferation of B cells are associated with BAFF/AKT/mTOR, PI3K/AKT/mTOR, and TACI/NF-κβ signaling pathways. PTEN negatively regulates PI3K/AKT/mTOR signaling pathways through dephosphorylating the lipid signaling intermediate PIP3. Tripterygium ingredients could increase the levels of PTEN and decrease the levels of molecules (red nodes) in the three pathways mentioned above to inhibit the anti-bodies production and proliferation of B cells. Note: AKT (also known as PKB), Protein kinase B; BCR, B cell receptor; BAFF, B cell-activating factor; BAFF-R, B cell-activating factor receptor; GSK3. Glycogen synthase kinase-3; mTOR, Mechanistic target of rapamycin kinase; NF-κβ, Nuclear factor-kappa B; NFAT, Nuclear factor of activated T-cells; PI3K, Phosphoinositide 3-kinase; PIP3, phosphatidylinositol-3,4,5-trisphosphate; PTEN, Phosphatase and tensin homolog.





The Role of Tripterygium Ingredients on Macrophage and the Molecule Mechanism

Macrophages are mainly divided into classical activated M1 type and selective activated M2 type. The immuno-inflammatory reaction in RA patients directly affects the polarization of macrophages in peripheral blood, synovium, and synovial fluid, resulting in the continuous increase of M1-type macrophages and disrupting the balance of M1/M2 (Laria et al., 2016). Macrophages also promote RA and participate in the bone destruction of RA through antigen presentation. The degree of synovial macrophage infiltration was positively correlated with the bone destruction and clinical symptoms of RA (Gierut et al., 2010).

Tripterygium ingredients have been reported to inhibit the M1 polarization and promote the polarization of M2 type macrophages, resulting in the rebalance of the pro-inflammatory and anti-inflammatory cytokines (Feng, 2015; Liu, 2018). Besides, tripterygium ingredients could alleviate synovial macrophage infiltration. However, the molecular mechanism was not explained (Bao et al., 2007; Cascão et al., 2015a; Cascão et al., 2015b; Feng, 2015; Gan et al., 2015; Liu, 2018; Tong et al., 2018; Wang et al., 2018). M1 polarization is mediated by JAK-STAT1 signaling stimulated with IFNγ and characterized by increased iNOS, IL-1β, and TNF-α. Another M1 activated signaling pathway is the TLR4/NF-κB signaling pathway (Lawrence and Natoli, 2011). In the AIA rat model, Cel exerted the anti-inflammatory properties via down-regulating the NF-κB and the caspase-1 activation, leading to a decrease of IL-1β and TNF-α secretion in macrophages. Furthermore, the proliferation of Th17 was also inhibited because of lacking cytokines stimulation (Cascão et al., 2012). In addition, research has indicated that Cel blocked the binding of lipopolysaccharides (LPS) to a myeloid differentiation factor2 (MD2) and then inhibited the M1 activation, which was measured by the expression of inflammatory cytokines including TNF-α, IL-6, and IL-1β (Lee et al., 2015). Some researchers (Lin et al., 2001; Ping et al., 2015) also found that Tripterygium ingredients decreased the production of TNF-α, IL-1β, and IL-6 via inhibiting the expression of the TLR4, NF-κB, and prostaglandin E2 (PGE2). Besides, NO production and iNOS expression in macrophages were significantly inhibited by Tripterygium ingredients (Wang et al., 2004; Chen et al., 2018). Furthermore, TP inhibited the promoter activity of the iNOS gene and the inducible activity of iNOS transcriptional regulator Oct-1 (Wang et al., 2004). Pyroptosis is a unique and newly discovered mode of programmed cell death, which is triggered by the activation of Caspase-1 (Bergsbaken et al., 2009). It has been found that Cel can inhibit the pyroptosis induced by LPS and ATP via inhibiting the enzyme activities of cleaved-Caspase1 and Caspase-1, and finally blocking the secretion of IL-1β in macrophages (Xin et al., 2018). The effect of tripterygium ingredients on macrophages and the molecule mechanisms are summarized in Table 3. The figure for the molecule mechanism of macrophages is available in Figure 4.


Table 3 | The role of Tripterygium ingredients on macrophages.






Figure 4 | Tripterygium ingredients act on the macrophage. Macrophages play as pro-inflammatory cells in RA with the release of chemokines, cytokines, and oxidative stress molecules through JAK/STAT and TLR/NF-κβ signaling pathways. Tripterygium ingredients block the signaling pathways to lead to the reduction of cytokines, which would inhibit the activation of effector cells. Note: FLS, Fibroblast-like synoviocytes; IFN-γ, Interferon-gamma; IL, Interleukin; JAK, Janus kinase; NF-κβ, Nuclear factor-kappa B; OC, Osteoclast; RANKL, Receptor activator of nuclear factor-κB ligand; STAT, Signal transducer and activator of transcription; TLR, Toll-like receptor; TNF-α, Tumor necrosis factor alpha.





The Effects of Tripterygium Ingredients on Dendritic Cells (DCS)

TwHf is reported to inhibit DC development and induce DC apoptosis, finally decreasing the DC number, which resulted in the blocking of the naïve T cell activation and ultimately reduced the differentiation of the autoinflammatory T cells (Wang et al., 2001; Chen et al., 2006; Sun, 2017). Also, TP inhibits DC-related chemokines and reduces the sharing of DCs with MHC molecules and co-stimulatory factors of T and B cells, thereby blockade T and B cell activation. Antigenic peptide on MHC molecules, co-stimulatory molecules (CD80, CD86), and IL-12 of DCs promote the differentiation of Th1 cells, which produce IFN-γ and IL-2, required for cell-mediated immunity. Th1 cells directly modulate B cell differentiation into plasma cells. Besides, DCs also mediate the proliferation of these antibody-producing cells by producing BAFF (Khan et al., 2009). Unfortunately, the specific molecule mechanisms were not involved in these studies. Tripterygium ingredients for DCs are summarized in Table 4.


Table 4 | The role of Tripterygium ingredients for DCs.





The Functions of Tripterygium Ingredients on Osteoclasts (OCS) and the Molecule Mechanism

OC-mediated bone resorption is one of the typical manifestations of RA. OCs, giant multinucleated cells derived from the monocyte lineage, are the only cells capable of resorbing bone (Teitelbaum and Ross, 2003). Receptor activator of nuclear factor kappa-B (RANK)/Receptor activator of nuclear factor kappa-B ligand (RANKL)/Osteoprotegerin (OPG) is the most crucial pathway of OC differentiation. Leibbrandt A etc. has demonstrated that RANKL is the critical mediator of OC activation and joint destruction; In a rat model of arthritis, osteoblasts and bone marrow stromal cells produce RANKL, which then triggers local development and activation of OCs. This finding has now become the basis for osteoimmunology (Leibbrandt and Penninger, 2009). Multiple studies have confirmed that Tripterygium ingredients can inhibit the expression of RANK and RANKL, thereby increasing the proportion of OPG, which can antagonize the function of RANK and finally inhibit the differentiation of OCs and reduce bone destruction (Nanjundaiah et al., 2012; Feng et al., 2013; Liu et al., 2013; Wang, 2015). Youn-Kwan Jung et al. (Jung et al., 2019) reviewed the roles of inflammatory signal pathways, including IL-1β/Myd88/TRAF6/NF-κB, TNF-α/TRADD/TRAF2/NF-κB, IL-6/STAT3/MAPK, and RANKL/RANK signal transduction. In these inflammatory pathways, TwHf or its active components impaired the release of cytokines/chemokines, reduced osteoclast differentiation, and activation, then finally blocked bone erosion in mice with collagen-induced arthritis through inhibiting the phosphorylation of NF- κB p65, MAPK (ERK, JNK, and p38) and reducing the expression of transcription factors c-Fos, c-Jun, and NFATcl (Gan, 2013; Qian et al., 2015). TwHf or its active components can also promote the apoptosis of OCs and osteoclast precursor (OCP) (Wang et al., 2018; Wang S. et al., 2019). The mechanism may be due to the inhibition of cIAP2 (the positive regulatory protein of TNF and NF-κB signaling pathway). Furthermore, TP has been reported to block OC differentiation by down-regulating the receptor for advanced glycation end-products (RAGE) and the high-mobility group box chromosomal protein 1 (HMGB1) (Wang et al., 2017). RAGE and its ligands (i.e., HMGB1) are necessary for the skeletal homeostasis and related-disease onset/progression (Plotkin et al., 2019). The elevated levels of RAGE and HMGB1 induce osteoblast apoptosis and OC differentiation/activity. Tripterygium ingredients on OC and the molecule mechanisms are summarized in Table 5. The figures for the molecule mechanism of OCs are available in Figure 5.


Table 5 | The function of Tripterygium ingredients on OC.






Figure 5 | Tripterygium ingredients act on osteoclast. The activation of osteoclast mostly involved IL-1β/Myd88/TRAF6/NF-κB, TNF-α/TRADD/TRAF2/NF-κB, IL-6/STAT3/MAPK, and RANKL/RANK signal transduction. Besides, the anti-bodies released by B cells would promote the activation of osteoclast via PI3K signaling. OPG takes part as a decoy receptor for RANKL and inhibiting RANKL-RANK binding. By rebalancing the RANKL and OPG levels, and inhibiting the pathways mentioned above, tripterygium ingredients negatively regulate the differentiation, bone destruction, cytokines and chemokines expression of osteoclast. Note: ACPA, Anti-citrullinated protein antibodies; cIAP2, Cellular inhibitor of apoptosis 2; IL, Interleukin; MAPK, Mitogen-activated protein kinase; MYD88, Myeloid differentiation primary response 88; NFATc1, Nuclear factor of activated T cells 1; RANK, Receptor activator of nuclear factor-κB; RANKL, Receptor activator of nuclear factor-κB ligand; RF, Rheumatoid factor; STAT, Signal transducer and activator of transcription; SYK, Spleen tyrosine kinase; TNF-α, Tumor necrosis factor-alpha; TRAF, Tumor necrosis factor receptor-associated factor.





The Role of Tripterygium Ingredients on FLS and the Molecule Mechanism

Synovial inflammation and synovial cell hyperplasia is a distinctive feature of RA. Synovial cells are composed of two types of cells, including type A and type B. Type A cells have a phagocytic function and are macrophage-like cells; type B cells are fibroblast-like, called FLS (Junqueira and Mescher, 2013). FLS is abundant in the endoplasmic reticulum and can secrete protein complexes (mucin) and hyaluronic acid in synovial fluid. FLS contributes mainly to the exacerbation of RA by attaching to, followed by invading into, and finally degrading cartilage and bone (Lefèvre et al., 2009). FLS are the primary cells leading to joint destruction in RA (Bartok and Firestein, 2010).

The molecular pathologic basis RA-FLS includes the MAPK and NF-κB pathways. These pathways are the most widely studied to mediate the aggressiveness of FLS in RA (Bottini and Firestein, 2013; Ganesan and Rasool, 2017). NF-κB pathway, a significant regulator of pro-inflammatory cytokine production, activates NF-κB kinase (IKK) subunit β (IKKβ) in the cytosol through IL-1β, TNF-α, and TLR signaling. The activation of IKKβ results in the NF-κB family inhibitor proteins (IκB) degradation, promoting NF-κB to migrate freely into the nucleus and initiate gene transcription (Bottini and Firestein, 2013). Cel inhibited the translocation of NF-κβ p65 and reduced the phosphorylation of IKBα and IKK in FLSs from patients with RA, resulting in the decreased expression of several chemokines (i.e., CCR2, CXCR4, CCL2, CXCL10, and CXCL12), cytokines (i.e., IL-6, IL-8, and MCP-1), and matrix metalloproteinase-9 (MMP-9) (Fang et al., 2017). Besides, HIF-1α binding to the CXCR4 promoter would increase the transcriptional activity of CXCR4, consequently leading to FLS migration and invasion. However, it could be reversed by Cel treatment (Li et al., 2013b). Guo et al. (Li et al., 2012) found that Cel inhibited IκBα phosphorylation and nuclear translocation of NF-κB. Cel also has been found to inhibit the expression of MMP-9 by suppressing the binding activity of NF-κB to the MMP-9 promoter (Li et al., 2012; Li et al., 2013a). Furthermore, MMP-9 suppression was also related to the inhibition of the TLR4/MyD88/NF-κB pathway (Li et al., 2013a). As a result, Cel changes the phenotype of FLS migration and invasion via the molecule mechanism mentioned above. RA-FLS releases important inflammatory cytokines (TNF-α, IL-1β, IL-6, IL-21, IL-22, and IL-32), chemokines (CXCL1, CXCL5, MCP-1, G-CSF, and IL-8) and Inflammatory mediators (TLR-2, TLR-3, TLR-4, iNOS, and COX-2), which promotes the infiltration of monocytes, macrophages, neutrophils, DCs, T cells, and B cells into joints and results in chronic inflammation and joint destruction (Bottini and Firestein, 2013; Ganesan and Rasool, 2017). Additionally, TP also was found to reduce the FLS migration and invasion by targeting JNK/MAPK signaling pathway (Yang et al., 2016). Moreover, LLDT-8, a Tripterygium derivative, decreased the secretion of chemokines in FLS (Ping et al., 2016; Jia et al., 2017).

Many studies showed the Tripterygium ingredients have the properties to promote FLS apoptosis and cell cycle arrest and inhibit FLS autophagy (Xu, 2013; Xu et al., 2013; Lei et al., 2015; Su et al., 2017; Wong et al., 2019). It may be relevant to the increased expression of Bax/Bcl-2, Caspase-3, Caspase-9, and regulating by Ca2+/calmodulin-dependent protein kinases beta (CaMKK)-AMPK-mTOR signaling pathway. Tripterygium ingredients for FLS and the molecule mechanism are summarized in Table 6. The figures for the molecule mechanism of FLS are available in Figure 6.


Table 6 | The function of Tripterygium ingredients on FLS.






Figure 6 | Tripterygium ingredients act on FLS. The molecular pathologic basis FLS includes the MAPK and NF-κB pathways. By prohibiting the signal transduction in the pathways, tripterygium ingredients alleviate the proliferation, invasion of FLS, which would promote bone erosion in RA. PTEN and PI3K, which inhibit and promote the activity of IKKβ, respectively, also are related in the networks of FLS. We suppose tripterygium ingredients could increase PTEN and decrease PI3K to alleviate the pathogenicity of FLS. Note: AP-1, Activator protein 1; FLS, Fibroblast-like synoviocytes; JNK, c-Jun N-terminal kinase; IL, Interleukin; IKKβ, IκB Kinase β; MYD88, Myeloid differentiation primary response 88; NF-κβ, Nuclear factor-kappa B; PI3K, Phosphoinositide 3-kinase; PTEN, Phosphatase and tensin homolog; TNF-α, Tumor necrosis factor-alpha; TLR, Toll-like receptor; TAK1, Transforming growth factor beta-activated kinase 1.





Discussion

We systematically summarized the role of tripterygium ingredients in the RA treatment as well as explained the therapeutic mechanism (Figure 7). The NF-κB pathway is a common pathway involved in TwHf-treated RA. It has been involved in mediating multiple genes, such as the genes of cytokines (i.e., IL-6, IL-17, and TNF-α), chemokines (i.e., CCL2 and CXCL5), growth factors (i.e., GM-CSF and M-CSF), regulators of apoptosis (i.e., Bcl-2) and transcription factors (i.e., HIF-1α), to regulate cell function, cell death and survival, and proliferation (Mitchell and Carmody, 2018). Experimental inhibitors targeted the IKK kinases to inhibit the activation of NF-κB, but they failed due to toxicity in genetic models (Mitchell and Carmody, 2018). The failure indicated that a broad blockade of NF-κB activation maybe an impracticable approach. Thus, some drugs focus on the non-canonical NF-κB pathway in RA, such as BAFF/NF-κB, RANK/NF-κB signaling (Noort et al., 2015). A phase II trial showed that belimumab [a biologics target B lymphocyte stimulator (BLyS)] was efficacy and well-tolerated in patients with RA (Stohl et al., 2013). Denosumab is a monoclonal antibody neutralizing RANKL. Up to date, many clinical studies have demonstrated that denosumab could inhibit the progression of joint destruction and increase bone mineral density, including a double-blind, placebo-controlled phase 3 trial (Deodhar et al., 2010; Dore et al., 2010; Sharp et al., 2010; Takeuchi et al., 2016; Yue et al., 2017; Takeuchi et al., 2019). However, none of the studies reported there is any benefit in improving disease activity. It is also regrettable that none of the studies test the expression of cytokines, chemokines, and RA-related pathogenicity cells. NF-κB pathways, including canonical and non-canonical pathways, are critical targets of tripterygium ingredients. In the experimental and clinical dimensions, these could explain why tripterygium ingredients could reduce the levels of many chemokines, cytokines, and growth factors in different cells to improve disease activity as well as inhibit the progression of joint destruction. TwHf and its ingredients could be regarded as one of DMARDs. Thus, they are widely used in treating RA in China. The last 24 weeks, open-label, multicentre, randomized controlled trial demonstrated MTX+TwHF was better than MTX monotherapy (Lv et al., 2015). Furthermore, three meta-analyses (the trial mentioned above included) showed that MTX+TwHF had advantages in improving the laboratory index (CRP, RF, ESR), clinical symptoms, and clinical efficacy, compared with MTX alone (assessed in ACR20, ACR50, and ACR70) (Li et al., 2019; Wang X. et al., 2019; Chen et al., 2020). Another small sample meta-analyses showed that TwHF could decrease bone destruction scores (Zhu et al., 2019).




Figure 7 | Tripterygium ingredients could inhibit multiple pathways, such as the NF-κB pathway, JAK-STAT pathway, and PI3K-mTOR pathway, to regulate the hyperactive as well as pathogenicity biological functions in a various type of cells ( to ). In the initial phase, tripterygium ingredients inhibit the immunological recognition functions of APCs to block the pathogenicity signals which are responsible for activating the lymphocytes. In the secondary stage, tripterygium ingredients could inhibit the humoral immunity and cellular immunity of lymphocytes. Meanwhile, the pro-inflammatory signals are amplified by pro-inflammatory cells, such as macrophages. The pro-inflammatory cells release inflammatory cytokines and chemokines to recruit and activate immune cells (i.e., APCs and T cells), connective tissue cells (i.e., macrophages and FLS) and OCs to infiltrate into the joints. Besides, the pro-inflammatory cells lead to a systemic inflammatory response, further promoting the pathogenicity signals of lymphocytes in central and peripheral immune organs. Tripterygium ingredients prohibit the pro-inflammatory signals, alleviate the infiltration and activation of pathogenicity cells in the joint, and finally interrupt the vicious circle which formed by pro-inflammatory cells and immune cells. In the final stage, tripterygium ingredients relieve the joint damage and bone destruction by mediating the expression of OPG and RANKL. Note: APC, Antigen-presenting cell; ACPA, Anti-citrullinated protein antibodies; FLS, Fibroblast-like synoviocytes; IL, Interleukin; OPG, Osteoprotegerin; RANKL, Receptor activator of nuclear factor-κB ligand; RF, Rheumatoid factor; TCR, T-cell receptor; TNF-α, Tumor necrosis factor-alpha.



Our previous research using a bioinformatics approach demonstrated that Kunxian Capsule (a Traditional Chinese Medicine (TCM) patent prescription mainly comprises Levl. Hutch) could target at PI3K/AKT/mTOR signaling pathway (Tang et al., 2020). Therefore, we speculate that some proteins in the PI3K-AKT-mTOR signal pathway are the most likely direct targets of tripterygium ingredients. The signaling pathway is an intracellular signaling pathway and performs multiple physiological functions, such as regulating the cell cycle, survival, and growth (Yap et al., 2008; Ersahin et al., 2015). By far, no clinical study has reported PI3K inhibitors approved by the FDA (idelalisib, copanlisib, duvelisib, and alpelisib) in treating RA. Some drugs were demonstrated they were effective in treating RA models via PI3K signaling pathway in vivo and in vitro, including one PI3K inhibitor (Boyle et al., 2014; Feng and Qiu, 2018; Qi et al., 2019).

The two pathways mentioned above have a variety of biological functions. Both of them control cell death, survival, and proliferation. We found that the therapeutic effects of tripterygium ingredients are mostly related to the reduction of the absolute number of cells. At the same time, there are some differences in stimulating signals, signal receptors, and transcription factors required for cascade reactions in different cells, which is related to the multi-target of TwHf. Considering the adverse effects (AEs) of these drugs, a variety of healthy cells in multiple systems (i.e., liver cells) are also be affected. Therefore, the AEs of tripterygium ingredients could be due to the inhibition of NF-κB and PI3K pathways. Ameliorating AEs through drug matching may be a feasible strategy (Tang et al., 2020). For example, some Chinese researchers matched the TwHf with Cistanche deserticola Ma or Cuscuta chinensis Lam, to reduce the reproductive toxicity of TwHf (Dong et al., 2009; Jing and He, 2013). Nevertheless, whether drug matching would impair the curative effect, still needed to be discovered.

There are many deficiencies in this review. The studies on the drugs/ingredients are all indirect mechanism studies, even with only cell phenotypes but no specific molecular mechanism. Besides, most of them are normal phenotypes in this field, such as inhibition of the apoptosis and differentiation of T cells or impaired proliferation, migration, and invasion of FLS. Moreover, none of the studies analyzed the direct interaction between the drugs and proteins via bioinformatics and mass spectrometry approaches. For example, computer simulation and electrospray mass spectrometry (ESI-MS) were used to explore the inhibitory effect of paclitaxel and aryl ether ketone on farpentine diphosphate synthetase by binding to isoprene diphosphate site (Liu et al., 2014), and explain the anticancer and anti-infective drug mechanism of paclitaxel and aryl et her ketone in the direct interaction mechanism. Therefore, we could follow the methods which were used in the study, as mentioned above. For example, we could use bioinformatics to identify whether TP and Cel could bind to some sites of PI3K, ATK, and NF-κB. Subsequently, we could use ESI-MS to validate it.



Author Contributions

YT: evidence collection, manuscript preparation and write the central part of the manuscript. QL: evidence collection and manuscript editing. FY: evidence collection and write the minor part of the manuscript. YiZ: evidence collection, figures preparation. XZ: gave many professional suggestions and project funding. CW: ideas, reviewed the manuscript, and project funding. YuZ: critically reviewed the manuscript, study initiation, and project funding. All authors contributed to the article and approved the submitted version.



Funding

Research was funded by National Key R&D Program of China (2018YFC1705500) to CW, National Natural Science Foundation of Zhejiang Province (No.LY20H270007), TCM Science and Technology Plan of Zhejiang Province (No.2020ZQ012) to YZ, and National Natural Science Foundation of China (81673623) to ZX.



Acknowledgments

We thank Yujie Tang for the modification of the figures.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2020.583171/full#supplementary-material



References

 Bao, X., Cui, J., Wu, Y., Han, X., Gao, C., Hua, Z., et al. (2007). The roles of endogenous reactive oxygen species and nitric oxide in triptolide-induced apoptotic cell death in macrophages. J. Mol. Med. (Berl) 85 (1), 85–98. doi: 10.1007/s00109-006-0113-x

 Bartok, B., and Firestein, G. S. (2010). Fibroblast-like synoviocytes: key effector cells in rheumatoid arthritis. Immunol. Rev. 233 (1), 233–255. doi: 10.1111/j.0105-2896.2009.00859.x

 Bergsbaken, T., Fink, S. L., and Cookson, B. T. (2009). Pyroptosis: host cell death and inflammation. Nat. Rev. Microbiol. 7 (2), 99–109. doi: 10.1038/nrmicro2070

 Bottini, N., and Firestein, G. S. (2013). Duality of fibroblast-like synoviocytes in RA: passive responders and imprinted aggressors. Nat. Rev. Rheumatol. 9 (1), 24. doi: 10.1038/nrrheum.2012.190

 Boyle, D. L., Kim, H. R., Topolewski, K., Bartok, B., and Firestein, G. S. (2014). Novel phosphoinositide 3-kinase δ,γ inhibitor: potent anti-inflammatory effects and joint protection in models of rheumatoid arthritis. J. Pharmacol. Exp. Ther. 348 (2), 271–280. doi: 10.1124/jpet.113.205955

 Cascão, R., Vidal, B., Raquel, H., Neves-Costa, A., Figueiredo, N., Gupta, V., et al. (2012). Effective treatment of rat adjuvant-induced arthritis by celastrol. Autoimmun. Rev. 11 (12), 856–862. doi: 10.1016/j.autrev.2012.02.022

 Cascão, R., Vidal, B., Lopes, I. P., Paisana, E., Rino, J., Moita, L. F., et al. (2015a). Decrease of CD68 Synovial Macrophages in Celastrol Treated Arthritic Rats. PloS One 10 (12), e0142448. doi: 10.1371/journal.pone.0142448

 Cascão, R., Vidal, B., Lopes, I. P., Paisana, E., Rino, J., Moita, L. F., et al. (2015b). Decrease of CD68 synovial macrophages in celastrol treated arthritic rats. PloS One 10 (12), e0142448. doi: 10.1371/journal.pone.0142448

 Chang, D. M., Chang, W. Y., Kuo, S. Y., and Chang, M. L. (1997). The effects of traditional antirheumatic herbal medicines on immune response cells. J. Rheumatol. 24 (3), 436–441.

 Chao, L. (2015). Study on the differences between Tripterygium wilfordii Hook.f. and Tripterygium Hypoglaucum (Level) Hutch Based on Genetics and chemical methods (China Academy of Chinese Medical Sciences: Dissertation).

 Chen, T., Xu, H., Wang, H., Ji, M., and Wu, W. (2006). Single and conjoined effects of tripterygium wilfordii and IL-10 on the immuna function of rat dendritic cells in vitro. Acta Universit. Med. Nanjing (Natural Sci.) 07), 520–522. doi: 10.1007/s11664-006-0095-z

 Chen, X.-L., Liu, F., Xiao, X.-R., Yang, X.-W., and Li, F. (2018). Anti-inflammatory abietanes diterpenoids isolated from Tripterygium hypoglaucum. Phytochemistry 156, 167–175. doi: 10.1016/j.phytochem.2018.10.001

 Chen, W., Li, T., Wang, X., Xue, Z., Lv, C., Li, H., et al. (2020). Meta-analysis of RCT studies on clinical efficacy of single administration of Tripterygium Glycosides Tablets or combined administration with methotrexate against rheumatoid arthritis. China J. Chin. Mater. Med. 45 (04), 791–797. doi: 10.19540/j.cnki.cjcmm.20191115.503

 Chen-qiong, X., Ping, Z., Xiang, L., and Jian-wei, C. (2015). Research progress on chemical constituents, pharmacological effects, and clinical application of Tripterygium hypoglaucum. Chin. Tradit. Herbal Drugs 46 (13), 1996–2010. doi: 10.7501/j.issn.0253-2670.2015.13.024

 Chinese Rheumatology Association (2018). 2018 Chinese rheumatoid arthritis diagnosis and treatment guide. Clin. Res. Pract. 57 (4), 242–251. doi: 10.3760/cma.j.issn.0578-1426.2018.04.004

 Cooles, F. A., Isaacs, J. D., and Anderson, A. E. (2013). Treg cells in rheumatoid arthritis: an update. Curr. Rheumatol. Rep. 15 (9), 352. doi: 10.1007/s11926-013-0352-0

 Deodhar, A., Dore, R. K., Mandel, D., Schechtman, J., Shergy, W., Trapp, R., et al. (2010). Denosumab-mediated increase in hand bone mineral density associated with decreased progression of bone erosion in rheumatoid arthritis patients. Arthritis Care Res. (Hoboken) 62 (4), 569–574. doi: 10.1002/acr.20004

 Dong, F., Li, J., Huang, D., and He, L. (2009). Effects of Glycosides of Tripterygium Wilfordii on Reproduction Capacity and Its Intervention by Caulis Cistanchi in Male Mice. Shanghai J. Tradit. Chin. Med. 43 (08), 64–66. doi: 10.16305/j.1007-1334.2009.08.025

 Dore, R. K., Cohen, S. B., Lane, N. E., Palmer, W., Shergy, W., Zhou, L., et al. (2010). Effects of denosumab on bone mineral density and bone turnover in patients with rheumatoid arthritis receiving concurrent glucocorticoids or bisphosphonates. Ann. Rheum Dis. 69 (5), 872–875. doi: 10.1136/ard.2009.112920

 Ersahin, T., Tuncbag, N., and Cetin-Atalay, R. (2015). The PI3K/AKT/mTOR interactive pathway. Mol. Biosyst. 11 (7), 1946–1954. doi: 10.1039/c5mb00101c

 Fang, Z., He, D., Yu, B., Liu, F., Zuo, J., Li, Y., et al. (2017). High-Throughput Study of the Effects of Celastrol on Activated Fibroblast-Like Synoviocytes from Patients with Rheumatoid Arthritis. Genes (Basel) 8 (9), 221. doi: 10.3390/genes8090221

 Feng, F. B., and Qiu, H. Y. (2018). Effects of Artesunate on chondrocyte proliferation, apoptosis and autophagy through the PI3K/AKT/mTOR signaling pathway in rat models with rheumatoid arthritis. BioMed. Pharmacother. 102, 1209–1220. doi: 10.1016/j.biopha.2018.03.142

 Feng, X., Tan, W., Wan, F., Gan, K., Zhang, M., and Zhang, Q. (2013). The effect of Celastrol on the expressions of RANKL, OPG, IL-6, TNF-α and IL-8 in human rheumatoid synoviocyte MH7A. Acta Universit. Med. Nanjing (Natural Sci.) 33 (06), 759–765. doi: 10.7655/NYDXBNS20130609

 Feng, H. (2015). Influence of Acid-microenvironment on Monocyte-macrophages, Tca8113 Cells and the Role of Triptolide. dissertation (Guizhou: Guizhou Medical University).

 Gan, K., Xu, L., Feng, X., Zhang, Q., Wang, F., Zhang, M., et al. (2015). Celastrol attenuates bone erosion in collagen-Induced arthritis mice and inhibits osteoclast differentiation and function in RANKL-induced RAW264. 7. Int. Immunopharmacol. 24 (2), 239–246. doi: 10.1016/j.intimp.2014.12.012

 Gan, K. (2013). The role of Celastrol on osteoclastogenesis and bone erosion in collagen-induced arthritis doctor (Nanjing: Nanjing University of Chinese Medicine).

 Ganesan, R., and Rasool, M. (2017). Fibroblast-like synoviocytes-dependent effector molecules as a critical mediator for rheumatoid arthritis: Current status and future directions. Int. Rev. Immunol. 36 (1), 20–30. doi: 10.1080/08830185.2016.1269175

 Gierut, A., Perlman, H., and Pope, R. M. (2010). Innate immunity and rheumatoid arthritis. Rheumatic Dis. Clinics 36 (2), 271–296. doi: 10.1016/j.rdc.2010.03.004

 Ho, L. J., Chang, W. L., Chen, A., Chao, P., and Lai, J. H. (2013). Differential immunomodulatory effects by Tripterygium wilfordii Hook f-derived refined extract PG27 and its purified component PG490 (triptolide) in human peripheral blood T cells: potential therapeutics for arthritis and possible mechanisms explaining in part Chinese herbal theory “Junn-Chenn-Zuou-SS”. J. Transl. Med. 11:294. doi: 10.1186/1479-5876-11-294

 Ivanov, I. I., McKenzie, B. S., Zhou, L., Tadokoro, C. E., Lepelley, A., Lafaille, J. J., et al. (2006). The orphan nuclear receptor RORγt directs the differentiation program of proinflammatory IL-17+ T helper cells. Cell 126 (6), 1121–1133. doi: 10.1016/j.cell.2006.07.035

 Jia, L., Ping, T., and Dongyi, H. (2017). Effects of (5R) -5-Hydroxytriptolide (LLDT-8) on Gene Expressions in Fibroblast-like Synoviocytes of Rheumatoid Arthritis. Acta Universit. Tradit. Med. Sinensis Pharmacol. Shanghai 31 (06), 70–75. doi: 10.16306/j.1008-861x.2017.06.017

 Jing, X., and He, L. (2013). Effects of GTW on expression of EGF and the intervention effect of Tusizi flavones in male juvenile rats. China J. Tradit. Chin. Med. Pharm. 28 (06), 1884–1886.

 Jun, Z., Wei, X., Rui, W., and Xiaole, S. (2016). Effectiveness and Safety of Kunxian Capsule for Rueumatoid Arthritis:A Systematic Review. J. Liaoning Univ. Tradit. Chin. Med. 18 (10), 122–126. doi: 10.13194/j.issn.1673-842x.2016.10.037

 Jung, Y.-K., Kang, Y.-M., and Han, S. (2019). Osteoclasts in the inflammatory arthritis: Implications for pathologic osteolysis. Immune Netw. 19 (1), e2. doi: 10.4110/in.2019.19.e2

 Junqueira, L. C., and Mescher, A. L. (2013). Junqueira’s basic histology: text & atlas/Anthony L. Mescher (New York [etc.]: McGraw-Hill Medical).

 Khan, S., Greenberg, J. D., and Bhardwaj, N. (2009). Dendritic cells as targets for therapy in rheumatoid arthritis. Nat. Rev. Rheumatol. 5 (10), 566. doi: 10.1038/nrrheum.2009.185

 Laria, A., Lurati, A., Marrazza, M., Mazzocchi, D., Re, K. A., and Scarpellini, M. (2016). The macrophages in rheumatic diseases. J. Inflammation Res. 9, 1–11. doi: 10.2147/JIR.S82320

 Lawrence, T., and Natoli, G. (2011). Transcriptional regulation of macrophage polarization: enabling diversity with identity. Nat. Rev. Immunol. 11 (11), 750–761. doi: 10.1038/nri3088

 Lee, J. Y., Lee, B. H., Kim, N. D., and Lee, J. Y. (2015). Celastrol blocks binding of lipopolysaccharides to a Toll-like receptor4/myeloid differentiation factor2 complex in a thiol-dependent manner. J. Ethnopharmacol. 172, 254–260. doi: 10.1016/j.jep.2015.06.028

 Lefèvre, S., Knedla, A., Tennie, C., Kampmann, A., Wunrau, C., Dinser, R., et al. (2009). Synovial fibroblasts spread rheumatoid arthritis to unaffected joints. Nat. Med. 15 (12), 1414–1420. doi: 10.1038/nm.2050

 Lei, Y., Shuang, J., and Wenping, P. (2015). Study on Inhibitory Effects of Triptolide on the Proliferation of Fibroblast-like Synovial Cells from Patients with Rheumatoid Arthritis in vitro. China Pharm. 26 (31), 4357–4359. doi: 10.6039/j.issn.1001-0408.2015.31.13

 Leibbrandt, A., and Penninger, J. M. (2009). RANKL/RANK as key factors for osteoclast development and bone loss in arthropathies. Adv. Exp. Med. Biol. 649, 100–113. doi: 10.1007/978-1-4419-0298-6_7

 Leipe, J., Grunke, M., Dechant, C., Reindl, C., Kerzendorf, U., Schulze-Koops, H., et al. (2010). Role of Th17 cells in human autoimmune arthritis. Arthritis Rheumatism 62 (10), 2876–2885. doi: 10.1002/art.27622

 Li, X., and He, L. (2006). Pharmacological Control Study between Tripterygium. J. Kunming Med. Coll. 02), 107–110.

 Li, G. Q., Zhang, Y., Liu, D., Qian, Y. Y., Zhang, H., Guo, S. Y., et al. (2012). Celastrol inhibits interleukin-17A-stimulated rheumatoid fibroblast-like synoviocyte migration and invasion through suppression of NF-kappaB-mediated matrix metalloproteinase-9 expression. Int. Immunopharmacol. 14 (4), 422–431. doi: 10.1016/j.intimp.2012.08.016

 Li, G., Liu, D., Zhang, Y., Qian, Y., Zhang, H., Guo, S., et al. (2013a). Celastrol inhibits lipopolysaccharide-stimulated rheumatoid fibroblast-like synoviocyte invasion through suppression of TLR4/NF-kappaB-mediated matrix metalloproteinase-9 expression. PloS One 8 (7), e68905. doi: 10.1371/journal.pone.0068905

 Li, G. Q., Liu, D., Zhang, Y., Qian, Y. Y., Zhu, Y. D., Guo, S. Y., et al. (2013b). Anti-invasive effects of celastrol in hypoxia-induced fibroblast-like synoviocyte through suppressing of HIF-1alpha/CXCR4 signaling pathway. Int. Immunopharmacol. 17 (4), 1028–1036. doi: 10.1016/j.intimp.2013.10.006

 Li, T., Wang, X., Xue, Z., Lv, C., Li, H., Fan, Y., et al. (2019). Meta-analysis of laboratory index of Tripterygium Glycosides Tablets in treatment of rheumatoid arthritis. China J. Chin. Mater. Med. 44 (16), 3542–3550. doi: 10.19540/j.cnki.cjcmm.20190612.503

 Lin, N., Sato, T., and Ito, A. (2001). Triptolide, a novel diterpenoid triepoxide from Tripterygium wilfordii Hook. f., suppresses the production and gene expression of pro-matrix metalloproteinases 1 and 3 and augments those of tissue inhibitors of metalloproteinases 1 and 2 in human synovial fibroblasts. Arthritis Rheum 44 (9), 2193–2200. doi: 10.1002/1529-0131(200109)44:9<2193::aid-art373>3.0.co;2-5

 Liu, C., Zhang, Y., Kong, X., Zhu, L., Pang, J., Xu, Y., et al. (2013). Triptolide prevents bone destruction in the collagen-induced arthritis model of rheumatoid arthritis by targeting RANKL/RANK/OPG signal pathway. Evidence-Based Complement. Altern. Med. 2013, 626038. doi: 10.1155/2013/626038

 Liu, Y. L., Lindert, S., Zhu, W., Wang, K., McCammon, J. A., and Oldfield, E. (2014). Taxodione and arenarone inhibit farnesyl diphosphate synthase by binding to the isopentenyl diphosphate site. Proc. Natl. Acad. Sci. U.S.A. 111 (25), E2530–E2539. doi: 10.1073/pnas.1409061111

 Liu, X. (2018). Impact of celastrol on polarization of mouse peritoneal macrophage. Basic Clin. Med. 38 (05), 643–648. doi: 10.16352/j.issn.1001-6325.2018.05.011

 Lopez-Olivo, M. A., Siddhanamatha, H. R., Shea, B., Tugwell, P., Wells, G. A., and Suarez-Almazor, M. E. (2014). Methotrexate for treating rheumatoid arthritis. Cochrane Database Systemat. Rev. 2014 (6), CD000957. doi: 10.1002/14651858.CD000957.pub2

 Lv, Q. W., Zhang, W., Shi, Q., Zheng, W. J., Li, X., Chen, H., et al. (2015). Comparison of Tripterygium wilfordii Hook F with methotrexate in the treatment of active rheumatoid arthritis (TRIFRA): a randomised, controlled clinical trial. Ann. Rheum Dis. 74 (6), 1078–1086. doi: 10.1136/annrheumdis-2013-204807

 Mao, X., Sun, S., Pei, Z., and Zhang, L. (2009). Inhibitory effect of triptolide on interleukin-18 and its receptor in rheumatoid arthritis synovial fibroblasts. Chin. J. Cell. Mol. Immunol. 25 (07), 606–608+611. doi: 10.1007/s00011-007-7128-9

 Ming, Z., Lihua, M., Ying, C., and Jun, X. (2014). Inhibitory Effects of Triptolide on Immune Function of Peripheral Blood T Cells in Rheumatoid Arthritis Patients. China Pharm. 25 (47), 4441–4443. doi: 10.6039/j.issn.1001-0408.2014.47.08

 Mitchell, J. P., and Carmody, R. J. (2018). NF-κB and the Transcriptional Control of Inflammation. Int. Rev. Cell Mol. Biol. 335, 41–84. doi: 10.1016/bs.ircmb.2017.07.007

 Nanjundaiah, S. M., Venkatesha, S. H., Yu, H., Tong, L., Stains, J. P., and Moudgil, K. D. (2012). Celastrus and its bioactive celastrol protect against bone damage in autoimmune arthritis by modulating osteoimmune cross-talk. J. Biol. Chem. 287 (26), 22216–22226. doi: 10.1074/jbc.M112.356816

 Niiro, H., and Clark, E. A. (2002). Regulation of B-cell fate by antigen-receptor signals. Nat. Rev. Immunol. 2 (12), 945–956. doi: 10.1038/nri955

 Nishihara, M., Ogura, H., Ueda, N., Tsuruoka, M., Kitabayashi, C., Tsuji, F., et al. (2007). IL-6–gp130–STAT3 in T cells directs the development of IL-17+ Th with a minimum effect on that of Treg in the steady state. Int. Immunol. 19 (6), 695–702. doi: 10.1093/intimm/dxm045

 Noort, A. R., Tak, P. P., and Tas, S. W. (2015). Non-canonical NF-κB signaling in rheumatoid arthritis: Dr Jekyll and Mr Hyde? Arthritis Res. Ther. 17 (1):15. doi: 10.1186/s13075-015-0527-3

 Pan, H. (2018). Mechanism Research of Xinfeng Capsule on rheumatoid arthritis by PI3K / AKT / mTOR signal pathway mediated by BAFF / BAFF-R. master (Hefei: Anhui University of Chinese Medicine).

 Penatti, A., Facciotti, F., De Matteis, R., Larghi, P., Paroni, M., Murgo, A., et al. (2017). Differences in serum and synovial CD4+ T cells and cytokine profiles to stratify patients with inflammatory osteoarthritis and rheumatoid arthritis. Arthritis Res. Ther. 19 (1), 103. doi: 10.1186/s13075-017-1305-1

 Peng, A., Wang, X., and Zhuang, J. (2014). Triptolide inhibites Th17 cell differentiation via regulating cyclooxygenase-2/prostaglandin E2 axis in synovial fibroblasts from rheumatoid arthritis. China J. Chin. Mater. Med. 39 (3), 536–539. doi: 10.4268/cjcmm20140334

 Pieper, K., Grimbacher, B., and Eibel, H. (2013). B-cell biology and development. J. Allergy Clin. Immunol. 131 (4), 959–971. doi: 10.1016/j.jaci.2013.01.046

 Ping, Q., Zhou, Y., Zhang, S., Cao, J., Xu, L., Fang, G., et al. (2015). Study on effects of Tripterygium wilfordii polycoride in resisting macrophage inflammation and regulating inflammation via TLR4/NF-κB. China J. Chin. Mater. Med. 40 (16), 3256–3261. doi: 10.4268/cjcmm20151626

 Ping, T., Jia, L., and Dongyi, H. (2016). Effect of (5R)-5-hydroxytriptolide(LLDT-8) on chemotactic factor in fibroblast-like synoviocytes. Curr. Immunol. 36 (06), 448–454.

 Plotkin, L. I., Essex, A. L., and Davis, H. M. (2019). RAGE Signaling in Skeletal Biology. Curr. Osteoporos Rep. 17 (1), 16–25. doi: 10.1007/s11914-019-00499-w

 Qi, W., Lin, C., Fan, K., Chen, Z., Liu, L., Feng, X., et al. (2019). Hesperidin inhibits synovial cell inflammation and macrophage polarization through suppression of the PI3K/AKT pathway in complete Freund’s adjuvant-induced arthritis in mice. Chem. Biol. Interact. 306, 19–28. doi: 10.1016/j.cbi.2019.04.002

 Qian, C., Peng, L., Feng, X., Tan, W., and Zhang, Q. (2015). Celastrol Inhibiting Osteoclast Formation by Reducing Chemokine CCl4. Liaoning J. Tradit. Chin. Med. 42 (02), 415–417+447. doi: 10.13192/j.issn.1000-1719.2015.02.078

 Scherer, H. U., Huizinga, T. W., Krönke, G., Schett, G., and Toes, R. E. (2018). The B cell response to citrullinated antigens in the development of rheumatoid arthritis. Nat. Rev. Rheumatol. 14 (3), 157. doi: 10.1038/nrrheum.2018.10

 Schmidlin, H., Diehl, S. A., and Blom, B. (2009). New insights into the regulation of human B-cell differentiation. Trends Immunol. 30 (6), 277–285. doi: 10.1016/j.it.2009.03.008

 Sharp, J. T., Tsuji, W., Ory, P., Harper-Barek, C., Wang, H., and Newmark, R. (2010). Denosumab prevents metacarpal shaft cortical bone loss in patients with erosive rheumatoid arthritis. Arthritis Care Res. (Hoboken) 62 (4), 537–544. doi: 10.1002/acr.20172

 Smolen, J. S., Aletaha, D., Barton, A., Burmester, G. R., Emery, P., Firestein, G. S., et al. (2018). Rheumatoid arthritis. Nat. Rev. Dis. Primers 4, 18001. doi: 10.1038/nrdp.2018.1

 Stohl, W., Merrill, J. T., McKay, J. D., Lisse, J. R., Zhong, Z. J., Freimuth, W. W., et al. (2013). Efficacy and safety of belimumab in patients with rheumatoid arthritis: a phase II, randomized, double-blind, placebo-controlled, dose-ranging Study. J. Rheumatol. 40 (5), 579–589. doi: 10.3899/jrheum.120886

 Su, Z., Sun, H., Ao, M., and Zhao, C. (2017). Atomic Force Microscopy Study of the Anti-inflammatory Effects of Triptolide on Rheumatoid Arthritis Fibroblast-like Synoviocytes. Microsc. Microanal. 23 (5), 1002–1012. doi: 10.1017/s1431927617012399

 Sun, F., Jiang, S., Ping, L., Feng, H., and Dai, L. (2016). Effect of Tripterygium Wilfordii on Follicular Helper T Cells and IL-21 of Rheumatoid Arthritis Patients. Med. Recapitulate 22 (03), 566–569. doi: 10.3969/j.issn.1006-2084.2016.03.044

 Sun, J. (2017). The effects of Duantengyimu decoction on the expression of chemokine receptor and secretion of chemokine in dendritic cells of patients with rheumatoid arthritis. dissertation (Guangzhou: Guangzhou University of Chinese Medicine).

 Takeuchi, T., Tanaka, Y., Ishiguro, N., Yamanaka, H., Yoneda, T., Ohira, T., et al. (2016). Effect of denosumab on Japanese patients with rheumatoid arthritis: a dose-response study of AMG 162 (Denosumab) in patients with RheumatoId arthritis on methotrexate to Validate inhibitory effect on bone Erosion (DRIVE)-a 12-month, multicentre, randomised, double-blind, placebo-controlled, phase II clinical trial. Ann. Rheum Dis. 75 (6), 983–990. doi: 10.1136/annrheumdis-2015-208052

 Takeuchi, T., Tanaka, Y., Soen, S., Yamanaka, H., Yoneda, T., Tanaka, S., et al. (2019). Effects of the anti-RANKL antibody denosumab on joint structural damage in patients with rheumatoid arthritis treated with conventional synthetic disease-modifying antirheumatic drugs (DESIRABLE study): a randomised, double-blind, placebo-controlled phase 3 trial. Ann. Rheum Dis. 78 (7), 899–907. doi: 10.1136/annrheumdis-2018-214827

 Tang, Y., Zhang, Y., Li, L., Xie, Z., Wen, C., and Huang, L. (2020). Kunxian Capsule for Rheumatoid Arthritis: Inhibition of Inflammatory Network and Reducing Adverse Reactions Through Drug Matching. Front. Pharmacol. 11, 485. doi: 10.3389/fphar.2020.00485

 Tao, X., Davis, L. S., and Lipsky, P. E. (1991). Effect of an extract of the Chinese herbal remedy Tripterygium wilfordii Hook F on human immune responsiveness. Arthritis Rheum 34 (10), 1274–1281. doi: 10.1002/art.1780341011

 Te, W., Zhao-fu, L., Tao, L., Xiao-you, Y., and Li-ping, Z. (2019). Research Progress on the Mechanism of Kunmingshanhaitang in the Treatment of Rheumatoid Arthritis. Rheumatism Arthritis 08), 60–63. doi: 10.3969/j.issn.2095-4174.2019.08.014

 Teitelbaum, S. L., and Ross, F. P. (2003). Genetic regulation of osteoclast development and function. Nat. Rev. Genet. 4 (8), 638. doi: 10.1038/nrg1122

 Tong, Z., Cheng, L., Song, J., Wang, M., Yuan, J., Li, X., et al. (2018). Therapeutic effects of Caesalpinia minax Hance on complete Freund’s adjuvant (CFA)-induced arthritis and the anti-inflammatory activity of cassane diterpenes as main active components. J. Ethnopharmacol. 226, 90–96. doi: 10.1016/j.jep.2018.08.011

 Vallières, F., Durocher, I., and Girard, D. (2019). Biological activities of interleukin (IL)-21 in human monocytes and macrophages. Cell. Immunol. 337, 62–70. doi: 10.1016/j.cellimm.2019.02.002

 van Hamburg, J. P., Asmawidjaja, P., Davelaar, N., Mus, A., Colin, E., Hazes, J., et al. (2011). Th17 cells, but not Th1 cells, from patients with early rheumatoid arthritis are potent inducers of matrix metalloproteinases and proinflammatory cytokines upon synovial fibroblast interaction, including autocrine interleukin-17A production. Arthritis Rheumatism 63 (1), 73–83. doi: 10.1002/art.30093

 Venkatesha, S. H., Yu, H., Rajaiah, R., Tong, L., and Moudgil, K. D. (2011). Celastrus-derived celastrol suppresses autoimmune arthritis by modulating antigen-induced cellular and humoral effector responses. J. Biol. Chem. 286 (17), 15138–15146. doi: 10.1074/jbc.M111.226365

 Vinuesa, C. G., Linterman, M. A., Yu, D., and MacLennan, I. C. (2016). Follicular Helper T Cells. Annu. Rev. Immunol. 34, 335–368. doi: 10.1146/annurev-immunol-041015-055605

 Wang, G., and Wu, D. (1994). Effect of tripterygium wilfordii on lymphocyte subsets in patients with rheumatoid arthritis. Chin. J.  Internal Med. 01), 41–42.

 Wang, S. J., Yao, K., Xie, F. D., and Ji, X. H. (2001). Effects of Tripterygium wilfordii saponins and interleukin-10 on dendritic cells from human peripheral blood. Acta Pharmacol. Sin. 22 (8).

 Wang, B., Ma, L., Tao, X., and Lipsky, P. (2004). Triptolide, an active component of the Chinese herbal remedy Tripterygium wilfordii Hook F, inhibits production of nitric oxide by decreasing inducible nitric oxide synthase gene transcription. Arthritis Rheumatism: Off. J.  Am. Coll. Rheumatol. 50 (9), 2995–3003. doi: 10.1002/art.20459

 Wang, X., Zhang, L., Duan, W., Liu, B., Gong, P., Ding, Y., et al. (2014). Anti−inflammatory effects of triptolide by inhibiting the NF−κB signalling pathway in LPS−induced acute lung injury in a murine model. Mol. Med. Rep. 10 (1), 447–452. doi: 10.3892/mmr.2014.2191

 Wang, G., Guo, M., Xu, H., Huang, J., Lv, S., Zhao, H., et al. (2017). The effect of triptolide on differentiation of osteoclasts induced by HMGB1. J. China-Japan Friendship Hosp. 31 (02), 102–106+130. doi: 10.3969/j.issn.1001-0025.2017.02.010

 Wang, S., Zuo, S., Liu, Z., Ji, X., Yao, Z., and Wang, X. (2018). Study on the efficacy and mechanism of triptolide on treating TNF transgenic mice with rheumatoid arthritis. BioMed. Pharmacother. 106, 813–820. doi: 10.1016/j.biopha.2018.07.021

 Wang, S., Liu, Z., Wang, J., Wang, Y., Liu, J., Ji, X., et al. (2019). The triptolide-induced apoptosis of osteoclast precursor by degradation of cIAP2 and treatment of rheumatoid arthritis of TNF-transgenic mice. Phytother. Res. 33 (2), 342–349. doi: 10.1002/ptr.6224

 Wang, X., Li, T., Xue, Z., Lv, C., Li, H., Fan, Y., et al. (2019). Clinical symptoms effect of Tripterygium Glycosides Tablets alone or combined with methotrexate in treatment of rheumatoid arthritis: a Meta-analysis. China J. Chin. Mater. Med. 44 (16), 3533–3541. doi: 10.19540/j.cnki.cjcmm.20190605.501

 Wang, X. (2015). Effects of Triptolide on RANKL Expression in the Epidermal Microenvironment of CIA Mice. dissertation (Nanjing: Nanjing Medical University).

 Wong, V. K. W., Qiu, C., Xu, S. W., Law, B. Y. K., Zeng, W., Wang, H., et al. (2019). Ca(2+) signalling plays a role in celastrol-mediated suppression of synovial fibroblasts of rheumatoid arthritis patients and experimental arthritis in rats. Br. J. Pharmacol. 176 (16), 2922–2944. doi: 10.1111/bph.14718

 Xiao-yue, W., Tai-xian, L., Zhi-peng, X., Cheng, L., Hui-zhen, L., Yuan-fang, F., et al. (2019). Clinical symptoms effect of Tripterygium Glycosides Tablets Tablets alone or combined with methotrexate in treatment of rheumatoid arthritis: a Meta-analysis. China J. Chin. Mater. Med. 44 (16), 3533–3541. doi: 10.19540/j.cnki.cjcmm.20190605.501

 Xin, W., Wei, Z., Zhang, Y., Sun, Y., and Zhang, D. (2018). Effect of celastrol on pyroptosis of macrophages RAW264.7. Chin. Tradit. Herbal Drugs 49 (05), 1087–1091. doi: 10.7501/j.issn.0253-2670.2018.05.015

 Xu, Z., Wu, G., Wei, X., Chen, X., Wang, Y., and Chen, L. (2013). Celastrol induced DNA damage, cell cycle arrest, and apoptosis in human rheumatoid fibroblast-like synovial cells. Am. J. Chin. Med. 41 (3), 615–628. doi: 10.1142/s0192415x13500432

 Xu, H., Zhao, H., Lu, C., Qiu, Q., Wang, G., Huang, J., et al. (2016). Triptolide Inhibits Osteoclast Differentiation and Bone Resorption In Vitro via Enhancing the Production of IL-10 and TGF-β1 by Regulatory T Cells. Mediators Inflammation 2016, 8048170. doi: 10.1155/2016/8048170

 Xu, Z. (2013). Celastrol-Introduced Apoptosis, cell Cycle arrest and DNA Damage in Rheumatoid Arthritis Fibroblast-like synovial dissertation (Fuzhou: Fujian University of Traditional Chinese Medicine).

 Xu, H. (2016). Effects of Triptolide on OC Differentiation and Bone Resorption in Tregs-OC Co-culture System. dissertation (Beijing: Beijing University of Chinese Medicine).

 Yang, X. O., Pappu, B. P., Nurieva, R., Akimzhanov, A., Kang, H. S., Chung, Y., et al. (2008). T helper 17 lineage differentiation is programmed by orphan nuclear receptors RORα and RORγ. Immunity 28 (1), 29–39. doi: 10.1016/j.immuni.2007.11.016

 Yang, Y., Ye, Y., Qiu, Q., Xiao, Y., Huang, M., Shi, M., et al. (2016). Triptolide inhibits the migration and invasion of rheumatoid fibroblast-like synoviocytes by blocking the activation of the JNK MAPK pathway. Int. Immunopharmacol. 41, 8–16. doi: 10.1016/j.intimp.2016.10.005

 Yap, T. A., Garrett, M. D., Walton, M. I., Raynaud, F., de Bono, J. S., and Workman, P. (2008). Targeting the PI3K-AKT-mTOR pathway: progress, pitfalls, and promises. Curr. Opin. Pharmacol. 8 (4), 393–412. doi: 10.1016/j.coph.2008.08.004

 Yue, J., Griffith, J. F., Xiao, F., Shi, L., Wang, D., Shen, J., et al. (2017). Repair of Bone Erosion in Rheumatoid Arthritis by Denosumab: A High-Resolution Peripheral Quantitative Computed Tomography Study. Arthritis Care Res. (Hoboken) 69 (8), 1156–1163. doi: 10.1002/acr.23133

 Zhang, Q., Shi, Y., Tan, W., and Wang, F. (2008). Effect of triptolide on the changes of VEGF and MMP-9 levels in the rheumatoid arthritis fibroblast-like synoviocyte line, MH7A. Acta Universit. Med. Nanjing (Natural Sci.) 07), 902–905. doi: 10.3724/SP.J.1141.2008.00459

 Zhou, J., Xiao, C., Zhao, L., Jia, H., Zhao, N., Lu, C., et al. (2006). The effect of triptolide on CD4+ and CD8+ cells in Peyer’s patch of SD rats with collagen induced arthritis. Int. Immunopharmacol. 6 (2), 198–203. doi: 10.1016/j.intimp.2005.08.011

 Zhu, G., Han, X., Wang, H., Yuzheng, Y., Gao, Y., and Wang, H. (2019). Effect of Tripterygium Glycosides Tablets in treating rheumatoid arthritis:a systematic review and Meta-analysis. China J. Chin. Mater. Med. 44 (15), 3358–3364. doi: 10.19540/j.cnki.cjcmm.20190305.004



Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Tang, Liu, Feng, Zhang, Xu, Wen and Zhang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 02 October 2020

doi: 10.3389/fphar.2020.551683

[image: image2]


Onion Bulb Extract Downregulates EGFR/ERK1/2/AKT Signaling Pathway and Synergizes With Steroids to Inhibit Allergic Inflammation


Ahmed Z. El-Hashim 1*, Maitham A. Khajah 1, Khaled Y. Orabi 2, Sowmya Balakrishnan 1, Hanan G. Sary 2 and Ala A. Abdelali 1


1 Department of Pharmacology & Therapeutics, Faculty of Pharmacy, Kuwait University, Kuwait City, Kuwait, 2 Department of Pharmaceutical Chemistry, Faculty of Pharmacy, Kuwait University, Kuwait City, Kuwait




Edited by: 
Takashi Sato, Tokyo University of Pharmacy and Life Sciences, Japan

Reviewed by: 
Suresh Kumar Mohankumar, JSS College of Pharmacy, India

You Yun, China Academy of Chinese Medical Sciences, China

*Correspondence: 
Ahmed Z. El-Hashim
 ahmed.elhashim@ku.edu.kw

Specialty section: 
 This article was submitted to Ethnopharmacology, a section of the journal Frontiers in Pharmacology


Received: 14 April 2020

Accepted: 27 August 2020

Published: 02 October 2020

Citation:
El-Hashim AZ, Khajah MA, Orabi KY, Balakrishnan S, Sary HG and Abdelali AA (2020) Onion Bulb Extract Downregulates EGFR/ERK1/2/AKT Signaling Pathway and Synergizes With Steroids to Inhibit Allergic Inflammation. Front. Pharmacol. 11:551683. doi: 10.3389/fphar.2020.551683



The treatment of allergic diseases, such as asthma, with both conventional and novel therapies presents a challenge both in terms of optimal effect and cost. On the other hand, traditional therapies utilizing natural products such as onion have been in use for centuries with demonstrated efficacy and safety but without much knowledge of their mechanims of action. In this study, we investigated if the anti-inflammatory effects of onion bulb extract (OBE) are mediated via the modulation of the EGFR/ERK1/2/AKT signaling pathway, and whether OBE can synergise with steroids to produce greater anti-inflammatory actions. Treatment with OBE inhibited the house dust mite (HDM)-induced increased phosphorylation of EGFR, ERK1/2 and AKT which resulted in the inhibition of HDM-induced increase in airway cellular influx, perivascular and peribronchial inflammation, goblet cell hyper/metaplasia, and also inhibited ex vivo eosinophil chemotaxis. Moreover, treatment with a combination of a low dose OBE and low dose dexamethasone resulted in a significant inhibition of the HDM-induced cellular influx, perivascular and peribronchial inflammation, goblet cell hyper/metaplasia, and increased the pERK1/2 levels, whereas neither treatment, when given alone, had any discernible effects. This study therefore shows that inhibition of the EGFR/ERK1/2/AKT-dependent signaling pathway is one of the key mechanisms by which OBE can mediate its anti-inflammatory effects in diseases such as asthma. Importantly, this study also demonstrates that combining OBE with steroids results in significantly enhanced anti-inflammatory effects. This action may have important potential implications for future asthma therapy.
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Introduction

Natural products have been the cornerstone of therapeutic agents for millennia and more recently an important source of therapeutic drugs with unique structural diversity and pharmacological actions (Newman and Cragg, 2016). Many therapeutic agents currently in use in several therapeutic areas such as cardiovascular, oncology, transplantation are natural products or their derivatives such as digoxin, vincristine, and cyclosporine, respectively. However, their use as pharmaceutical agents has waned over the last few decades in the face of advances in combinatorial chemistry and biopharmaceutical technology, the latter supplying the majority of the top ten block buster drugs in the market in 2018 (Brown et al., 2017). Indeed, more than 70% of the world’s population use herb-based medicines for primary healthcare (Newman and Cragg, 2016). A recent study has also reported that approximately 60% of asthma patients in the UK have used herbal remedies for their asthma (Clark et al., 2010). These findings suggest a strong held belief that natural products not only have therapeutic benefit in a wide range conditions, but that they are also safe.

Inflammatory-based diseases, such as asthma, present a global healthcare challenge. Worldwide prevalence of asthma has been estimated to range from 1% to as high as 18% in different populations, affecting up to 300 million people worldwide (Nunes et al., 2017; WHO, 2019) with increasing prevalence particularly among children (GINA, 2019). It is currently the most common chronic respiratory disease in children and costs over a £1 billion per year in some healthcare systems in Europe (Harrison, 2015). There is also good evidence that food allergy and eczema are rising, in parallel to asthma, and have been described as a “second wave” of allergy epidemic particularly in children (Prescott and Allen, 2011). While the mechanisms of asthma still remain unclear, it is well recognized that chronic airway inflammatory disease is central to its pathogenesis and is mediated by inflammatory cells such as mast cells and eosinophils and is driven by specific Th2 and Th17 lymphocytes, cytokines, and chemokines (Massoud et al., 2016; Athari, 2019).

There have been several recent studies demonstrating that pathogenic EGF/EGFR-dependent signaling through EGF and other EGFR ligands, such as amphiregulinin, is increased in asthma (Acciani et al., 2016; Ha and Rogers, 2016). EGFR expression has been reported to be weak or absent in healthy individuals but is significantly increased in the airway epithelium of not only asthmatics (Puddicombe et al., 2000; Takeyama et al., 2001a; Takeyama et al., 2001b; Polosa et al., 2002), but also in patients with COPD (de Boer et al., 2006) and cystic fibrosis patients (CF) (Burgel et al., 2007). Furthermore, in a recent clinical study conducted using ex vivo lung tissue from patients with COPD, the EGFR inhibitor BIBW 2948 showed some efficacy in inhibiting EGFR phosphorylation and a tendency toward reducing mucous cell metaplasia. More importantly, a positive correlation between EGFR immunoreactivity and MUC5AC mucin staining was noted when bronchial biopsies from healthy volunteers and subjects with mild-to-moderate asthma were compared, suggesting a causal relationship (Puddicombe et al., 2000). Also, areas of epithelial damage in asthmatic patients exhibited a strong EGFR immunoreactivity suggesting that EGFR activation plays an important role in the epithelial damage/repair process in asthma (Puddicombe et al., 2000). Of interest also is that a positive correlation between mucin and EGFR staining has been shown in the small airway of CF patients (Burgel et al., 2007). Thus, increased EGFR expression is a consistent finding not only in asthma but across several disease states. Moreover, preclinical animal models have also demonstrated a strong role for EGFR in asthma. We and others have shown, using an allergic model of inflammation, that EGFR inhibitors, such as AG1478 or gefitnib, significantly reduce eosinophil recruitment, airway inflammation, airway hyperresponsiveness (AHR), and goblet cell hyper/metaplasia, thus, underscoring the importance of this signaling pathway in asthma pathogenesis (Tamaoka et al., 2008; Le Cras et al., 2011; Song H. N. et al., 2016; El-Hashim et al., 2017). Furthermore, we have also reported that ERK1/2 and AKT are downstream signaling molecules of EGFR activation (El-Hashim et al., 2017). Therefore, both clinical and preclinical studies clearly establish an important role for EGFR-dependent signaling in inflammatory-based diseases.

While the combination of inhaled corticosteroids (ICS) and long-acting beta-agonists (LABA) is a main treatment advocated by most asthma guidelines (O’Byrne et al., 2001; GINA, 2019), a significant number of patients are poorly compliant with inhaled treatments and remain under-controlled (Sherman et al., 2001). Furthermore, severe asthmatics require treatment with moderate to high doses of steroids (Carr and Kraft, 2017). This is associated with a significant side effect profile (Pinto et al., 2013). Therefore, it would be more advantageous if the asthma therapeutic goals can be achieved at lower doses of steroids since the side effects would be minimal. Synergism is a phenomenon whereby combination of drugs produces a greater effect than when each drug is given alone (Jia et al., 2009). This phenomenon is useful when low doses of efficacious drugs are combined as they produce a superior effect but with fewer side effects. Indeed, this has been demonstrated with ICS and several drug classes such as LABA and anti-leukotrienes (Beasley et al., 2019). However, no study has tested if synergism occurs between steroids and natural products within the context of inflammatory based diseases such as asthma.

Novel monoclonal antibody-based therapy, in inflammatory disease management, has made an impact on disease control. For example, the anti-IgE antibody, omalizumab, has been used as a steroid sparing drug in patients with severe asthma, but unfortunately its use is limited (Plosker and Keam, 2008) due to a high frequency of anaphylactic reaction and serum sickness (Harrison et al., 2015) and lack of cost-effectiveness. Similarly, the use of the newly introduced anti-IL5 antibodies such as mepolizumab and benralizumab is limited to severe asthmatics with a high eosinophilic component. However concerns have been raised regarding their cost-effectiveness (Agache et al., 2020). Despite the recent market increase in therapeutic agents that selectively target specific molecules, it is unlikely that the blockade of individual mediator signaling pathways would result in optimal therapeutic outcomes in asthma, and monoclonal based therapy would certainly be beyond the financial reach of most asthma patients in the developing world due to their high cost.

Allium cepa L. (Family Amaryllidaceae) is one of the most commonly consumed vegetables and has also been used for medicinal purposes for numerous ailments such as ulcer wounds, scars, dysentery, inflammation, hypertension and also in respiratory conditions such as cough, asthma, and bronchitis (Lanzotti, 2006; Upadhyay, 2016; Zeng et al., 2017). Onion bulb extract (OBE) has also been shown to effectively reduce airway inflammation, IL4, and IgE levels and induces oxidation in animal models of asthma (Oliveira et al., 2015; Marefati et al., 2018). Thiosulfinates (TS) and cepaenes (CS), isolated from onions and/or synthesized, were also shown to have dose-dependent inhibitory effects on both cyclooxygenase and 5-lipoxygenase activity (Dorsch et al., 1990; Wagner et al., 1990) and inhibit in vitro chemotaxis of human granulocytes induced by formyl-methionine-leucine-phenylalanine (WKYMvm) (Dorsch et al., 1990). In this regard, it is of interest to note that many of the previous studies that assessed the effects of onion extract have used ovalbumin as the allergenic material to induce airway inflammation. However, the use of ovalbumin has recently been questioned on the basis that it is not clincally relevant, and therefore studies using allergens such as house dust mite or Alternaria alternata, that simulate clincal asthma more closely (Gorska, 2018), are necessary in order to better assess the effects of onion extract in animal models.

The EGFR/ERK1/2/AKT signaling pathway has been recently shown to be an important signaling pathway, in both clincial and preclinical studies. However, whether the EGFR/ERK1/2/AKT signaling pathway is a target for OBE in a clincially relevant animal model of allergic asthma, is not known. Also whether OBE synergizes with steroids has not been studied previously. In this study, using a clincially relevant allergen (HDM), we investigated 1) whether the EGFR/ERK1/2/AKT signaling pathway is modulated by OBE, and 2) if OBE synergizes with dexamethasone to result in a greater anti-inflammatory action.



Methods


Acquisition of the Plant Material

Fresh red onion bulbs were bought from the local market. The plant was identified as Allium cepa, and a voucher specimen, number KOE-010, was deposited at the herbarium of Kuwait University (KTUH), College of Science, Kuwait.



Extraction of Onion Bulbs

About 20 kg of fresh red onion was peeled, coarsely cut, and percolated three times, each using 10 L of dichloromethane. The dichloromethane layers of the percolates were separated from the aqueous layer, dried over anhydrous sodium sulphate, and then evaporated in vacuo till dryness to obtain brownish syrupy residue. This extraction process was repeated as needed. The treatment stock solution was prepared using the residue and PBS as a vehicle.



GC–MS Analysis

Dichloromethane extract of onion bulbs (1 μl sample size) was analyzed on a Thermo high resolution gas chromatography–mass spectrometer Double Focusing Sector system (GC–MS DFS) fitted with a DB-5MS capillary column with 0.25 μm film thickness, 30 m length and 0.25 mm inner diameter, using helium as a carrier gas with a flow rate of 0.8 ml/min. The operating conditions were as follows: splitless injector with port temperature 250°C, detector temperature 280°C, and program temperature from 50 to 250°C at the rate of 6°C/min with 10 min hold time, and from 250 to 300°C at the rate of 10°C/min with 6 min hold time. The MS conditions were as follows: electron impact ionization mode, ionization energy 70 eV, ion source temperature 175°C, scan range m/z 40–900 Da. The qualitative identification of the compounds was based on computer matching with NIST MS Search 2.0 library and by comparison with data in the literature (Mondy et al., 2001; Gitin et al., 2014; Abdel-Lateef et al., 2018; Fredotovic et al., 2020).



Animals

Male BALB/c mice (6–8 weeks old, average weight 25 g) were used in this study. All studies involving animals were in accordance with the ARRIVE guidelines for reporting experiments involving animals. All experimental protocols were approved by the Animal Welfare and Use of Laboratory Animals Committee in the Health Sciences Center, Kuwait University and were carried out in accordance with the EU Directive 2010/63/EU for animal experiments and the National Institutes of Health guide for the care and use of Laboratory animals (NIH Publications No. 8023, revised 1978). Animals were maintained under temperature-controlled conditions with an artificial 12 h light/dark cycle and were allowed standard chow and water ad libitum.



Immunization and Intranasal Challenge and Drug Treatment Protocols


Protocol for Prophylactic Treatment Experiments

Seven treatment groups (A–G, 9–15 animals per group) were established to determine whether OBE if given prophylactically inhibits the HDM-induced asthma phenotype. All mice were immunized once by intraperitoneal (i.p.) injection of 40 µg HDM in 0.2 ml of alu-Gel-S (Alu-Gel-S; SERVA Electrophoresis GmbH) on day 0. Mice were subsequently challenged for 3 days, days 14, 17, and 18 with HDM or PBS in the case of the control group. Mice in groups A (n = 11) and B (n = 13) were pretreated intraperitoneally with 0.2 ml of the drug vehicle, 1 h before each intranasal challenge with PBS and HDM, respectively. In the same manner, groups C (n = 10), D (n = 9), E (n = 10), and F (n = 15) were pretreated with the same volume of OBE at 10, 30, 60, and 100 mg/kg, respectively, and group G (n = 11) with dexamethasone (3 mg/kg), 1 h before each intranasal challenge with HDM (Figure 1).




Figure 1 | Schemactic representation of the immunization and the treatment protocol used for boh the prophylactic and synergistic studies.



24 h after the last intranasal challenge, animals were sacrificed with an overdose of halothane; bronchoalveolar lavage (BAL) was performed to obtain BAL fluid, and then the lungs were excised for preparation for histology, Western Blot (WB), and immunofluorescence (IF) studies. In another separate group of animals, airway responsiveness was measured. For the histology/WB/IF studies, the OBE dose of 60 mg/kg was selected to represent the prophylactic approach as it gave an optimum effect.



Protocol for Synergistic Treatment Experiments

Six treatment groups (A–F, 9-11 animals per group) were established to determine whether combining OBE and dexamethasone would results in synergistic anti-inflammatory actions. Mice in groups A (n = 9) and B (n = 11) were pretreated intraperitoneally with 0.2 ml of the drug vehicle 1 h before each intranasal challenge with PBS and HDM, respectively. In the same manner, groups C (n = 11), D (n = 7), E (n = 11), and F (n = 9) were pretreated with the same volume of OBE at 30 mg/kg (OBE 30), OBE at 30 mg/kg in combination with dexamethasone (DEX) at 0.5 mg/kg (OBE 30 + DEX 0.5), 0.5 mg/kg (DEX 0.5 mg) and 3 mg/kg (DEX 3 mg), respectively, 1 h before each intranasal challenge with HDM. Treatment with OBE and/or dexamethasone was also repeated on days 14, 17, and 18 (Figure 1).




Bronchoalveolar Lavage Fluid Cell Counts and Lung Histology

BAL fluid was collected by cannulating the trachea and washing the lungs with saline solution (0.3 ml × 4 each) after sacrificing the animals with an over dose of halothane. The BAL cells were then counted using a particle-size counter (Z1 Single Threshold; Beckman Coulter), and cytosmears were prepared for differential count. The cells were stained with Diff-Quik, and a differential count of 200 cells was performed using standard morphologic criteria. Results are expressed as total cell count/ml and as total macrophages, lymphocytes, neutrophils, and eosinophils/ml in BAL fluid. For histological assessment, segments of the lung tissue were removed and fixed in 10% buffered formalin, embedded in paraffin wax and sectioned into 5-µm-thick slices. The sections were processed and stained separately with H&E stain and periodic acid–Schiff (PAS) according to standard methods as previously described (El-Hashim et al., 2017). Sections were examined under light microscope and the severity of pathologic changes scored independently by two experienced histologists unfamiliar with the slides. Score coding was as follows: (1 = normal, 2 = mild, 3 = moderate, 4 = severe and 5 = highly severe).



Measurement of Airway Responsiveness

Airway responsiveness was measured 24 h after last HDM or PBS challenge, using a separate set of animals using the Buxco FinePointe series RC site (DSI, Wilmington, NC) as described previously (Queto et al., 2010; Ezeamuzie et al., 2014; Correa et al., 2017). Briefly, mice were anesthetized with an intraperitoneal injection of ketamine/xylazine (1:0.1 mg/kg) cocktail and tracheotomized with a steel 18-gauge cannula. Mice were then mechanically ventilated at a rate of 150 breaths/min and a tidal volume of 0.15 ml using a computerized small animal ventilator (FinePointe site). Following a 5 min period of stabilization and administration of PBS, airway resistance was measured by exposing mice to aerosolized methacholine (6.25–50.0 mg/ml, 5 µl per delivery) delivered by an aerogen nebulizer and reported as total lung resistance (RL) (cm H2O per ml/s).



Immunofluorescence

Lung tissues were processed as described above. Immunofluorescence was performed as previously described (Khajah et al., 2016). In short, lung sections were incubated in a blocking solution (5% bovine serum albumin (BSA) + 0.3% Triton X-100 in PBS) for 1 h and were subsequently incubated overnight at 4°C with primary antibodies [p-EGFR (Tyr1068) (Rabbit; Cat. No. 3777S), pAKT (Ser 473) (Rabbit; Cat. No. 9271L) and pERK1/2 (Thr202/Tyr204) (Rabbit; Cat. No. 9101L) (1:25–1:800 dilution) or only 1% BSA (for negative control); Cell Signaling, USA], diluted in 1% blocking solution. 24 h later, sections were washed and incubated with secondary antibody conjugated to Alexa Fluor 555 (Goat anti rabbit SFX kit; Life Technologies, USA, 1:400 dilution) for 2 h at room temperature in the dark. Following several washes in PBS, sections were stained with 4′, 6 diamidino-2-phenylindole and mounted. Images were then captured on a ZEISS LSM 700 confocal microscope and fluorescence intensity estimated in defined fields using Image J software package. The laser setting and photo processing were equal among the different treatment groups for each protein. 40× magnification for the tested molecules was equally modified in terms of sharpness and contrast to show localization of the phospho-proteins in the lung tissue.



Western Blotting

Appropriate lobes from the dissected lungs of the mice were snap-frozen in liquid nitrogen and stored at −80°C. Following that, the tissue samples were defrosted in ice then transferred to lysis buffer (pH 7.6) containing 50 mM Tris-base, 5 mM EGTA, 150 mM NaCl, 1% Triton 100, 2 mM Na3VO4, 50 mM NAF, 1 mM PMSF, 20 µM phenyl arsine, 10 mM sodium molybdate, 10 µg ml–1 leupeptin and 8 µg ml−1 aprotinin. Using a homogenizer, the tissues were homogenized for 10 s, three times. Samples were allowed to lyse completely by incubation on ice for 30 min. The lysates were then centrifuged at 13,000 rpm for 10 min at 4°C and the supernatants collected, and protein concentrations were estimated by Bio-Rad Bradford Protein Assay (Bio-Rad, Hercules, CA, USA). Aliquots containing equal amounts of protein were subjected to SDS-PAGE and transferred electrophoretically onto nitrocellulose membrane (Schleicher & Schuell, Dassel, Germany). The membranes were blocked with 5% BSA and then incubated with ERK1/2 (137F5) (Rabbit; Cat. No. 4695S), pERK1/2 (Thr202/Tyr204) (Rabbit; Cat. No. 9101L) and β-actin antibody (Cell Signaling Technology, Boston, MA, USA; 1/1,000 dilution) (used as loading control, 1:1,000 in 5% BSA) at 4°C overnight. Membranes were incubated with appropriate secondary antibodies conjugated to horseradish peroxidase (Amersham, Buckinghamshire, UK) to detect phosphorylated form of ERK1/2 (42/44 kDa), or total form of actin (45 kDa). The immunoreactive bands were detected with Super Signal Chemiluminescent Substrate (Immuno Cruz Western blotting luminal reagent SC-20428, Santa Cruz Biotechnology) utilizing a Kodak autoradiography film (Care stream Biomax Xarfil 1660760). Images were then analyzed and quantified and the data were normalized to β-actin levels. The experiment was run twice with lung samples from three different mice in each treatment group (pooled) in each run.



Measurement of Lung Cytokines

Lung tissues from mice were collected and stored at −80°C. The amount of total protein was determined by Bradford analysis using the Bio-Rad Protein Assay reagent. The relative changes of different cytokines and chemokines were detected using Proteome Profiler™ Mouse Cytokine Array Kit (Catalog # ARY006, R&D Systems, Inc., Minneapolis, USA). The procedure was done in line with the manufacturer’s protocols and as recently described (Khajah et al., 2019).



Isolation of Human Blood Eosinophils

For this experiment, fresh blood was obtained from healthy individuals with no history of allergic disease and had not taken any medication in the last 72 h after receiving their informed consent. The methods and protocol for these experiments were performed in accordance with and approved by the “Ethical Committee of the Faculty of Medicine, Kuwait University”. Granulocytes were isolated from heparinized (10 IU/ml) blood by erythrocyte sedimentation, followed by percoll gradient centrifugation as reported recently (Ezeamuzie et al., 2014). Eosinophils were separated using negative selection with the immunomagnetic method as previously described (Hansel et al., 1991). The eosinophil purity was checked by differential count of a Wright–Giemsa stained cytosmear and was routinely >98%. Viability was determined by Trypan blue exclusion and exceeded 98%.



Boyden Chamber Assay for Eosinophil Chemotaxis

Peripheral blood derived eosinophils were used for chemotaxis assay utilizing a Boyden chamber as previously described (Gomez-Cambronero et al., 2003). Purified naïve eosinophils (2 × 105) were then placed in the upper wells, and 500 µl of BAL fluid derived from mice challenged with PBS (vehicle) or with HDM, pretreated ex-vivo with either vehicle or OBE (100 and 1,000 ng/ml), were placed in the lower wells (37 °C/5%CO2) and eosinophils allowed to migrate for 1 h. The transmigrated eosinophils were determined by counting under the microscope by using a hemocytometer.



Statistical Analyses

All numerical values were expressed as means ± SEM. Total cell counts represent the number of cells/ml of BAL fluid. Differential cell counts represent the absolute number of each cell type/ml of BAL fluid. Absolute RL values were computed and were used as an index of airway responsiveness. For the histopathological assessment, a semi-quantitative 5-level lung pathology score was used to grade the degree of inflammation in each microscopic field at 20×. All data were initially assessed for normality. One-way analysis of variance (ANOVA) test followed by Bonferroni post hoc was used to compare differences between individual groups for both total and differential cell count as well as histopathological data and the immunofluorescence data for both the prophylactic and the synergistic studies. A two-way repeated measure analysis of variance followed by a Bonferroni post hoc test was used for the airway responsiveness data. The mean difference was considered as significant at a probability level of less than 0.05. All analyses were performed using GraphPad Prism.




Results


Extraction of Onion Bulbs

The extraction process was repeated four times to afford 7.5 g (0.038% yield) of brownish syrupy residue (Figure 2).




Figure 2 | (A) GC–MS total ion chromatogram (TIC) of OBE. Peaks were identified through comparison with mass spectral data in the NIST MS Search 2.0 library stored in the GC–MS system and are represented in Table 1. (B) Mass spectra of compounds eluted with retention times 8.56–46.25 min and presented in Table 1.





GC–MS Analysis of OBE

Dichloromethane extract of Allium cepa bulb (OBE) was analyzed to identify different compounds and confirm the identity of the plant. The identified compounds and their mass spectral data are listed in Table 1. The major compound identified in the extract was shown to be the sulfur-containing compounds dipropyl disulfide, dipropyl trisulfide, and propylpropane thiosulfonate. Other sulfur compounds were also identified but at lesser quantities. Figure 2A shows the TIC of OBE where different 28 peaks are shown. Furthermore, Figure 2B shows the fragmentation patterns of some of these compounds. The identity of these compounds was confirmed via a direct comparison and matching with the stored spectra in the GC–MS system.


Table 1 | Compounds identified in Allium cepa bulb extract.





Effect of OBE on HDM-Induced Inflammatory Cell Influx

In these experiments, we evaluated the effect of OBE on HDM-induced total and differential cell influx. Our findings show that HDM-sensitized and challenged animals (HDM group) developed a significant increase in total cell count (1.3 ± 0.3 vs 11.0 ± 2.0 × 105 cells/ml) as well as in lymphocytes (0.03 ± 0.01 vs 1.9 ± 0.6 × 105 cells/ml) and eosinophils (0.04 ± 0.02 vs 4.9 ± 0.6 × 105 cells/ml), (P < 0.05; Figures 3A, B, n = 9–15), 24 h after the last HDM challenge compared to the control group. Prophylactic treatment with OBE (10, 30, 60, and 100 mg/kg) dose-dependently inhibited the HDM-induced increase in the total cells and was significant at the doses of 60 and 100 mg/kg (3.3 ± 0.7 and 2.2 ± 0.4 vs 11.0 ± 2.0 × 105, respectively, P < 0.05; Figure 3A, n = 9–15) and were comparable to the dexamethasone (DEX) group (used as a positive control). Moreover, OBE treatment also inhibited the HDM-induced increase in lymphocytes (0.4 ± 0.2 vs 1.9 ± 0.6 × 105 cells/ml, P < 0.05; Figure 3B, n = 9–15) and eosinophils (0.6 ± 0.2 vs 4.9 ± 0.6 × 105 cells/ml, P < 0.05; Figure 3B, n = 9–15).




Figure 3 | Effect of OBE, 10, 30, 60, and 100 mg/kg (i.p.) on HDM-induced increase in (A) total cell and (B) differential cell count. OBE treatment resulted in a dose-dependent inhibition of total and eosinophil numbers. Data are expressed as mean ± SEM (n = 9–15) *P < 0.05 vs PBS group, #P < 0.05 vs HDM group.





Effect of OBE on HDM-Induced Histopathological Changes

H&E and PAS stained lung sections from control mice (PBS group) showed normal histology (Figures 4A, B). In contrast, lung sections from mice challenged with HDM showed consistently marked and severe perivascular and peribronchial inflammatory cell infiltration (cellular infiltration score, HDM vs PBS, 4.2 ± 0.2 vs 1.0 ± 0.07) and increase in bronchial mucus production and goblet cell hyper/metaplasia (mucous intensity score, HDM vs PBS, 4.1 ± 0.3 vs 1.0 ± 0.02) demonstrating a marked degree in airway remodeling (P < 0.05; Figures 4A–D, n = 3–6). However, lung sections from OBE-treated mice (60 mg/kg) showed a significantly lower score of the histopathological parameters that were assessed (cellular infiltration score; 2.7 ± 0.3 vs 4.2 ± 0.2, and mucous intensity score; 2.3 ± 0.5 vs 4.1 ± 0.3), achieving almost normal histological appearance that was very similar to the dexamethasone treatment group (P < 0.05; Figures 4A–D, n = 3–6).




Figure 4 | Effect of OBE (60 mg/kg; i.p.) on HDM-induced histopathological changes: (A) representative low-magnification light photomicrographs displaying (A) H&E and (B) PAS staining of whole lung samples from control PBS-challenged mice (PBS), HDM-challenged mice (HDM), HDM-challenged mice pretreated with OBE (60 mg/kg; i.p.) (OBE) and HDM-challenged mice pretreated with dexamethasone (3 mg/kg; i.p.) (DEX), scale bar = 200µm. Graphs shows (C) cellular infiltration and (D) mucous intensity score for H&E and PAS staining, respectively. OBE treatment resulted in a significant decrease in both peribronchial and perivascular inflammatory cell infiltrations and bronchial mucus production and goblet cell hyper/metaplasia compared with HDM-challenged vehicle treated mice. Data are expressed as mean ± SEM (n = 3–6). *P < 0.05 vs PBS group, #P < 0.05 vs HDM group.





Effect of OBE on HDM-Induced Phosphorylation of EGFR, ERK1/2, and AKT as Determined by Immunofluorescence

Our findings show that HDM challenge induced a significant increase of about 3.0, 2.3 and 2.4-fold in the phosphorylation of EGFR, ERK1/2, and AKT, respectively, compared to PBS control as detected by immunofluorescence (P < 0.05; Figures 5A–C, n = 3–5). Negative control shows no non-specific staining (data not shown). Treatment with OBE (60 mg/kg) significantly inhibited the HDM-induced phosphorylation of all proteins (P < 0.05) and was comparable to the inhibition obtained in the dexamethasone treatment group (P < 0.05, Figures 5A–C, n = 3–5).




Figures 5 | Immunofluorescent (Alexa Fluor) detection of pEGFR (A) pERK1/2 (B) and pAKT (C) shown in the upper panels overlaid with DAPI stain on the lower panel to show lung tissue architecture. Lung sections were taken from different treatment groups: PBS-challenged mice (PBS), HDM-challenged mice pretreated with vehicle (HDM), HDM-challenged mice pretreated with OBE (60 mg/kg; i.p.) (OBE), and HDM-challenged mice pretreated with dexamethasone (DEX) and immunostained for pEGFR, pERK, and pAKT. PBS-treated mice showed minimal pEGFR, pERK1/2, and pAKT expression. HDM challenge resulted in a significant increase in pEGFR, pERK, and pAKT expression, and this was inhibited following treatment with OBE (60 mg/kg; i.p.) and was comparable to the dexamethasone-treated animals, scale bar = 50 µm. Graphs show quantitative assessment of fluorescence intensity of pEGFR, pERK1/2, and pAKT (arbitrary units). Data are expressed as mean ± SEM (n = 3–5). *P < 0.05 vs PBS group, #P < 0.05 vs HDM group.





Effect of OBE on HDM-Induced Phosphorylation of ERK1/2 as Determined by Western Blotting

In this experiment, we assessed the levels of p-ERK1/2 and total ERK1/2 by Western blotting in order to confirm and validate the immunofluorescence data. Western blotting analysis of lung homogenate (Figure 6A) confirmed the modulated levels of p-ERK1/2 as seen in the immunofluorescence. HDM challenge resulted in a marked increase in p-ERK1/2 levels compared to PBS-challenged mice (Figures 6A, B). Treatment with OBE resulted in a clear inhibition of the p-ERK1/2 and was similar to the dexamethasone-treated group (Figures 6A, B, n = 3 for each blot). The effect on HDM and OBE on total ERK1/2 was relatively unchanged.




Figure 6 | (A) Western blot analysis of pERK1/2 and total ERK1/2 protein levels from lungs of PBS-challenged mice pretreated with vehicle (PBS), HDM-challenged mice pretreated with vehicle (HDM), HDM-challenged mice pretreated with OBE (60 mg/kg; i.p.) (OBE) and HDM-challenged mice pretreated with dexamethasone (DEX). The blots are of two pooled lung sample (n = 3, for each). (B) Graph b shows relative densitometric quantification levels of pERK1/2 (relative to total ERK1/2, both normalized to β-actin).





Effect of OBE on Airway Levels of Various Cytokines Using a Proteome Profiling-Based Technique

The effect of OBE treatment (60 mg/kg) on the airway expression levels of various pro-inflammatory cytokines was determined. HDM challenge significantly enhanced the expression of the following interleukins (IL) by: IL-3 (147.4%), IL-4 (104.6%), IL-5 (5400%), IL-10 (152.0%), and tumor necrosis factor (TNF-α) (17,200%) (P < 0.05; Figure 7A, n = 4) compared to PBS-challenged mice. Treatment with OBE significantly reduced the expression of all of the above molecules by approximately 98.2–99.5%, except IL-10 (anti-inflammatory cytokine) which was significantly increased (78.6%) above the HDM levels (P < 0.05; Figure 7A, n = 4).




Figure 7 | (A) Effect of OBE treatment (60 mg/kg; i.p.) on the airway expression of various pro-inflammatory cytokines. HDM challenge significantly enhanced the expression of the following interleukins (IL): IL-3, IL-4, IL-5, IL-10, and tumor necrosis factor (TNF-α). Treatment with OBE significantly reduced the expression of these cytokines except IL-10 which was significantly increased above the HDM levels. Data are expressed as mean ± SEM (n = 4). *P < 0.05 vs PBS group, #P < 0.05 vs HDM group. (B) Effect of OBE (100 and 1,000 ng/ml) on HDM/BALF-induced eosinophil chemotaxis. BALF from HDM-challenged mice induced a significant increase in eosinophil chemotaxis compared to BALF from PBS-challenged mice. Pretreatment with OBE (100 and 1,000 ng/ml) dose-dependently inhibited eosinophil chemotaxis. Data are expressed as mean ± SEM (n = 5). *P < 0.05 vs PBS group, #P < 0.05 vs HDM group.





Effect of OBE on Eosinophil Chemotaxis Ex Vivo

In this experiment, eosinophils showed significant migration towards BAL fluid derived from HDM-challenged mice compared to BAL fluid from PBS-challenged mice (16.5 ± 2.4 vs 4.2 ± 0.6 × 104/ml, P < 0.05; Figure 7B). In contrast, pretreatment with OBE (100 and 1,000 ng/ml) dose-dependently inhibited the HDM/BAL fluid-induced eosinophil chemotaxis (6.4 ± 1.0 and 3.7 ± 0.5 vs 16.5 ± 2.4 × 104/ml, respectively, P < 0.05; Figure 7B, n = 5).



Effect of OBE on HDM-Induced Airway Hyperresponsiveness

In this experiment, we evaluated the effect of OBE treatment on the HDM-induced AHR (n = 6–13). Our data show that there was a significant increase in airway responsiveness 24 h after the last intranasal HDM challenge as demonstrated by a significant increase in lung resistance (RL) to methacholine in the HDM-challenged mice as compared to the PBS-treated control mice at a dose of 25 mg/ml (5.2 ± 0.2 vs 3.9 ± 0.2 cm H2O per ml/s) and 50 mg/ml (7.9 ± 0.5 vs 4.6 ± 0.3 cm H2O per ml/s) (Figure 8; P < 0.05). However, treatment with OBE did not significantly reduce the average RL in comparison with the HDM-challenged/vehicle-treated group at any of the tested doses of methacholine (Figure 8; P > 0.05). Treatment with dexamethasone (3 mg/kg) nonetheless resulted in a significant reduction (7.9 ± 0.5 vs 5.2 ± 0.8 cm H2O per ml/s) (P < 0.05; Figure 8) of the HDM-induced AHR at the 50 mg/ml of methacholine.




Figure 8 | Effect of OBE treatment on HDM-induced AHR to inhaled methacholine. HDM challenged mice demonstrated significant AHR compared to the control group at doses 25 and 50 mg/kg of methacholine. Treatment with dexamethasone (3 mg/kg; i.p.) significantly reduced the HDM-induced AHR. However, treatment with OBE (60 mg/kg; i.p.) did not significantly reduce the average RL in comparison with the HDM-challenged/vehicle-treated group at any of the doses of methacholine tested (P > 0.05). Data are expressed as mean ± SEM (n = 6–13). *P < 0.05 vs PBS group, #P < 0.05 for HDM group vs DEX group.





Synergism Between OBE and Dexamethasone on Airway Inflammatory Cell Influx

In this experiment, we evaluated the effect of combining OBE with dexamethasone on the HDM-induced total and differential cell influx. Treatment with either OBE 30 mg/kg or 0.5 mg/kg of dexamethasone had minimal to modest effects on the HDM-induced increase in the total cell count (5.2 ± 0.6 and 4.3 ± 0.2 vs 6.4 ± 0.5 × 105, respectively, Figure 9A, n = 7–11). Furthermore, while treatment with either OBE at 30 mg/kg or dexamethasone at 0.5 mg/kg alone reduced the eosinophil influx, this did not reach statistical significance (OBE 30 and 0.5 mg/kg dexamethasone alone vs HDM, 1.9 ± 0.3 and 1.3 ± 0.1 vs 3.7 ± 0.3 × 105, respectively, P > 0.05; Figure 9B). However, when OBE, at 30 mg/kg, was combined with dexamethasone [0.5 mg/kg], the inhibitory effect of this combination was significantly greater compared to either treatment when given alone (2.7 ± 0.2 vs 5.2 ± 0.6, 4.3 ± 0.2, 6.4 ± 0.5 × 105, respectively, P < 0.05, Figure 9A) and was indeed comparable to the high dose dexamethasone (3 mg/kg). Similarly, the combined treatment of both OBE (30 mg/kg) and dexamethasone (0.5 mg/kg), resulted in a significant reduction in the HDM-induced airways eosinophilia (0.4 ± 0.1 vs 1.9 ± 0.3, 1.3 ± 0.1, 3.7 ± 0.3 × 105, respectively, P < 0.05; Figure 9B) compared to either treament when given alone and was comparable to the high dose dexamethasone treatment (3 mg/kg).




Figure 9 | Effect of OBE (30 mg/kg; i.p.) both alone and in combination with low dexamethasone (0.5 mg/kg) on HDM-induced increase in (A) total cell and (B) differential cell count. Treatment with OBE, in combination with low dose dexamethasone, resulted in a significant inhibition of both total and eosinophil numbers compared to either treatment alone. Data are expressed as mean ± SEM (n = 7–11). *P < 0.05 vs PBS group, #P < 0.05 vs HDM group and $P < 0.05 versus either OBE (30 mg/kg; i.p.) alone or dexamethasone (0.5 mg/kg/i.p.) alone.





Synergism Between OBE and Dexamethasone on HDM-Induced Histopathological Changes

In this experiment, our data show that treatment with either OBE (30 mg/kg) or dexamethasone (0.5 mg/kg) alone resulted in modest but significant reduction in the HDM-induced perivascular and peribronchial inflammation (cellular infiltration score; 3.5 ± 0.2 and 3.1 ± 0.3 vs 4.5 ± 0.2, respectively, P < 0.05; Figures 10A, B, n = 5). However, when OBE (30 mg/kg) was combined with dexamethasone (0.5 mg/kg), the inhibitory effect on the HDM-induced inflammation was now more marked and significantly greater than each treatment given alone (cellular infiltration score, 2.3 ± 0.1 vs 3.5 ± 0.2, 3.1 ± 0.3, 4.5 ± 0.2, respectively, P < 0.05; Figures 10A, B) and was similar to the high dose dexamethasone (3 mg/kg) treatment. Similarly, treatment with either OBE (30 mg/kg) or dexamethasone (0.5 mg/kg) alone resulted in a modest reduction in the HDM-induced goblet cell hyper/metaplasia and increase in bronchial mucus production (mucous intensity score; 3.5 ± 0.2 and 3.0 ± 0.2 vs 4.2 ± 0.2, respectively, P < 0.05; Figures 11A, B, n = 5). However, the combination treatment of OBE (30 mg/kg) with dexamethasone (0.5 mg) significantly inhibited the HDM-induced goblet cell hyper/metaplasia and increase in bronchial mucus production airway when compared to either OBE (30 mg/kg) or dexamethasone (0.5 mg/kg) given alone (mucous intensity score; 2.2 ± 0.4 vs 3.5 ± 0.2, 3.0 ± 0.2, 4.2 ± 0.2, respectively, P < 0.05; Figures 11A, B) and was almost as effective as dexamethasone at 3 mg/kg.




Figure 10 | Effect of OBE (30 mg/kg; i.p.) alone and in combination with low dexamethasone (0.5 mg/kg) on HDM-induced peribronchial and perivascular inflammatory cell infiltrations. (A) Representative low-magnification light photomicrographs displaying H&E staining of whole lung samples from control PBS-challenged mice (PBS), HDM-challenged mice (HDM), HDM-challenged mice pretreated with OBE (30 mg/kg; i.p.) (OBE 30), HDM-challenged mice pretreated with low dexamethasone treated (0.5 mg/kg; i.p.) (DEX 0.5), HDM-challenged mice pretreated with a combination of OBE (30 mg/kg; i.p.) and low dexamethasone treated (0.5 mg/kg; i.p.) (DEX 30 + DEX 0.5), HDM-challenged mice pretreated with high dose dexamethasone (3 mg/kg; i.p.) (DEX 3), scale bar = 200 µm. Graphs shows (B) cellular infiltration score for H&E. OBE treatment in combination with low dose dexamethasone resulted in a significant decrease in both peribronchial and perivascular inflammatory compared to either treatment when give alone. Data are expressed as mean ± SEM (n = 5). *P < 0.05 vs PBS, #P < 0.05 vs HDM and $P < 0.05 versus either OBE (30 mg/kg; i.p.) alone group or dexamethasone (0.5 mg/kg/i.p.) alone group.






Figure 11 | Effect of OBE (30 mg/kg; i.p.) both alone and in combination with low dexamethasone (0.5 mg/kg) on HDM-induced bronchial mucous production and goblet cell hyper/metaplasia. (A) Representative low-magnification light photomicrographs displaying PAS staining of whole lung samples from control PBS-challenged mice (PBS), HDM-challenged mice (HDM), HDM-challenged mice pretreated with OBE (30 mg/kg; i.p.) (OBE 30), HDM-challenged mice pretreated with low dose dexamethasone (0.5 mg/kg; i.p.) (DEX 0.5), HDM-challenged mice pretreated with a combination of OBE (30 mg/kg; i.p.) and low dose dexamethasone (0.5 mg/kg; i.p.) (OBE 30 + DEX 0.5), HDM-challenged mice pretreated with high dose dexamethasone (3 mg/kg; i.p.) (DEX 3), scale bar = 200µm. Graphs show (B) mucous intensity score. OBE treatment in combination with low dose dexamethasone resulted in a significant decrease in bronchial mucus production and goblet cell hyper/metaplasia compared to either treatment when give alone. Data are expressed as mean ± SEM (n = 5). *P < 0.05 vs PBS and #P < 0.05 vs HDM and $P < 0.05 versus either OBE (30 mg/kg; i.p.) alone group or dexamethasone (0.5 mg/kg/i.p.) alone group.





Synergism Between OBE and Dexamethasone on HDM-Induced pERK1/2 Levels

In this experiment, our data show that treatment with either OBE (30 mg/kg) or the low dose dexamethasone (0.5 mg/kg) did not result in marked inhibition of the HDM-induced phosphorylation of ERK1/2 (267.0 ± 13.8 and 264.8 ± 4.9 vs 319.0 ± 10.4%, respectively, P < 0.05; Figure 12, n = 4–5). However, when OBE (30 mg/kg) was combined with the low dexamethasone (0.5 mg/kg), there was now a marked and significant reduction in pERK1/2 levels compared to either OBE (30 mg/kg) or the low dose dexamethasone (0.5 mg/kg) alone (80.0 ± 16.0 vs 267.0 ± 13.8 and 264.8 ± 4.9, respectively, P < 0.05; Figure 12). Of interest, the degree of inhibitory effect on pERK1/2, in the combination treatment, was twofold greater than that were obtained with the high dexamethasone dose (3 mg/kg) (P < 0.05; Figure 12).




Figure 12 | Immunofluorescence (Alexa Fluor) detection of phosphorylated ERK1/2 are shown in the upper panels overlaid with DAPI stain on the lower panel to show lung tissue architecture. Lung sections were taken from different treatment groups, control PBS-challenged mice (PBS), HDM-challenged mice (HDM), HDM-challenged mice pretreated with OBE (30 mg/kg; i.p.) (OBE 30), HDM-challenged mice pretreated with low dose dexamethasone (0.5 mg/kg; i.p.) (DEX 0.5), HDM-challenged mice pretreated with a combination of OBE (30 mg/kg; i.p.) and low dose dexamethasone (0.5 mg/kg; i.p.) (OBE 30 + DEX 0.5), HDM-challenged mice pretreated with high dose dexamethasone (3 mg/kg; i.p.) (DEX 3), scale bar = 50 µm. Graph shows quantitative assessment of fluorescence intensity of ERK (arbitrary units). Data are expressed as mean ± SEM (n = 4–5). *P < 0.05 vs PBS and #P < 0.05 vs HDM and $P < 0.05 versus either OBE (30 mg/kg; i.p.) alone group or dexamethasone (0.5 mg/kg/i.p.) alone group.






Discussion

The major finding of this study is that OBE produces anti-inflammatory actions in an established asthma model, partly, via inhibition of the EGFR/ERK1/2/AKT pathway. Furthermore, our data show that combined treatment with OBE and a classical steroid (dexamethasone) at sub-maximal doses resulted in an enhanced anti-inflammatory effect at the cellular, histopathological, and molecular levels.

The use of natural products as therapeutic agents has been on the rise, not only due to their demonstrated efficacy (both in humans and in preclinical models of disease) but possibly due to their perceived, and in many instances, real lack of adverse effects, even when consumed in large quantities (Bohlin et al., 2010; Atanasov et al., 2015). Based on this, many studies have been conducted over the past decades in an attempt to understand the scientific basis for the use of many natural products, elucidate their actions, and identify their mechanisms of action in animal models of disease (Fang et al., 2017). To this point, several studies have reported that OBE, or its constituents, have many pharmacological actions in many conditions and diseases such as wounds, scars, dysentery, inflammation, hypertension, and also asthma.

Our data show that OBE dose-dependently decreased the total and differential cell influx into the airways, at both 60 and 100 mg/kg dose, confirming data from recent studies reporting its inhibitory effect on BAL fluid cellularity (Ghorani et al., 2018). In line with this, we found that 60 mg/kg dose of OBE resulted in significant reduction of the HDM-induced perivascular and peribronchial inflammatory cell infiltration and goblet cell hyper/metaplasia. These anti-inflammatory actions were comparable to the action of dexamethasone (3 mg/kg) which indicates that the anti-inflammatory action of OBE is, at least, as effective as that of steroids. Our findings are in agreement with studies showing anti-inflammatory action of OBE in asthma-like models and more recently in a mouse model of colitis (Ghorani et al., 2018; Khajah et al., 2019). It is of interest to note that many of the documented activities for onion extract have been attributed to its polar constituents, particularly the known flavonoid quercetin, where polar solvents were mainly used to prepare the tested extracts (Oliveira et al., 2015). However, in this study, the anti-inflammatory action noted are most likely due to non-polar fat-soluble constituents, such as sulfur-containing compounds, mainly dipropyl disulfide and dipropyl trisulfide, which were found in abundance in the essential oil of onion since dichloromethane was used for the extraction method.

The EGF/EGFR is a critical signaling pathway in the pathogenesis of asthma, and both EGF and EGFR levels have been shown to be consistently increased in both human asthma and in animal models of asthma (Amishima et al., 1998; Puddicombe et al., 2000; Song L. et al., 2016). However, other ligands such as heparin-binding EGF-like growth factor (HB-EGF), amphiregulin, and betacellulin can also bind to and activate EGFR (Acciani et al., 2016; Ha and Rogers, 2016). In addition, ERK1/2 and AKT are not only key signaling molecules in asthma but have also been recently shown to be downstream of EGFR activation (El-Hashim et al., 2017). Our data show that treatment with OBE not only inhibited the development of asthma but also reduced pEGFR levels. Of interest and relevance is data from a recent study from our group, and that of others, using a similar model of asthma, has shown that treatment with selective EGFR inhibitors inhibited the EGFR-dependent signaling pathway and also reduced eosinophil recruitment, airway inflammation, AHR, and goblet cell hyper/metaplasia (Song L. et al., 2016; El-Hashim, 2017). Therefore, our findings would imply that the inhibitory effects of OBE on the asthmatic phenotype may be, at least partly, via inhibition of EGFR-dependent signaling perturbation. However, it is also likely that in addition to the EGFR pathway, OBE may inhibit other pro-inflammatory signaling pathways.

Our data also show that HDM-induced increase in pERK1/2 and pAKT were both inhibited following OBE treatment. While it is plausible that the effect of OBE on these signaling molecules represents independent and separate effects, since both ERK1/2 and AKT are ubiquitous signaling molecules, we have previously reported that AG1478, a selective EGFR receptor inhibitor, inhibited not only EGFR activation but also decreased pERK1/2 and pAKT levels, suggesting that both molecules are downstream of EGFR activation (El-Hashim et al., 2017). Therefore, it is very likely that the inhibitory effect of OBE on these two molecules is primarily due to upstream inhibition of EGFR-dependent signaling. This notion is further confirmed by our recent study showing that the effects of the anti-inflammatory endogenous molecule, Ang-(1-7), in asthma, are mediated via inhibition of the EGFR/ERK1/2 dependent signaling (El-Hashim et al., 2019). That OBE can inhibit the EGFR-triggered signaling perturbations suggests that it can inhibit a central signaling pathway in asthma.

It is well recognized that asthma is an immune response driven by Th2 and Th17 cells with cytokines such as IL-4, IL-5, IL-9, IL-10, IL-13, and IL-7 playing important roles (Saeki et al., 2019). Moreover, Th1 cytokines such as TNF-α and IFN-γ are also involved in asthma, with pro - and anti-asthma effects, respectively. Our findings show that OBE treatment resulted in a significant reduction of IL-4 and IL-5 consistent with other studies and effects of drugs that mediate an anti-allergic/anti-asthma action (Seo et al., 2019). In addition, OBE treatment decreased the pro-asthma TNF-α but increased the Th2 anti-inflammatory cytokine, IL-10. It is therefore plausible that the OBE-induced increase in IL-10 levels may, in part, explain the anti-inflammatory action of OBE in general and/or the specific decrease in the levels of IL-4 and IL-5, as these cytokines are known to have a reciprocal relationship (Oliveira et al., 2015).

The recent introduction of monoclonal antibodies targeting the eosinophil chemoattractant underscores the importance of eosinophils in asthma (Agache et al., 2020). Our data show that treatment with OBE significantly reduced eosinophil numbers not only in the tissue but also their ex vivo chemotaxis towards BAL fluid from HDM challenged mice. Studies have shown that onion constituents, such as thiosulfinates and cepaenes, dose-dependently inhibit both cyclooxygenase and 5-lipoxygenase enzyme activity (Werz, 2007). Furthermore, products of 5-lipoxygenase, namely the cysteinyl leukotrienes LTC4, LTD4, and LTE4, are known to be potent inducers of eosinophil chemotaxis (Werz, 2007). Therefore, inhibition of 5-lipoxygenase may represent one possible mechanism by which OBE inhibits eosinophil chemotaxis.

Our data also show that HDM challenge resulted in the induction of AHR, a characteristic feature of both clinical and preclinical asthma that is not easily amenable to asthma therapy (Busse, 2010; Ezeamuzie et al., 2014). Our findings show that treatment with OBE had no effect on this parameter. Although many studies have reported a causal link between airway inflammation and AHR, others have not been able to confirm this relationship, at least not for all types of AHR (Gozzard et al., 1996; Spina et al., 1998; El-Hashim et al., 1999; Spina and Page, 2009). Indeed, there may be a separation between the two phenomena, as not all agents that inhibit airway inflammation reduce AHR and vice versa (Riccio et al., 1997; El-Hashim et al., 2004). Recent studies have also provided good evidence that airway sensory hyper-excitability may also underlie AHR, and hyperactivity of airway nerves is less susceptible to anti-inflammatory agents (Spina and Page, 2009; Delescluse et al., 2012; Lommatzsch, 2012).

Although ICS have been the mainstay treatment for asthma, being effective anti-inflammatory agents, their major limitation is their high side effect profile, particularly with moderate-to-high doses (Hossny et al., 2016). In addition, the high cost of ICS is a real problem in poorer regions of the world (Watson and Lewis, 1997). To test whether OBE and steroids have a synergistic effect, we combined a low dose of OBE, 30 mg/kg and a low dose of dexamethasone, 0.5 mg/kg both of which produced minimal to mild anti-inflammatory effect when given alone. An important and novel finding in this study is that when OBE is combined with a low dose dexamethasone, a more powerful and effective anti-inflammatory effect was produced. Our data also show that the combination treatment resulted in a marked and significant enhancement of the anti-inflammatory effects on the total cell, eosinophil influx, histopathological changes (both perivascular and peribronchial inflammation and goblet cell hyper/metaplasia) when compared to either treatment alone. This combination was at least as effective as the high dose (3 mg/kg) steroid. To determine whether this was being mediated via enhanced suppression of the EGFR/ERK1/2/AKT signaling pathway, we assessed p-ERK1/2 expression level as a marker of activation of this signaling pathway. Our results clearly show that whilst neither 0.5 mg/kg dexamethasone nor 30 mg/kg alone had any effect on p-ERK1/2 levels, when both agents are combined, a significant and dramatic decrease in p-ERK1/2 levels was detected. This clearly indicates that the enhanced suppressive effects are being mediated via synergistic actions at the molecular level.

In conclusion, our data clearly show that OBE inhibits the asthma phenotype in a clinically relevant murine model of asthma, at least in part, via inhibition of Th2 cytokine profile, via inhibition of the EGFR/ERK/1/2/AKT signaling pathway. In addition, our data also show that combining OBE with steroids resulted in an enhanced anti-inflammatory effect via a synergistic action at the molecular signaling level. Therefore, this study not only identifies an important molecular signaling pathway that is targeted by OBE to inhibit the asthma phenotype, but also shows that OBE synergizes with steroids resulting in a greater anti-inflammatory action. This finding may have important implication for the treatment of asthma as it provides a potential to reduce steroid toxicity while maintaining efficacy.
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The herb Bolbostemma paniculatum (Maxim) Franquet (Cucurbitaceae family), also known as Tu-Bei-Mu (TBM) in Chinese, has shown curative effects to treat several types of cancer as an adjunctive therapy. Thereby we intend to find its effect on the human hepatocellular carcinoma (HCC) and to understand the pharmacological mechanism behind it. In this study, an integrative serum pharmacology-based approach linking serum pharmacology and bioinformatics prediction was employed. Firstly, we used the serum taken introgastrically from the rats dministered by TBM aqueous bulb extract to culture the HCC cell line BEL-7404 and detect its anti-tumor effects. Secondly, the TBM putative targets were predicted using the ETCM database and known therapeutic targets of NPC were collected from the OMIM database. Then, a TBM-HCC putative targets network was constructed using the DAVID and STRING databases. Thirdly, key gene targets were obtained based on topological analysis and pathway enrichment analysis. The expression of 4 representative key targets were validated by Western blotting. As a result, 36 TBM targets and 26 known therapeutic targets of HCC were identified. These key targets were found to be frequently involved in 13 KEGG pathways and 4 biological processes. The expression of four representative key targets: TP53, CASP3, BCL2 and BAX further supports the suppression of TBM on HCC. In general, our study shows the curative effects of TBM against HCC. By using this integrative approach, we may find novel potential therapeutic targets to suppress HCC using TBM as an adjunctive therapy. And it could also help us understand the mechanism of HCC treatments in response to TBM.




Keywords: traditional Chinese medicine, Bolbostemma paniculatum, Tu Bei Mu, hepatocellular carcinoma, network pharmacology



Introduction

Hepatocellular carcinoma (HCC) is a globally increased malignant cancer with high death occurrence (Jorge et al.; Elserag, 2011). The major management of HCC includes resection and chemotherapy (Baer et al., 1998; Whittaker et al., 2010). However, many drugs for HCC still have toxic side effects, which limit their usage in the clinic (Cheung et al., 2007; Sak, 2012; Chen et al., 2020; Zingales et al., 2020), and drug resistance of HCC hampers the treatment effects (Xiong et al.; Folmer et al., 2007; Tan et al., 2019; Li et al., 2020; Xu et al., 2020; Yang et al., 2020). Hence, it is urgent to discover new curative compounds with less adverse effects to treat this disease.

Traditional Chinese medicine (TCM) has been used to treat many diseases for more than 2500 years with its comprehensive active compounds and curative therapeutic effects. It has been reported that many herbs show suppressing effects on tumor cells (Wu and Yao; He, 2004; Dorsher and Peng, 2010). People have summarized Chinese herbal medicine’s advantages in reducing the side effects of chemo- and radiotherapy (Qi et al., 2010). Several formulas including astragalus, Turmeric (curcumin), and Ginseng have been used to reduce the toxicity as adjunctive therapies. For liver cancer treatment, formulations such as Bojungikki-tang, Kang-Fu-Zhi-Tong, PHY906, Xiao-Chai-Hu-Tang, Huang-Lian-Jie-Du-Tang, and Yin-Chen-Wu-Ling-San, have been reported to protect liver function, reduce cancer-related pain, improve respiratory tract infections and gastrointestinal side effects (Ling et al., 2007; Jeong et al., 2010; M. et al., 2010; Liu et al., 2011). Bolbostemma paniculatum (Maxim.) Franquet (Cucurbitaceae family), whose tuber named “Tu-Bei-Mu (TBM)” in Traditional Chinese Medicine, is one such herb (the name of the herb is verified in The Plant List (www.theplantlist.org) and Kew Medicinal Plant Names Services (https://mpns.science.kew.org/mpns-portal/)). Several groups reported the suppressing effects of TBM on several types of cancer (Islam et al.; Yu et al., 1992; Cheng et al., 2010; Xu, 2010; Chao et al., 2019). Thereby, we intend to study the effects of TBM on hepatocellular carcinoma and to decode the pharmacological mechanism of TBM’s action on HCC.

In 1987, a Japanese scientist Hiroko used the serum obtained from mice orally treated with the herbs to culture the cells. And the herb-contained serum effectively increased the mitogenic activity of lipopolysaccharide of murine splenic cells (Hiroko et al., 1987). Since then, many groups have been using herb-contained serum to treat the cells in order to study the herbs’ effect on diseases (Zhang et al., 2007; Rui et al., 2011). Cells directly treated by the herbs are easily disturbed by the chemical and physical properties of the herbs itself. Using serum from the rats orally treated or introgastrically administered with herbs can mimic the in vivo environment of the cell (Wang et al., 1999; Chen X. Z. et al., 2013). A serum complex containing the herb compounds, serum proteins, genes and other molecules takes its effect as a whole to the disease. The curative effects were obvious when cells were cultured with serum, orally treated or introgastrically administered with herbs (Yun-Ming, 2007; Chen L. et al., 2013). Thereby, we used the serum from rats introgastrically administered by TBM aqueous bulb extract to decipher its anti-tumor activity on the HCC cells.

As an alternative medicine remedy, TCM is characterized as multi-compound and multi-target, which hinders our understand the mechanism of the action. To address this problem, network pharmacology has been considered as a promising strategy. It combines experiments with bioinformatics, system biology and pharmacology to reveal the interactions among compounds, genes, proteins and metabolites (Lee; Hopkins, 2007; Da and Pei, 2014). This integrative approach helps us to more deeply understand the drug’s action on certain diseases and find potential curative compounds. In recent years, our group has been using this approach to decipher the pharmacological mechanism of the herb Radix Ophiopogonis in the treatment of Nasopharyngeal Carcinoma (Feng et al., 2019).

In this study, an integrative pharmacology-based approach was employed to understand the TBM’s effects on HCC by integrating experiments with bioinformatics predictions. Our study was implemented in three steps: (1) Lab experiments: Studying the effects of a TBM-contained serum on HCC; (2) Bioinformatics: TBM and HCC target prediction, network analysis and identification of key targets; (3) Validation of representative key targets of TBM against HCC. The workflow was elucidated in Figure 1.




Figure 1 | The work flow of studying the TBM’s inhibitory effects on HCC using an integrative pharmacology-based approach.





Material and Methods


Step 1: Effects of TBM on HCC


Chemicals

RPMI-1640, 3-[4, 5-Dimethylthiazol-2-yl]-2, 5-diphenyltetrazolium bromide (MTT) powder, dimethyl sulfoxide (DMSO) (purity ≧99.7), anti-Bax, Bcl-2, p53, caspase-3 and β-actin primary antibodies were manufactured by Sigma-Aldrich Chemical Co., Ltd.



Preparation of the Fraction

The bulb of the B. paniculatum (TBM) was bought from the hospital of Shaanxi University of Chinese Medicine (Voucher number: 20181001). The TBM was cultivated and picked in Shaanxi province of China. The herbs were examined under the protocol of Chinese Pharmacopoeia (2015 vision). The TBM was characterized by Thin-layer chromatography (1.5% impurity, 11.9% H2O, 13mg/kg CO2 residue and 1.1% Tubeimuside I). The characterization and inspection were provided by Xing Sheng De pharmaceutical Co., Ltd (Report number: C201810070). The herb was further identified by Dr Bo Li (Shaanxi Collaborative Innovation Center of Chinese Medicinal Resources Industrialization, Shaanxi University of Chinese Medicine, China).200 ml distilled water was added to 60 g of coarsely powdered bulbs in a beaker. The mixture was kept in a water bath for 30min and boiled for 1h. The aqueous extract was then filtered and collected. The remaining powder was mixed with 200ml distilled water, boiled for 40min, filtered, and added to the prior filtrate. After evaporation, the raw concentration of the TBM was 2.5g/ml. The TBM mixture was stored at 4°C in labelled sample bottles. We heated the mixture to 37°C when it wass needed to feed the rats.



Animals and Treatments

30 adult female Wistar rats (200–220 g) were purchased from the Experimental Animal Center of Xi’an Jiaotong University (license number: SCXK 2017-003). The animals were housed (5 rats/cage) in the standard rats plexiglass cages in a room maintained under standard conditions of temperature and humidity with an alternating 12-hr light/dark cycle and we provided regular commercial pellet diet and water to the rats. Female Wistar rats were randomly divided into two groups: the control group and the TBM group. Control group (n = 15) received 2ml tap water twice per day for 14 days by intragastric administration. TBM group (n = 15) received the aqueous fraction of TBM with the same frequency. One hour after the last time intragastric administration, all rats were anesthetized with 2% halothane in 100% O2 blown over the nose through a face mask. Then the blood was collected from the abdominal aorta of the rats. The serum was collected after centrifuging the blood for 10min at 3000r/min and stored at -20°C for use. To ensure the biosecurity, we all follow the standard protocols in each step. All experiments were conducted in accordance with the ethical guidelines of the Declaration of Helsinki, and all experimental procedures were approved and performed in accordance with the guidelines of the local Institutional Animal Experimentation Ethics Committee.



Cell Culture

The human hepatocellular carcinoma cell line BEL-7404 and the human liver cell line L-02 were purchased from the Cell Bank of the Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China) and cultured in the RPMI-1640 containing 10% (v/v) heat-inactivated fetal bovine serum (FBS), 100 μg/ml streptomycin and 100 U/ml penicillin at 37°C in a 5% CO2 incubator. After the cells were grown into confluency, the HCC BEL-7404 cell line was divided into the following 4 groups: 10% fetal bovine serum (Contro), 25% TBM serum, 12.5% TBM serum and 6.25% TBM serum respectively prior to MTT assay and nuclear staining (The original serum obtained from rats containing TBM was considered as 100% TBM serum). The human liver cell line L-02 were regrouped into 4 groups with the same serum accordingly (Control, 25% TBM, 12.5% TBM and 6.25% TBM respectively.)



MTT Assay

The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay was performed with 1×104 cells/well in 96-well plates. After culture for 12h, the cells were incubated with serum containing TBM. Then, 20 μl MTT (5 mg/ml) was added for 4 h. After removal of the medium, the formazan crystals were dissolved in 150 μl DMSO. Absorbance was obtained at 570 nm with an ELx-800 Universal Microplate Reader (BioTek, Winooski, VT). Cell Inhibition Ratio (%) (IR) was determined as follows:

Inhibition Ratio (%) = [(ODcontrol − ODtreated)/(ODcontrol − ODblank)] ×100% (The control was 10% FBS serum; the treated cells are HCC cell line BEL-7404 and the human liver cell line L-02 treated by different concentrations of TBM; the blank was DMSO)



Nuclear Staining

BEL-7404 cells treated with the serum containing TBM were fixed with paraformaldehyde at room temperature for 10 min. Then the cells were incubated with 20 µl DAPI at a concentration of 10 µg/ml (10 min, room temperature). Nuclear morphology was observed using a fluorescence microscope (Olympus FV1000).



Statistical Analysis

We display the data as Mean ± SD from 3 independent experiments. A student’s t-test was employed to test the deviation between different batches. Values were only considered to be statistically significant when p-values were less than 0.05.




Step 2: TBM and HCC Target Prediction, Network Analysis and Identification of Key Targets


Compositive Compounds of TBM

The chemical compounds of TBM were obtained from The Encyclopedia of Traditional Chinese Medicine (ETCM) database (Huang et al., 2015; Haiyu et al., 2016; Yu et al., 2017; Xu et al., 2018) (http://www.nrc.ac.cn:9090/ETCM/index.php/Home/, updated on 2018). The chemical compounds contained in the TBM aqueous bulb extract were selected by the criteria “Tanimoto scores > 0.8.” This score represents the similarity degree of the certain chemical components to that of known drugs. Tanimoto score ranges from “0 –1”, where “0” means the completely different structures between ingredients and known drugs, and “1” means the same structures of two compounds. This Tanimoto score is the criteria to remove redundant compounds. The known compounds with high structural similarity (the structural similarity score is higher than 0.8) were identified as the putative compounds of TBM. The compounds with a similarity score lower than 0.8 were seen as redundant compounds. Under the criteria above, 10 chemical compounds were obtained from TBM. Detailed information of the chemical compounds contained in TBM is provided in Supplementary Table S1.



TBM Putative Targets Prediction

The known putative targets of TBM were identified from the ETCM database as described above (Xue et al., 2013). As described above, putative targets of certain chemical components were predicted by comparing the structure of the certain chemical components to that of known drugs. The targets of known drugs with high structural similarity (the structural similarity score is higher than 0.8) were identified as the putative targets of the certain chemical components. After removing redundancy, we found 155 TBM putative gene targets. These targets are also provided in Supplementary Table S1.



Known Therapeutic Targets of HCC

Known therapeutic targets for the treatment of HCC were collected from the OMIM database (www.omim.org, last updated October 31, 2013) (Hamosh et al., 2005). Only Food and Drug Administration (FDA) approved drugs used in humans were chosen. In total, 282 therapeutic targets were selected as HCC-related targets. Detailed information on the collected known therapeutic targets is provided in Supplementary Table S2.



Pathway Enrichment Analysis of TBM and HCC Putative Targets

Both TBM putative targets and known therapeutic targets of HCC treatments were analyzed through pathway enrichment analysis. We used the Database for Annotation, Visualization and Integrated Discovery (DAVID, http://david.abcc.ncifcrf.gov/home.jsp, version 6.8) and Kyoto Encyclopedia of Genes and Genomes database (KEGG, http://www.genome.jp/kegg/, updated on April 18, 2016) (Kanehisa and Goto, 2000; Dennis et al., 2003) to analyze those targets and involved pathways.



Network Analysis Between TBM Putative Targets and HCC Known Therapeutic Targets

We use the STRING (Search Tool for the Retrieval of Interacting Genes/Proteins, https://string-db.org/, vision 10.5) database to analyze the interaction between TBM putative targets and HCC known therapeutic targets. Interaction confidence of proteins were indicated by scores. We collected the targets when the combined score of those were higher than the medium value. Targets with the combined score lower than the medium value were discarded. Detailed information obtained is provided in Supplementary Table S3. Then we use Cytoscape (Vision 3.5.1, Boston, MA, USA) to visualize the networks.



Identification of Key Predicted Targets Based on TBM-HCC Interaction Network

Based on the above network, we further identified the major nodes in the direct protein-protein interactions. We employ the three topological features: “degree”, “betweenness” and “closeness” as criteria to screen the putative targets due to their topological importance. “Degree” was defined as the number of links to one node. “Node betweenness” was defined as the number of the shortest paths between pairs of nodes that ran through one node. “Closeness” was defined as the inverse of the farness, which was the sum of the node distances to all other nodes. The closeness centrality can be regarded as a measure of how long it will take to sequentially spread information from the node to all the other nodes. Degree, node betweenness and closeness centralities can be used to measure a protein’s topological importance in the network. A larger value of a certain protein’s degree/node betweenness/closeness centrality indicates that this protein is more important in the network (Wang et al., 2012). Only nodes with topological features higher than the corresponding median values were identified as the major targets. After screening with the above criteria, 66 candidates were identified as key targets, provided in Supplementary Table S4.




Step 3: Validation of Representative Key Targets of TBM Against HCC


Western-Blotting of Key Targets

On the spectrum of key targets’ biological and topological significance, we chose caspase-3, p53, Bcl-2 and Bax to detect their expression in TBM-treated cells. As described previously, the HCC cell line BEL-7404 was treated with 10% fetal bovine serum (Contro), 25% TBM serum, 12.5% TBM serum and 6.25% TBM serum respectively. When the cells were grown into 1×106 per plate, we treated the cell line with 2, 4 or 6 μg/ml of peiminine for 24 h. Cell lysates were prepared in RIPA buffer (50 mmol/L Tris-HCl buffer, pH 7.4, 150 mmol/L NaCl, 1% Triton X-100, 1% sodium deoxycholate, and 0.1% sodium dodecyl sulfate) supplemented with a protease inhibitor to prevent the protein degradation. Cell lysates were centrifuged at 12,000×g for 15 min at 4°C. Total protein was extracted from the resulting supernatant and the concentration was quantified by the BCA assay. Proteins were separated on 10-12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to PVDF membranes. The membranes were firstly treated overnight at 4°C with rabbit monoclonal anti-human β-actin, caspase-3, p53, Bcl-2 and Bax primary antibodies. And then the membranes were washed with PBS incubated with appropriate horseradish peroxidase (HRP)-conjugated secondary antibodies for 1 hour at room temperature. The chemiluminescence of proteins transferred to PVDF membranes was detected with ECL kit (GE Healthcare Amersham, Piscataway, NJ).





Results

The work-flow of studying the TBM’s inhibitory effects on HCC using an integrative pharmacology-based approach was elucidated in Figure 1.


Step I: Inhibitory Effects of TBM on HCC


Cytotoxicity of TBM on HCC

The cytotoxicity of the serum containing the TBM aqueous bulb extract upon HCC cell line BEL-7404 and the human liver cell line L-02 was assessed by the MTT assay. We considered the original serum from the rats treated with TCM as 100% TBM serum. We observed the cell viability after 24h and 48hrs. We chose 25%, 12.5% and 6.25% TBM serum to treat the cells. 10% FBS was used as the control medium. As shown in Table 1A, the OD values were significantly decreased after the HCC cells were treated with the TBM serum. The 25% TBM serum inhibited the HCC cells with the inhibition ratio 22.8%, indicating that TBM can significantly inhibit the growth of the HCC cells. Meanwhile, the TBM serum has much fewer inhibitory effects on the human liver cell line L-02 as shown in Table 1B. The total inhibitory effects were shown in Figure 2.


Table 1A | The inhibitory effects of the TBM serum on the HCC cell line BEL-7404.




Table 1B | The inhibitory effects of the TBM serum on the human liver cell line L-02.






Figure 2 | Inhibition of the TBM serum on the HCC cell line BEL-7404 and the human liver cell line L-02. The Inhibition ratio was calculated as follows: Inhibition Ratio (%) = [(ODcontrol − ODtreated)/(ODcontrol − ODblank)] ×100%. The control was 10% FBS serum. The blue bar shows the inhibition ratio of the TBM serum with different concentrations upon HCC BEL-7404 cells and the yellow bar shows the inhibition ratio of the TBM serum upon the human liver cell line L-02.





Microscopic Observation Showing TBM’s Inhibition on HCC Cell Line BEL-7404 With Less Cytotoxicity Towards the Human Liver Cell Line L-02

Representative images of the morphological changes observed after 48h are shown in Figures 3A, B. Compared to the control (FBS-treated cells), the HCC cell line BEL-7404 exposed to the TBM serum was significantly inhibited (Figure 3A). And the human liver cell line L-02 showed no obvious difference when they were treated with the TBM serum (Figure 3B).




Figure 3 | (A) Morphological changes by different serum treatments on the HCC cell line BEL-7404 after 48h. (1) cells were cultured with 10% FBS at a concentration of 5.1 × 107 cfu/ml. (2) Cells were cultured with 25% TBM serum at the same concentration. (3) Cells were cultured with 12.5% TBM serum at the same concentration. (4). Cells were cultured with 6.25% TBM serum at the same concentration. (B) Morphological changes by different serum treatment on the human liver cell line L-02 after 48h. (1) cells were cultured with 10% FBS at a concentration of 5.1 × 107 cfu/ml. (2) Cells were cultured with 25% TBM serum at the same concentration. (3) Cells were cultured with the 12.5% TBM serum at the same concentration. (4). Cells were cultured with 6.25% TBM serum at the same concentration.





Nuclear Morphology of the HCC Cell Line BEL-7404 Treated With the TBM Serum

The results of nuclear staining further confirmed that TBM could inhibit the growth of HCC cells. After culturing the HCC cell line BEL-7404 with 10% FBS serum (control), 25% TBM, 12.5% TBM and 6.25% TBM respectively for 48h, the cells show different nuclear morphology as elucidated in Figure 4. Compared with the control, the nuclear morphology of the cells treated with TBM were damaged obviously. A higher concentration of TBM culture resulted in more cell damage.




Figure 4 | The Morphology of the HCC cell line BEL-7404 by nuclear staining. The HCC BEL-7404 cells were stained using DAPI solution and observed by fluorescence microscopy (×400). (1) The HCC cells cultured with 10% FBS serum for 48h (Control). (2) The HCC cells cultured with 25% TBM. (3) The HCC cells cultured with 12.5% TBM. (4) The HCC cells cultured with 6.25% TBM.






Step 2: Bioinformatics Prediction


Chemical Compounds of TBM and Its Potential Gene Targets Prediction

The ETCM database was employed to obtain the chemical compounds of TBM as described previously. As a result, we collected 10 chemical compounds contained in TBM under the criteria “Tanimoto score > 0.8” as described previously in Supplementary Table S1. In total, 155 putative TBM gene targets were collected, also shown in Supplementary Table S1.



TBM Compositive Compound-Putative Target Network

A TBM compositive compound-putative target network was built to understand the interaction between the TBM’s ingredients with its putative targets as indicated in Figure 5. The network consists of 166 nodes (1 herb, 10 compositive compounds and 155 putative targets) and 165 edges. 91 genes with a combined score higher than the medium value were selected as the major TBM putative targets. By pathway enrichment analysis, we found these TBM putative targets were frequently involved in 8 pathways and biological processes including the p53 signaling pathway, Adipocytokine signaling pathway, PPAR signaling pathway, AMPK signaling pathway, FoxO signaling pathway, cyclooxygenase pathway, intrinsic apoptotic signaling pathway in response to endoplasmic reticulum stress and regulation of protein heterodimerization activity.




Figure 5 | TBM compositive compound-putative target network built and visualized with Cytoscape. Edges: interactions between compositive compounds of TBM and their putative targets; green square node: the herb TBM; blue triangular nodes: compositive compounds of TBM; orange round nodes: putative targets of compositive compounds of TBM; pink hexagonal nodes: the main pathways from enrichment analysis of major targets.





TBM Compositive Compound-Putative Known HCC Target Network

We analyzed the interaction between the TBM compositive compounds’ targets and putative known HCC targets to evaluate the effects of TBM on HCC. The interaction data of TBM putative targets and HCC known therapeutic targets was acquired as previously described in the materials and methods section. As shown in Figure 6, the network consists of 307 nodes (containing 1 ingredient, 10 compositive compounds of TBM, 155 TBM putative targets, and 282 known therapeutics of HCC) and 1086 edges. As mentioned in material and methods section, three topological features “degree”, “betweenness” and “closeness” were employed as criteria to screen the putative targets for topological importance. Only nodes with topological features higher than the corresponding median values were identified as major nodes. As a result, we identified 66 major nodes containing 1 ingredient, 3 compositive compounds in HCC, 36 TBM’s putative targets and 26 known therapeutic targets for the treatments of HCC. Details concerning the topological features of the 66 major nodes in this network was shown in Supplementary Table S4. Except the ingredient TBM and its three compounds, 62 gene targets (36 TBM’s targets and 26 known therapeutic targets of HCC) were considered as the key TBM-HCC predicted targets. According to the pathway enrichment analysis based on the GO annotation system and the KEGG pathway, the key TBM-HCC targets were frequently involved in 4 biological processes and 13 KEGG pathways as shown in Table 2. Based on the number of the edges between key targets and pathways, TBM’s key targets were found to be strongly connected with Adipocytokine signaling pathway, AMPK signaling pathway, FoxO signaling pathway, Rap1 signaling pathway, mROT signaling pathway, p53 signaling pathway, VEGF signaling pathway, intrinsic apoptotic signaling pathway in response to endoplasmic reticulum stress, PI3K-AKT signaling pathway, TNF signaling pathway, activation of cysteine-type endopeptidase activity involved in apoptotic process by cytochrome c and positive regulation of ERK1 and ERK2 cascade. In the meantime, HCC key gene targets indicate that they are frequently involved in focal adhesion, positive regulation of I-kappaB kinase/NF-kappaB signaling, ErbB signaling pathway, MAPK signaling pathway and Hippo signaling pathway.




Figure 6 | TBM compositive compound-putative known HCC target network visualized with Cytoscape. Edges: Interactions among TBM, compositive compounds, putative targets, and known therapeutic targets of HCC. Green square nodes: the ingredient TBM; blue triangular nodes: compositive compounds of TBM; yellow round nodes: putative targets of TBM compositive compounds; red round nodes: known therapeutic targets for the treatment of HCC; pink hexagonal nodes: the pathways from enrichment analysis of key nodes. Nodes marked with dark rings: key nodes (the “degree,” “node betweenness,” and “closeness” of which were all larger than the corresponding median values).




Table 2 | Major GO biological processes and KEGG pathways with their key targets.





Step 3: Expression of Representative Key Targets Validated by Western Blotting

In total, 62 gene targets were selected as key TBM-HCC targets. These targets show an important role potentially during TBM-HCC interactions. Based on the three topological features “degree”, “betweenness” and “closeness”, the “degree” ranges from 6-61, the “betweenness” ranges from 4.55x10-4 to 0.1279, the “closeness” ranges from 0.3252 to 0.4287, we chose four key targets averagely distributed on the spectrum of their topological significance to validate their expression by Western blotting. The topological values of these four key targets were as follows: TP53 degree 61, betweenness 0.1278, closeness 0.4129; CASP3 degree 24, betweenness 0.0246, closeness 0.3711; BCL2 degree 12, betweenness 0.0028, closeness 0.3333; BAX degree 8, betweenness 4.55x10-4, closeness 0.3271; The detailed information of the key targets is provided in Supplementary Table S4. As shown in Figure 7, the expression of TP53, CASP3, and BAX were significantly increased when HCC cells were treated with the aqueous extract of TBM. BCL2 was down-regulated when cells were treated by 12%TBM and 25% TBM. The tumor suppressor TP53, CASP3 and BAX genes were mostly down-regulated in many types of tumors including liver cancer, while BCL2 gene suppresses the apoptosis. The up-regulation of TP53, CASP3 and BAX and down-regulation of BCL2 supports the TBM’s suppression effect on HCC cells. This result further confirms that the TBM’s aqueous bulb extract is effective to suppress the growth of HCC cells by regulating these key targets.




Figure 7 | Expression of Bcl-2, Bax, p53 and Caspase-3 in TBM-treated HCC cells validated by Western blotting. The Control group is the expression of representative key targets when cells are cultured with 10% FBS. The other three groups are the expression of these targets when cells are cultured with 6.25%, 12.5% and 25% TBM serum respectively (p < 0.05).







Discussion

Traditional Chinese medicine has been proved to treat cancer effectively with its multi-target therapeutics. TBM, characterized with multi-components and multi-targets, have been used to suppress liver cancer as an adjunctive therapy in recent years. In this study, we develop an integrative pharmacology-based strategy to decipher the mechanism of the TBM’s aqueous bulb extract in suppressing HCC. By integrating experiments, bioinformatics prediction and validation, 62 key targets (36 TBM’s targets and 26 known therapeutic targets of HCC) were identified after analyzing TBM-HCC interactions. These key targets were frequently involved in 13 KEGG pathways and 4 biological processes. The integrative analysis bridging experiments with bioinformatics prediction provides us novel potential therapeutic targets to treat HCC using TBM. And it could also help us understand the mechanism of HCC treatments in response to TBM.

All 62 key targets have shown their topological and biological significance (Table 2). On the topological spectrum of these key targets, we choose 4 representative targets because they are averagely distributed on the topological table (Supplementary Table S4). The degree score of TP53, CASP3, BAX and BCL2 are 61, 24, 8 and 12 respectively (the total degree ranges from 6 to 61).

Tumor suppressor protein p53 (TP53) is a suppressor of tumor cells by inducing growth arrest or apoptosis (Moshe et al., 2002). This study revealed that TP53 were frequently involved in the p53 signaling pathway, PI3K-Akt signaling pathway and MAPK signaling pathway in hepatocellular carcinoma. TP53 takes important roles in the signaling pathways of HCC (Sia and Villanueva; Villanueva et al.; Whittaker et al., 2010). Repressed by MDM2, TP53 takes effects on cell survival in PI3K-Akt signaling pathway (Luo et al., 2003; Vara et al., 2004; Gang et al., 2005). the crosstalk between p53 protein and the MKK3/MKK6/p38 MAPK Signaling Pathway in Cancer has also been reported (Lorenzo et al.). The up-regulation of TP53 in the TCM-treated cells indicates TCM’s inhibitory effects on tumor cells. And the p53 signaling pathway could act as a significant route when the curative effect of TCM takes place on HCC.

CASP3 encodes a cysteine-aspartic acid protease that plays a central role in the execution-phase of cell apoptosis. We found CASP3 was frequently involved in p53 signaling pathway, TNF signaling pathway and MAPK signaling pathway in this study. This gene has been recognized for its importance in regulating hepatocellular carcinoma (Aquino et al.; Lu et al.). Our study shows the TBM’s action on HCC cells lead to the down-regulation of CASP3, suggesting CASP3’s critical role during treating HCC with TBM.

BAX encodes Bax protein which forms a heterodimer with BCL2, and functions as an apoptotic activator. The association and the ratio of BAX to BCL2 also determines survival or death of a cell following an apoptotic stimulus. Compared with normal cells, the tumor cells always show a decreased expression of the Bax/BCL2 ratio (Sakinah et al., 2007; Wei et al., 2008). Our study shows an up-regulation of BAX and a down-regulation of BCL2 after the HCC cells were cultured with the aqueous extract of TBM. This result suggests TBM might take its inhibitory effect on HCC via regulating the Bax/BCL2 ratio. Furthermore, the result of Western blotting indicates higher concentration of TBM (12% and 25% TBM) is more effective to increase the expression of BAX and to decrease the expression of BCL2.



Conclusion

This study, for the first time, reports that TBM-containing serum could suppress the growth of HCC cells. And we employ an integrative pharmacology-based strategy combining experiments and TCM-HCC network analysis to decipher the mechanism behind. From the results, the inhibitory effects of TBM might be related to its regulation on 62 key targets via 13 KEGG pathways and 4 biological processes. Our findings could help us consider novel potential gene targets when treating the hepatocellular carcinoma and understanding the mechanism of curative effect of TBM.
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Post-menopausal osteoporosis (PMOP) is associated with estrogen deficiency and worldwide, is becoming increasingly more prevalent in aging women. Various anti-PMOP drugs have been developed to reduce the burden of PMOP; generally, these drugs are efficacious, but with some adverse side effects. Tubson-2 decoction (TBD), a popular traditional Mongolian medicine, has been used to treat PMOP for centuries. However, the precise mechanisms underlying the action of TBD on PMOP have yet to be fully elucidated. Herein, we combined network pharmacology with untargeted metabolomics to identify the key targets and metabolic pathways associated with the interventional effects of TBD on ovariectomized (OVX) rats. Furthermore, we investigated the bone histomorphometry of eight different groups of rats to evaluate the therapeutic effect of TBD. First, we established a TBD-target/PMOP network via network pharmacology; this network identified three key protein targets—vitamin D receptor (VDR), cytochrome P450 19A1 (CYP19A1), and 11β-hydroxysteroid dehydrogenase type 1 (HSD11B1). Morphological analysis showed that severe impairment of the bone micro-architecture in OVX rats could be improved by TBD administration. The TBD-treated rats had a significantly lower bone surface-to-tissue volume (BS/TV) and a significantly smaller trabecular separation (Tb·Sp.) (P<0.05) than the OVX rats; in contrast, bone volume fraction (BVF), trabecular thickness (Tb·Th.), trabecular number (Tb·N.), and bone mineral density (BMD) were significantly higher in the TBD-treated rats (P<0.05). Multivariate and univariate analysis showed that OVX resulted in significant alterations in the concentrations of 105 metabolites and 11 metabolic pathways (P<0.05); in addition, 26 potential biomarkers were identified to investigate the progression of PMOP. Network pharmacology showed that major alterations in vitamin B6 metabolism were associated with the VDR target. Next, we validated the three crucial targets (VDR [P<0.01], HSD11B1 [P<0.01], and CYP19A1 [P<0.05]) by enzyme-linked immunosorbent assays (ELISAs) and demonstrated that the levels of these targets were elevated in the OVX group but reduced in the TBD-treatment group. Collectively, our results suggest that the interventional effects of TBD on OVX rats are likely to be associated with the down regulation of VDR. Our findings enhance our molecular understanding of the interventional effects of TBD on PMOP and will allow us to develop further TBD studies.




Keywords: network pharmacology, metabolomics, post-menopausalosteoporosis, ovariectomized, Tubson-2



Introduction

Osteoporosis is a systemic bone disease that results in alterations in the microscopic architecture of the bone and a reduction in bone mass (Zou et al., 2020); collectively, these effects result in an impairment of bone quality. Post-menopausal osteoporosis (PMOP) is a global public health issue and has become a significant cause for concern for middle-aged and elderly women (Alexandre and Vico, 2011). Estrogen deficiency is known to be one of the most important mechanisms underlying PMOP and usually occurs 5 to 10 years after menopause (Li et al., 2020). Research studies have also shown that osteoclastic activity exceeds osteoblastic activity after menopause, thus leading to an increase in bone resorption. In turn, these events cause an overall reduction in bone mass reduction and a concomitant increase in skeletal fragility (Gambacciani et al., 2019). Over the last few decades, a considerable body of evidence has accumulated in support of the fact that estrogen prevents bone loss by blocking the production of proinflammatory cytokines by the bone marrow and bone cells. Thus, estrogen replacement therapy remains the gold standard for treating PMOP (Jiang, 2018). However, over the long-term, estrogen replacement therapy is associated with a range of side effects, including pain in the ovaries and endometrium and invasive breast cancer (Komm et al., 2015). Consequently, there is an urgent need to identify novel treatment modalities that are effective but with fewer side effects than existing therapies. Traditional Chinese medicine (TCM), along with other forms of ethnic medicines, has emerged as promising candidates for the treatment of complex disease because these forms of medicine contain multiple components that act on multiple targets. Many researchers have highlighted the fact that many herbs, and prescriptions created from these herbs, can exert and estrogen-like action, including Eucommia ulmoides Oliver (EC) (Zhang et al., 2012), Epimedium brevicornu Maxim (Liu H. et al., 2018), Achyranthes bidentata (Zhang M. et al., 2018), and Echinops latifolius Tausch (ELT) (Wang et al., 2020). Considering that these herbs, and their prescriptions, are known to have good anti-osteoporosis effects, it follows that TCM (Li et al., 2018), and other ethnic medicines, may represent a natural drug resource for screening new drugs for the treatment of PMOP.

Tubson-2 (TBD), also known as Erwei Duzhong Decoction, is composed of ELT and EC. This is the basic prescription of Mongolian medicine for treating osteoporosis, recorded in Golden Cabinet of Mongolian Medicine (Zhan, 1977). In a previous study, researchers (Liu, 2016) applied this prescription to 60 patients with PMOP and reported a total effective rate of 90%. In addition, the ameliorating effect of TBD on estrogen receptors, inorganic elements, bone density, bone biomechanics, and bone metabolism, in ovariectomized (OVX) rats have also been investigated in previous research studies (Liu, 2016). Interestingly, ELT was shown to be able to prevent PMOP by activating the estrogen receptor (ER)/protein kinase B (AKT)/extracellumar-signal regulated kinase (ERK) pathway in bone marrow derived mesenchymal stem cells (BMSCs) (Liu Y. et al., 2018), and that the main components of ELT (such as chlorogenic acid and its derivatives) were closely related to oxidative balance in femoral tissue (Han et al., 2017). Moreover, the active compound in EC is known to be a powerful inhibitor of adipogenesis and an enhancer of osteoblastogenesis (Tan et al., 2014). Although the substances that make up ELT and EC have been shown to exert good effects against osteoporosis, the specific mechanisms that underlie the effect of TBD on PMOP have yet to be fully elucidated. However, the complexity of TBD makes its very challenging to investigate its specific mechanism of action. Unlike traditional western medicine, it is not possible to use monomers to perform pharmacodynamic tests with TBD.

Network pharmacology is a new discipline that allows researchers to discover the mechanisms underlying the effects of drug combinations based on multidisciplinary theories such as systems biology and multidirectional pharmacology (Hao and Xiao, 2014). Furthermore, network pharmacology allows us to construct a ‘disease-targets-drug’ network in order to elucidate the mechanisms of action for specific drugs. Metabolomics is considered the latest “omics” science and involves the comprehensive and systematic analysis of small molecular metabolites from tissues, cells, or biological fluids (Johnson et al., 2016). The composition and concentration of metabolites may change with disease progression; this, in turn, will help us to screen potential biomarkers or targeted therapeutic pathways that are closely related to the disease (Lv et al., 2016). Currently, the overall concept of network pharmacology and metabolomics concurs with the ‘multi-component and multi-target’ theory of traditional herbal medicines that is used widely to discover the mechanisms underlying the action of traditional herbal medicines (Zhang et al., 2020).

In the present study, we used a combination of network pharmacology and non-targeted metabolomics to identity and characterize the key targets and metabolic pathways associated with the interventional effects of TBD on PMOP. To verify the efficacy of TBD on PMOP, we created an OVX rat model to mimic the physiological characteristics of menopausal women. First, we established a TBD-target/PMOP network via network pharmacology; this network was then used to identify key protein targets. Next, we analyzed relevant metabolites and metabolic pathways by performing ultra-high performance liquid chromatography mass spectrometry (UHPLC-MS) on serum samples acquired from treated and non-treated rats. Finally, we validated the crucial targets of shared pathways identified by network pharmacology and metabolomics to identify the main interventional effects of TBD on OVX rats. We believe that this approach could significantly enhance our understanding of the mechanisms underlying the effect of TBD on PMOP and thus help to promote its clinical application.



Materials and Methods


Chemicals and Reagents

Echinops latifolius Tausch (ELT) was collected from Wu Chuan (Hohhot, China) and Eucommia ulmoides Oliv. (EC) was purchased from Bozhou Pharmaceutical Co. Ltd. (Anhui, China). Chloral hydrate, combined estrogen tablets, Gushukang granules, and saline, were purchased from Ze Sheng Biotechnology Company (Hohhot, China). Methanol and formic acid (MS grade) were acquired from Fisher Scientific Corporation (Loughborough, UK). Ultra-high purity water (18.2 MΩ) was obtained from an ALH-600-U purification system (Chongqing, China). Enzyme-linked immunosorbent assay (ELISA) kits for the vitamin D receptor (VDR), cytochrome P450 19A1 (CYP19A1), 11β-hydroxysteroid dehydrogenase type 1 (HSD11B1) were obtained from Hua Lian Biotechnology Institute (Wuhan, China).



Instrumentation

The research described herein utilized the following equipment: a high resolution in-vivo X-ray microtomograph (SkyScan 1176, Bruker, Germany), a digital microscope (MOTICBA210, Motic, China), an ultrapure water system (ALH-600-U, China), a Thermo Scientific Q Exactive Quadrupole-Orbitrap Mass Spectrometer System (Thermo Fisher Scientific Inc, Grand Island, NY, USA), a rotary evaporator (EYELA n-1100, Shanghai Alang Instruments Co., China), and a microplate reader (Beijing Prolong New Technology Co., China).



Plant Materials and Preparation of Tubson-2 Decoction

Herbal materials of ELT were collected from Wu Chuan (Hohhot, China, GPS co-ordinates of the plant collection site is 41.1206962700, 111.4084477500) in early autumn 2019 and identified by Professor PX (Department of Natural Medicinal Chemistry, Inner Mongolia Medical University) with the voucher specimen (#20190715) collected in the herbarium of Inner Mongolia Medical University. EC herbal materials were purchased from Bozhou Pharmaceutical Co. Ltd. (Anhui, China) and morphologically authenticated by PX. The voucher specimens were also deposited in the herbarium of Inner Mongolia Medical University (#20190822).

The final preparation of TBD was carried out as described in our previous paper. In brief, two herbal materials were ground into powder and screened over 50 mm sieve before use. Equal amounts of ELT and EC powders were mixed and then were soaked with ultrapure water at a material-liquid ratio of 1:10 (g/ml) for half an hour before being hot reflux extraction. Subsequently, these powders were refluxed at 100°C twice (for 30 min each time), and then filtered through 180 mm sieve. Following filtration, the filtrate was collected, concentrated, and freeze-dried to obtain a lyophilized TBD powder. Powders were stored in a refrigerator at 4°C and dissolved in an appropriate amount of distilled water prior to use. The chemical proﬁle of TBD was achieved by UPLC-MS/MS (Supporting Information Figure S1). The content of sixteen active ingredients in TBD sample was list as Supporting Information Table S1.



Establishment of an OVX Rat Model

Twelve-week-old female Wistar rats, 250–270 g in weight, were purchased from the Laboratory Animal Institute of Inner Mongolia Medical University (Hohhot, China). All animal procedures were approved by the Animal Ethics Committee of Inner Mongolia Medical University (Reference: SCXK2015-0001). Rats were kept in a barrier system with controlled temperature (25–28°C) and humidity (50%–60%) and a light-dark cycle of 12 h per day. After 7-day of acclimatization, 48 rats were equally randomized to 8 groups (6 rats per group), including a blank group, a sham group, an OVX group, a positive control drug group (Gushukang-treated group and an estrogen-treated group), a TBD high dose group, a TBD middle dose group, and a TBD low dose group. All rats except those in the blank group were injected with 10% chloral hydrate solution (0.5 ml/100 g body weight) prior to surgery. Bilateral laparotomy was conducted in the sham group (n=6) while bilateral ovariectomy was carried out in the model group (n=36, six rats were regarded as the OVX group, while the remaining rats were allocated to drug-treatment groups). Seven days after surgery, all rats were subjected to keratinization experiments involving the vaginal epithelium; vaginal smears were then performed once a day for 5 consecutive days. The morphology and staining of the cells contained within vaginal smears were observed by optical microscopy at a magnification of 100×. Results showed that the estrus cycle appeared alternately in the blank group (Figures 1A–C), while an estrus interval appeared in the model group (Figure 1D) five consecutive days of vaginal smear to tips for successful modeling.




Figure 1 | Vaginal morphology in sham-operated (A–C) rats and ovariectomized (OVX) rats (D). Methylene blue for 10 min, ×100. Sham group rats had an estrous cycle in general, (A): nucleated epithelial cells, keratinized epithelial cells, and leukocytes appear evenly to show a state of the estrous, (B): a large number of nucleated epithelial cells show the a state of proestrus period, (C): a lot of keratinized epithelial cells show the a state of estrus period, (D): a large number of non-nucleated leukocytes show the a state of diestrus period.



The low dose group was given 237.5 mg·kg-1·d-1 of lyophilized TBD (equivalent to 1.05 g·kg-1·d-1 of raw medicine), the middle dose group was given 475 mg·kg-1·d-1 (equivalent to 2.1 g·kg-1·d-1 of raw medicine), and the high dose was given 950 mg·Kg-1·d-1 (equivalent to 4.2 g·kg-1·d-1 of raw medicine). The Gushukang-treated group was given Gushukang granules (105.1 mg·kg-1·d-1) while estrogen-treated group was given combined estrogen tablets (0.065 mg·kg-1·d-1). During the same period, the blank group, sham group, and OVX group, were given the same volume of 0.9% saline daily. After 8 weeks of gavage treatment, we anesthetized all animals with 10% chloral hydrate solution and acquired cardiac blood samples. Serum was separated by centrifugation at 3,500 rpm for 10 min at 4°C and frozen at -80°C to await metabolomics analysis. We also removed the left tibia from each animal and fixed these samples in formalin to await analysis.



Analysis of Bone Mineral Density and Trabecular Micro-Architecture

X-ray microtomography was used to analyze bone mineral density and trabecular micro-architecture. All tibias were fixed with 70% ethanol and subjected to X-ray microtomography with an isotropic voxel size of 10 μm. Tomographic images were acquired at an integration time of 250 ms with 500 projections over the full 360° rotation. Three dimensional reconstructions were generated with the following parameters: smoothing was set as 3; ring artifacts reduction was set to 5; and beam hardening correction was set to 30%. Bone volume fraction (BVF), bone surface to tissue volume (BS/TV), trabecular thickness (Tb·Th.), trabecular number (Tb·N.), trabecular separation (Tb·Sp.), and bone mineral density (BMD), were all determined by analyzing a specific region of interest (ROI) that was chosen by setting the same coordinates in the tibial growth plate for each sample.



Network Pharmacology Analysis


Compound Data Acquisition

Details relating to the compounds identified in ELT and EC were obtained by searching the Traditional Chinese Medicine Systems Pharmacology Database and Analysis Platform (TCMSP; http://tcmspw.com/tcmsp.php) (Ru et al., 2014), the Encyclopedia of Traditional Chinese Medicine (ETCM; http://www.nrc.ac.cn:9090/ETCM/) (Xu et al., 2019), and existing literature (Wang et al., 2020). We also added some additional compounds, as determined by the fingerprint we created for TBD in a previous study (Guo et al., 2020).



Target Fishing

We used a systemic approach that was based on information integration and text-mining to identify the targets of TBD. Targets were retrieved from Swiss Target Prediction (http://www.swisstargetprediction.ch) (Gfeller et al., 2014) and Superpred Webserver (http://prediction.charite.de/) (Nickel et al., 2014) software. The SMILE structure of each component was then introduced into Swiss Target Prediction with a probability threshold of 0.6–1. All known and predicted targets were then selected from the Superpred Webserver. Next, the targets that were related to PMOP were acquired from Drugbank (http://www.drugbank.ca/atc) (Wishart et al., 2018). We then constructed a compound-target network and then removed the components of TBD that were not connected with PMOP targets.



Construction of a Protein-Protein Interactions (PPI) Network Related to PMOP

The String database (https://string-db.org/Version 10.5) is a database that is commonly used to analyze known and predicted protein-protein interactions. The common targets of PMOP, along with the active ingredients of TBD, were introduced into the database for protein-protein interaction (PPI) analysis and the species set to “human.” We then imported node 1, node 2, and comprehensive scoring information, into Cytoscape 3.0 software to create a PPI network map.



Determination of Key Targets

By filtering common targets, it was possible to identify the specific pathways of the targets via the DAVID database (https://david.ncifcrf.gov/). Next, using the potential targets of TBD for PMOP, we performed enrichment analysis of biological processes using the CLUE GO plugin in Cytoscape software. We then considered this data along with the rankings for biological functions and pathways and identified important pathways. Next, we ranked the genes associated with the identified pathways in terms of frequency and integrated the target data into the PPI network diagram. Finally, we defined the key targets of TBD in PMOP that would be subsequently assayed quantitatively by enzyme-linked immunosorbent assays (ELISAs).




Metabolomics Analysis


Preparation of Serum Samples and Quality Control (QC) Samples

Serum samples were thawed at 4°C prior to analysis. Then, 200 μl of each serum sample was mixed with 600 μl of methanol and vortexed for 3 min. Subsequently, the samples were centrifuged at 15,000 rpm for 10 min at 4°C. Supernatants were then transferred to new microcentrifuge tubes and dried in a vacuum dryer. Finally, the samples were dissolved in 200 μl of methanol for analysis.

Quality control (QC) samples were created by pooling serum samples from each analysis sequence. QC samples were analyzed after every 10 samples. This practice ensured that our analysis was accurate and consistent.



UHPLC-MS Conditions

UHPLC-MS analysis was performed on a Thermo Q-Exactive-MS (Thermo, USA). Chromatographic separations were performed on a Waters ACQUITY UPLC HSS T3 column (2.1×50 mm, 1.8 μm) at 35°C, and the flow rate was set to 0.4 ml/min. The mobile phase was formed by MS-grade methanol (A) and water containing 0.1% formic acid (B). The gradient program was set to the following parameters: 0–1.7 min, 5%–10% A; 1.7–3.0 min, 15%–17% A; 3.0–3.3 min,17% A; 3.3–8.0 min, 17%–25% A; 8.0–9.7 min, 25%–30% A; 9.7–10.6 min, 30%–35% A; 10.6–14.1 min, 35%–55% A, 14.1–14.6 min, 55% A; 14.6–15.1 min, 55%–100% A; 15.1–17.0 min, 100% A; 17.0–18.1 min, 100%–5% A; 18.1–20 min, 5% A. For each sample, we injected 5 µl for analysis.

Q-Exactive-MS analysis was performed in full scan/dd ms2 mode. Spray voltage was set to 4 kV for positive ion mode and 3.2 kV for negative ion mode. The sheath gas flow rate was 40 L/min for positive ion mode and 35 L/min for negative ion mode. The auxiliary gas flow was 2 L/min for both of the ion mode sat 350°C. The capillary temperature was 300 V for both two ion modes. Data were collected in centroid mode and the mass range was 100–1,100 m/z.



Data Processing and Statistical Analysis

Original data files were independently processed by Compound Discoverer (CD) ™ 2.0 software for peak alignment, peak filter, peak extraction, and automatic integration. The minimum peak intensity for component extraction was 2×106 and the mass tolerance was 10 ppm. The retention time window was 1 min and the signal-to-noise ratio was 3. CD software was then used for spectral comparison, grouping, compound detection, and metabolite identification. We were then able to create multi-dimensional peak tables containing prediction formulas, accurate mass data, retention times, peak areas, and mzCloud results. The multi-dimensional peak tables acquired in positive and negative ion mode were processed separately and transferred into a Microsoft Excel file which was subsequently imported into SIMCA-P (version 14.1, Umetrics, Sweden) Performed principal component analysis (PCA) was then performed to identify the overall metabolic profile for each group of samples. Supervised partial least squares discriminant analysis (PLS-DA) was then applied to compare distinguishing markers between the OVX group and the sham group. The fitness and predictive ability of the model were then verified according to R2 and Q2 values in cross-validation and permutation tests, respectively. We then identified potential biomarkers as metabolites with P < 0.05 and variable importance plot (VIP) > 1.

Potential biomarkers were then matched with structural data acquired from the Human Metabolome Database (HMDB) (http://www.hmdb.ca/) and mzCloud (https://www.mzcloud.org/). Pathway enrichment analysis was then performed for the identified biomarkers using MetaboAnalyst (http://www.metaboanalyst.ca/).




Analysis of Biochemical Indicators

Blood samples were collected from all rats at sacrifice, as described earlier. The serum levels of VDR, HSD11B1, and CYP19A1, were then determined byenzyme-linked immunosorbent assays (ELISAs) in accordance with the manufacturer’s instructions.



Statistical Analysis

Data relating to BVF, BS/TV, Tb·N., Tb·Sp., Tb·Th., BMD, CYP19A1,VDR, and HSD11B1, are described as the mean ± standard deviation (SD). The student’s unpaired t test was performed with SPSS 19.0 software and a P value ≤ 0.05 was regarded as statistically significant.




Results


TBD Improved Ovariectomy-Induced Bone Loss and Deleterious Changes in the Trabecular Micro-Architecture

Analysis of vaginal smears from our experimental rats proved that the PMOP model had been successfully established by ovariectomy. Three dimensional microtomographic analyses allowed us to gather additional architectural, cortical, and trabecular, information from the tibias of experimental rats. We found that the OVX group showed significant changes in both BMD and trabecular micro-architecture. As shown in Figure 2C, the bone microstructure of the tibia in the OVX group exhibited severe damage. Moreover, the trabecular region in the OVX rats appeared to be small, thin and sparse. Analysis also revealed that there was a significant reduction in Tb·N. (P=0.003), BVF (P=0.011), BMD (P=0.008), and BS/TV (P=0.001), along with a significant increase in Tb·Sp. (P=0.000) in the OVX group (Figures 3A–F).




Figure 2 | The region of interest (ROI) image and bone parameters analysis in tibia in different rats: (A) sham group, (B) blank group, (C) ovariectomized (OVX) group, (D) low dose treated group, (E) medium dose treated group, (F) high dose treated group, (G) gushukang treated group, and (H) estrogen treated group.






Figure 3 | (A) Comparison of bone mineral density (BMD) in eight groups; (B) Comparison of Tb•Th in eight groups; (C) Comparison of Tb•Sp in eight groups; (D) Comparison of bone volume fraction (BVF) in eight groups; (E) Comparison of Tb•N in eight groups; (F) Comparison of BS/TV in eight groups. Values were expressed as the mean ± SD; n = 6. #p < 0.05, ##p < 0.01 compared with blank group. *p < 0.05, **p < 0.01 compared with OVX group.



One striking observation arising from our analysis of bone mineral density and trabecular micro-architecture was the existence of a severe reversion in bone loss in the treatment groups (Figures 2A–H). All treatment groups showed a remarkable improvement in trabecular micro-architecture, with a slightly dilated medullary cavity and a slightly disordered trabecular arrangement (Figures 2D–H). The trabecular morphological parameters were turned over in these drug-treated groups as shown in Figures 3A–F. Compared with the OVX group, the drug-treatment groups showed significant elevations of Tb·N. (P<0.05), BVF (P<0.05), BMD (P<0.05), and BS/TV (P<0.05), and a reduction of Tb·Sp. (P<0.05). There was only a marginal and non-significant difference in the estimated trabecular morphological parameters when compared between different drug-treatment groups. This data demonstrated that TBD has similar effects in OVX rats as the positive drug. However, the effect of TBD on these indicators did not show a dose-dependent effect.



VDR, HSD11B1, and CYP19A1 Were Crucial Targets in the Interventional Effects of TBD on OVX Rats

Following the screening of compound data, we identified 195 compounds in TBD, of which 28 were unique to ELT, 163 were unique to EC, and 4 were common to both herbs. Because the oral bioavailability (OB) and drug-likeness (DL) values for most compounds in EC and ELT were low or unknown, we were not able to apply these values for compound screening. We therefore considered all compounds with known targets as the active ingredients of EC and ELT. In total, 62 compounds had known targets; these were considered as the active ingredients of TBD.

Following the removal of duplicates, we identified a total of 2,251 targets for TBD. In total, we identified 1,412 targets for the active ingredients of EC, 509 targets for the active ingredients of ELT, and 330 targets for the targets shared by EC and ELT. All compound targets were retrieved from Swiss Target Prediction software and the Superpred Webserver. We also identified 581 gene targets that were associated with PMOP via the use of Drugbank. After comparing the targets that were associated with both TBD and PMOP, we identified 89 potential targets for TBD against PMOP. These potential targets were entered into the String database (set to human and a high confidence level of 0.7). Node1 and node 2 were then imported into Cytoscape software to allow us to create an interaction network (Figure 4). The nodes shown in Figure 4 graph represent the targets while the edges represent associations between different proteins. The color and size of the nodes reflect the degree value for each protein target: the larger and darker the node, the greater the degree value. As shown in Figure 4, the target interaction network featured 89 nodes and 626 edges. According to degree values, the key targets for TBD against PMOP were CYP19A1, HSD11B1, VDR, and albumin (ALB).




Figure 4 | Protein interaction network of Tubson-2 decoction (TBD) against post-menopausal osteoporosis (PMOP). The nodes in the graph represent targets, while the edges represent the association between proteins. And the node size represented degree value. The larger the node, the larger the degree value.



GLUE GO analysis identified the top biological features of our interaction network as hormone metabolic process, steroid metabolic process, and oxidoreductase process. We then calculated the gene frequencies for the key target genes in these three biological pathways. Analysis showed that VDR, CYP19A1 and beta-2 adrenergic receptor (ADRB2) appeared eight times; tyrosine-protein phosphatase non-receptor type (PTPN), estradiol 17-beta-dehydrogenase 1 (HSD17B1), and ethylene-responsive transcription factor ESR1 (ESR1) appeared seven times; and HSD11B1 appeared six times. By combining these results with the PPI data, we found that CYP19A1, HSD11B1, and VDR were the most important potential targets for TBD when used to treat PMOP.



Metabolomics Analysis Showed That 26 Potential Biomarkers Were Involved in OVX-Induced Osteoporosis and Regulated by TBD

As shown in the PCA score plot (Figures 5A, B), the analysis of QC samples showed good reproducibility and reliability. PCA showed that the dataset derived from the OVX group was separated from the data derived from the other groups. The widespread distribution of data following PCA was likely to be caused by individual differences in rats and/or the timing of sampling. To exclude the effect of potential confounding variables that were not related to the group differences, and to evaluate the statistical significance of these effects, we applied PLS-DA analysis (Figures 5C, D). The results of this analysis were highly encouraging as the discrimination model could readily differentiate between the eight groups. Although the distribution of pre-cachexia overlapped with the OVX and estrogen groups, these models showed appropriate goodness-of-fit values with high cross-validation predictability, with cumulative R2Y values of 1.000 and cumulative Q2 values of 0.977 in the positive mode, and R2Y value of 0.959 and a cumulative Q2 value of 0.541 in the negative mode (Table 1), indicating reliable differentiation between the groups.




Figure 5 | Multivariate analysis based on the UHPLC- Q-Exactive-MS profiling data for samples in the blank, sham, ovariectomized (OVX), low dose treated group, medium dose treated group, high dose treated group, estrogen treated group, and gushukang treated group in positive and negative ion mode (n = 6). (A) Principal component analysis (PCA) score plot in positive ion mode; (B) PCA score plot in negative ion mode; (C) Partial least squares discriminant analysis (PLS-DA) score plot in positive ion mode; (D) PLS-DA score plot in negative ion mode.




Table 1 | Summary of partial least squares discriminant analysis (PLS-DA) model parameters for evaluating model quality by 200 permutation tests of corresponding validation plots.



In order to identify distinct biomarkers that may be associated with TBD treat OVX-induced osteoporosis among a dataset featuring thousands of variables, we conducted pairwise comparisons between the OVX and TBD medium-treated groups (Figures 6A, B). Validation analysis was satisfactory with regards to group classification, with a cumulative R2Y value of 0.999 and a cumulative Q2 value of 0.978 in the positive mode, and a cumulative R2Y value of 0.997 and a cumulative Q2 value of 0.935 in the negative mode (Table 1). Permutation tests for the TBD medium-treated groups and OVX group are shown in Figures 6C, D. After filtering with VIP values, and results arising from the Student’s t test, we identified 105 metabolites as potential biomarkers (82 metabolites from the positive ion mode and 23 metabolites from the negative ion mode). Next, we used HMBD and the mzCloud online database to identify these potential biomarkers. By considering the metabolites that overlapped each pairwise comparison, we identified a total of 26 putative biomarkers (Table 2). The potential differential metabolites were identified by standard, ferulic acid, 350 its parent ion is [M-H]-: 193.005063, the main product ion fragments are (m/z): 134.03546, 351 149.06041, 178.00696, and the retention time is 11.45 min. This is consistent with our results and 352 further confirms the reliability of the ferulic acid test results.




Figure 6 | Multivariate analysis based on the UHPLC- Q-Exactive-MS profiling data for samples in the Tubson-2 decoction (TBD) medium-treated and ovariectomized (OVX) group in positive and negative ion mode (n = 6). (A) Partial least squares discriminant analysis (PLS-DA) score plot in positive ion mode; (B) PLS-DA score plot in negative ion mode. (C) permutation test of the TBD medium-treated and OVX group in positive ion mode; (D) permutation test of the TBD medium-treated and OVX group in negative ion mode.




Table 2 | Identification of potential differential metabolites in rats serum in positive and negative mode.





Metabolomic Analysis Identified Vitamin B6 Metabolism as the Key Pathway in OVX-Induced Osteoporosis and Could Be Regulated by Tubson-2

Next, we pooled the metabolites that showed alterations in rat serum and identified a total of 26 putative metabolites for analysis. The fold-changes of these metabolites in the OVX, sham, and medium-dose-treated groups are shown in Table 2. Pathway analysis, carried out using MetaboAnalyst (http://www.metaboanalyst.ca/), revealed the detailed impacts of OVX-related alterations in metabolic networks (Figure 7A). To investigate the most influential metabolic pathway, we set the following threshold values: -log (P) values >1.5 and pathway impact >0.1. Three metabolic pathways were defined as being disturbed in the serum profiles of rats with TBD treated OVX-induced osteoporosis: vitamin B6 metabolism, phenylalanine metabolism, phenylalanine, and tyrosine and tryptophan biosynthesis. Based on the biomarkers that were potentially responsible for TBD treatment, we then used the Kyoto Gene and Genome Encyclopedia database (KEGG (http://www.genome.ad.jp/kegg/), and the human metabolism database (http://www.hmdb.ca/), to create a metabolic network for metabolic pathways that were altered by TBD treated OVX (Figure 7B).




Figure 7 | The signaling pathway analysis based on the potential biomarkers (A) Summary of ingenuity pathway analysis with MetaboAnalyst. The size and color of each circle were based on pathway impact value and p-value, respectively; (B) Construction of the main metabolic pathways related to differential metabolites. (down-regulated in green, up-regulated in red.)





Target Validation Was Performed by ELISA Assay

We used network pharmacology and metabolomics to identify the crucial targets for TBD in the treatment of PMOP; the most important targets were VDR, HSD11B1, and CYP19A1. We then used ELISA kits to validate the levels of these crucial targets in samples of rat sera. As shown in Figure 8, the concentrations of VDR, HSD11B1, and CYP19A1 were elevated in the OVX group, thus presenting the inhibition of these cytokines. The serum levels of VDR and CYP19A1 were reduced following the administration of TBD, suggesting that TBD is able to treat OVX-induced osteoporosis by ameliorating the levels of VDR and CYP19A1.




Figure 8 | Three targets levels of serum in eight groups: (A) HSD11B1; (B) CYP19A1; (C) VDR. Values were expressed as the mean ± SD; n = 6. #p < 0.05, ##p < 0.01 compared with blank group. *p < 0.05, **p < 0.01 compared with OVX group.






Discussion

Previous research (Li et al., 2016) has demonstrated that PMOP is related to estrogen withdrawal and represents the most common metabolic bone disease in females. The use of bilateral ovariectomies in female rats is now well established as the method of choice with which to create an experimental model of osteoporosis (Thompson et al., 1995). Ovariectomy simulates menopause and osteopenia in experimental rats. Although it is well known that ovariectomy induces a menopausal status and ‘osteoporotic’ bone changes (Saleh et al., 2020), we analyzed vaginal smears and performed X-ray microtomography on each of our ovariectomized rats in order to confirm that the OVX-induced model of osteoporosis had been successfully created (Yousefzadeh et al., 2020). We selected Gushukang granules, as a traditional Chinese medicine (TCM) (Li et al., 2019), for osteoporosis, and estrogen tablets, a common supplement for PMOP patients, as positive control drugs with which to evaluate the efficacy of TBD on PMOP. As illustrated in previous, there was only a marginal and non-significant difference between different drug-treatment groups with respect to several trabecular morphological parameters. This implies that TBD exerts the same effect on OVX rats as the positive control drugs. We also investigated the relative effects of different TBD doses on OVX rats; doses were selected according to the guiding principles laid down by non-clinical pharmacokinetic drug research. The “low-dose” of TBD was the clinical equivalent dose, the “medium-dose” of TBD was double the clinical equivalent dose, and the “high-dose” of TBD was four times the clinical equivalent dose. However, we observed no dose-dependent relationship with regards to the relative effects of TBD on trabecular morphological parameters. It is likely that this observation was related to individual differences among the rats.

Metabolomics analysis revealed that 26 putative metabolites and 11 metabolic pathways were associated with the progression of TBD-treated-PMOP, including vitamin B6 (Hellmann and Mooney, 2010) metabolism, phenylalanine metabolism, phenylalanine, and the biosynthesis of both tyrosine and tryptophan. The metabolites involved in these metabolic pathways were shown to interact with each other to form a complex network. The derivatives of pyridoxal and pyridoxamine are able to form vitamin B6; consequently, these are key metabolites in the vitamin B6 metabolism pathway and were previously reported to be reduced in OVX results. Over recent years, an increasing body of research studies have demonstrated that a low dietary intake of vitamin B6, or low levels of vitamin B6 in the blood, might represent a novel and potentially modifiable risk factor for osteoporosis (Wang et al., 2019). Phenylalanine and hippuric acid are known to be the key biomarkers associated with the metabolic pathway of phenylalanine. Phenylalanine is an essential amino acid in the human body and belongs to the family of aromatic amino acids (Lopansri et al., 2006). Phenylalanine is oxidized by phenylalanine hydroxylase to form tyrosine and a range of brain chemicals, including levodopa, epinephrine, norepinephrine, and thyroid hormones (Fernstrom and Fernstrom, 2007). Therefore, the metabolic status of phenylalanine is closely related to normal physiological function in the body. Previous researchers (Tao et al., 2017) have highlighted that the regulation of metabolic disorders associated with phenylalanine can prevent the occurrence of osteoporosis. Hippuric acid, a glycine conjugate of benzoic acid, is expressed in many disorders associated with enzymatic metabolism, including diabetes, obesity, and osteoporosis. Hippuric acid is mainly excreted via glomerular filtration and by an active secretion mechanism in the renal tubules. However, when the kidney is damaged, the content of hippuric acid in the urine decreases; consequently, there is an increase in the serum levels of hippuric acid (Wang and Bao, 2013). Vitamin D needs to be catalyzed by 1α-hydroxylase in the kidney and is then hydroxylated again to become the more active 1,25-(OH)2D3. A reduction in 1,25-(OH)2D3 content will inevitably lead to the loss of bone mass and induce osteoporosis in the bones (Lin et al., 2008).

CYP19A1, an aromatase-encoding gene, is known to be related to osteoporosis and can influence BMD by altering the levels of estrogen (Sowers et al., 2006). HSD11B1 is known to be expressed by human osteoblasts in vivo and could reduce the proliferation of osteoblasts and induce the differentiation of osteoblasts in vitro. Gene polymorphism can result in direct changes in the mass of bone and can help to convert androgens and glucocorticoids to estrogen (Hwang et al., 2009). A previous study showed significant associations between a range of HSD11B1 alleles and haplotypes and bone fracture density and BMD in postmenopausal women. VDR is the target receptor that regulates the transcription of vitamin D. Previously, researchers have focused on the relationship between VDR and PMOP and demonstrated that changes in the VDR genotype were evident in patients with PMOP (Zhang L. et al., 2018). We found that the levels of these indices in the OVX group were much higher than those in the sham group, but were down regulated in the drug-treatment groups, thus suggesting that TBD can treat PMOP by regulating the specific levels of these targets.

Previous literature has reported a clear relationship between vitamin B6 levels, vitamin D, and parathyroid hormone (PTH) (Khundmiri et al., 2016), and a positive correlation between VDR, PTH, and vitamin D. This view makes the results of network pharmacology and metabolomics organically combined. Phyridoxmine and pyridoxal are two forms of vitamin B6, which are important different metabolites in the vitamin B6 metabolic pathway (Saito, 2006). In other words, there is a close connection between the gene VDR and the differential metabolites compound phyridoxmine, pyridoxal, and the vitamin B6 metabolic pathway. We used network pharmacology and metabolomics to integrate the crucial targets, differential metabolite and metabolic pathways to explore the mechanism of TBD to treat PMOP. Our analysis showed that VDR and vitamin B6 metabolism were critical mechanisms underlying the effect of TBD on PMOP. However, we have not been able to identify the specific components of TBD that combine with the target VDR. In our future research, we aim to use online docking software in an attempt to identify the specific compounds in TBD that bind to VDR; such work should provide us with stronger evidence for the wider application of TBD in the clinical treatment of PMOP.



Conclusion

By integrating the results derived from network pharmacology and metabolomics, we identified VDR and vitamin B6 metabolism as the key indicator and pathway, respectively, for the action of TBD against PMOP. ELISAs further showed that several crucial targets (VDR, HSD11B1, and CYP19A1) were elevated in the OVX group but were reduced following TBD treatment. From a mechanistic point of view, TBD appears to regulate vitamin B6 metabolism by altering VDR content, thus mitigating the process of PMOP. Our findings enhance our understanding of how TBD could be used to treat PMOP and will help to facilitate the wider clinical use of TBD treatments.



Data Availability Statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation, to any qualified researcher.



Ethics Statement

The animal study was reviewed and approved by Animal Ethics Committee of Inner Mongolia Medical University (Reference: SCXK2015-0001).



Author Contributions

PX conceived of and designed the experiments. FY performed the experiment and carried out the animal experiments. XD performed the data analysis and wrote the paper. FX gave some advices. JL, FM, JKL, CL, and RB collected Echinops latifolius Tausch samples outside. FY and XD conducted the data interpretation. All authors contributed to the article and approved the submitted version.



Funding

This work was financially supported by National Natural Science Foundation of China (81860756), National Natural Science Foundation of China (81960758), Natural Science Foundation of Inner Mongolia Autonomous Region (2017MS08122), Natural Science Foundation of Inner Mongolia Autonomous Region (2019MS08111), Inner Mongolia Science and Technology Innovation Guide Project (02039001), Inner Mongolia Autonomous Region Higher Education Science Research Project (NJZY19099).



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2020.581991/full#supplementary-material



References

 Alexandre, C., and Vico, L. (2011). Pathophysiology of bone loss in disuse osteoporosis. Joint Bone Spine 78, 572–576. doi: 10.1016/j.jbspin.2011.04.007

 Fernstrom, J. D., and Fernstrom, M. H. (2007). Tyrosine, phenylalanine, and catecholamine synthesis and function in the brain. J. Nutr. 137, 1539S–1547S. doi: 10.1093/jn/137.6.1539S

 Gambacciani, M., Cagnacci, A., and Lello, S. (2019). Hormone replacement therapy and prevention of chronic conditions. Climacteric 22, 303–306. doi: 10.1080/13697137.2018.1551347

 Gfeller, D., Grosdidier, A., Wirth, M., Daina, A., Michielin, O., and Zoete, V. (2014). SwissTargetPrediction: a web server for target prediction of bioactive small molecules. Nucl. Acids Res. 42, W32–W38. doi: 10.1093/nar/gku293

 Guo, S., Liu, J., Li, N., Ma, F. X., Gao, J. P., Xue, P. F., et al. (2020). Evaluation of the Possibility of Eucommia ulmoides Leaves Replacing its Barks by Fingerprint combined with multi-components Quantitive by One Marker Method. J. Chin. Med. Mater. 4, 898–904. doi: 10.13863/j.issn1001-4454.2020.04.022

 Han, D., Chen, W., Gu, X., Shan, R., Zou, J., Liu, G., et al. (2017). Cytoprotective effect of chlorogenic acid against hydrogen peroxide-induced oxidative stress in MC3T3-E1 cells through PI3K/Akt-mediated Nrf2/HO-1 signaling pathway. Oncotarget 8, 14680–14692. doi: 10.18632/oncotarget.14747

 Hao, D., and Xiao, P. G. (2014). Network pharmacology: a Rosetta Stone for traditional Chinese medicine. Drug Dev. Res. 75, 299–312. doi: 10.1002/ddr.21214

 Hellmann, H., and Mooney, S. (2010). Vitamin B6: a molecule for human health? Molecules 15, 442–459. doi: 10.3390/molecules15010442

 Hwang, J. Y., Lee, S. H., Kim, G. S., Koh, J. M., Go, M. J., Kim, Y. J., et al. (2009). HSD11B1 polymorphisms predicted bone mineral density and fracture risk in postmenopausal women without a clinically apparent hypercortisolemia. Bone 45, 1098–1103. doi: 10.1016/j.bone.2009.07.080

 Jiang, X. D. (2018). Hormone therapy for the treatment of postmenopausal osteoporosis: will it soon become a lost art in medicine? Menopause 25, 723–727. doi: 10.1097/GME.0000000000001124

 Johnson, C. H., Ivanisevic, J., and Siuzdak, G. (2016). Metabolomics: beyond biomarkers and towards mechanisms. Nat. Rev. Mol. Cell. Biol. 17, 451–459. doi: 10.1038/nrm.2016.25

 Khundmiri, S. J., Murray, R. D., and Lederer, E. (2016). PTH and Vitamin D. Compr. Physiol. 6, 561–601. doi: 10.1002/cphy.c140071

 Komm, B. S., Morgenstern, D., A Yamamoto, L., and Jenkins, S. N. (2015). The safety and tolerability profile of therapies for the prevention and treatment of osteoporosis in postmenopausal women. Expert. Rev. Clin. Pharmacol. 8, 769–784. doi: 10.1586/17512433.2015.1099432

 Li, F., Yang, X., Bi, J., Yang, Z., and Zhang, C. (2016). Antiosteoporotic activity of Du-Zhong-Wan water extract in ovariectomized rats. Pharm. Biol. 54, 1857–1864. doi: 10.3109/13880209.2015.1133657

 Li, Y., Li, Y., Lu, W., Li, H., Wang, Y., Luo, H., et al. (2018). Integrated network pharmacology and metabolomics analysis of the therapeutic effects of Zi Dian Fang on immune thrombocytopenic purpura. Front. Pharmacol. 9, 597. doi: 10.3389/fphar.2018.00597

 Li, X. L., Wang, L., Bi, X. L., Chen, B. B., and Zhang, Y. (2019). Gushukang exerts osteopreserve effects by regulating vitamin D and calcium metabolism in ovariectomized mice. J. Bone Miner. Metab. 37, 224–234. doi: 10.1007/s00774-018-0924-1

 Li, J., Chen, X., Lu, L., and Yu, X. (2020). The relationship between bone marrow adipose tissue and bone metabolism in postmenopausal osteoporosis. Cytokine. Growth. Factor. Rev. 52, 88–98. doi: 10.1016/j.cytogfr.2020.02.003

 Lin, Y. P., Guo, S. M., Wu, Y. S., Lin, Y., Lu, T. X., Huang, M. Y., et al. (2008). Study on the correlations between the bone quality and level of u-DPD and serum 1,25-(OH)2D3 in the ovariectomized osteoporosis rats. Chin. J. Ortho. Trauma. 21, 910–913.

 Liu, J. (2016). Clinical study of Mongolian medicine Erwei Duzhong Decoction in the treatment of postmenopausal osteoporotic bone pain. J. Med. Phar. Chin. 22, 18–19. doi: 10.16041/j.cnki.cn15-1175.2016.08.011

 Liu, H., Xiong, Y., Wang, H., Yang, L., Wang, C., Liu, X., et al. (2018). Effects of water extract from epimedium on neuropeptide signaling in an ovariectomized osteoporosis rat model. J. Ethnopharmacol. 221, 126–136. doi: 10.1016/j.jep.2018.04.035

 Liu, Y., Wang, X., Chang, H., Gao, X., Dong, C., Li, Z., et al. (2018). Mongolian Medicine echinops prevented postmenopausal osteoporosis and induced ER/AKT/ERK pathway in BMSCs. Biosci. Trends 12, 275–281. doi: 10.5582/bst.2018.01046

 Lopansri, B. K., Anstey, N. M., Stoddard, G. J., Mwaikambo, E. D., Boutlis, C. S., Tjitra, E., et al. (2006). Elevated plasma phenylalanine in severe malaria and implications for pathophysiology of neurological complications. Infect. Immun. 74, 3355–3359. doi: 10.1128/IAI.02106-05

 Lv, H., Jiang, F., Guan, D., Lu, C., Guo, B., Chan, C., et al. (2016). Metabolomics and Its Application in the Development of Discovering Biomarkers for Osteoporosis Research. Int. J. Mol. Sci. 17, 2018. doi: 10.3390/ijms17122018

 Nickel, J., Gohlke, B. O., Erehman, J., Banerjee, P., Rong, W. W., Goede, A., et al. (2014). SuperPred: update on drug classification and target prediction. Nucl. Acids Res. 42, W26–W31. doi: 10.1093/nar/gku477

 Ru, J., Li, P., Wang, J., Zhou, W., Li, B., Huang, C., et al. (2014). TCMSP: a database of systems pharmacology for drug discovery from herbal medicines. J. Cheminform. 6:13. doi: 10.1186/1758-2946-6-13

 Saito, M. (2006). Elevated plasma concentration of homocysteine, low level of vitamin b6, pyridoxal, and vitamin d insufficiency in patients with hip fracture: a possible explanation for detrimental cross-link pattern in bone collagen. Clin. Calcium 16 (12):1974.

 Saleh, N., Nassef, N. A., Shawky, M. K., Elshishiny, M. II, and Saleh, H. A. (2020). Novel approach for pathogenesis of osteoporosis in ovariectomized rats as a model of postmenopausal osteoporosis. Exp. Gerontol. 137, 110935. doi: 10.1016/j.exger.2020.110935

 Sowers, M. R., Wilson, A. L., Kardia, S. R., Chu, J., and Ferrell, R. (2006). Aromatase gene (CYP 19) polymorphisms and endogenous androgen concentrations in a multiracial/multiethnic, multisite study of women at midlife. Am. J. Med. 119, S23–S30. doi: 10.1016/j.amjmed.2006.07.003

 Tan, X. L., Zhang, Y. H., Cai, J. P., Zhu, L. H., Ge, W. J., and Zhang, X. (2014). 5-(Hydroxymethyl)-2-furaldehyde inhibits adipogenic and enhances osteogenic differentiation of rat bone mesenchymal stem cells. Nat. Prod. Commun. 9, 529–532. doi: 10.1177/1934578X1400900427

 Tao, Y., Chen, X., Li, W., Cai, B., Di, L., Shi, L., et al. (2017). Global and untargeted metabolomics evidence of the protective effect of different extracts of Dipsacus asper Wall. ex C.B. Clarke on estrogen deficiency after ovariectomia in rats. J. Ethnopharmacol. 199, 20–29. doi: 10.1016/j.jep.2017.01.050

 Thompson, D. D., Simmons, H. A., Pirie, C. M., and Ke, H. Z. (1995). FDA Guidelines and animal models for osteoporosis. Bone 17, 25S–133S. doi: 10.1016/8756-3282(95)00285-l

 Wang, Y., and Bao, X. (2013). Effects of uric acid on endothelial dysfunction in early chronic kidney disease and its mechanisms. Eur. J. Med. Res. 20, 44. doi: 10.1186/s40001-015-0124-6

 Wang, J., Chen, L., Zhang, Y., Li, C. G., Zhang, H., Wang, Q., et al. (2019). Association between serum vitamin B6 concentration and risk of osteoporosis in the middle-aged and older people in China: a cross-sectional study. BMJ Open 9, e028129. doi: 10.1136/bmjopen-2018-028129

 Wang, J., Dong, X., Ma, F., Li, C., Bu, R., Lu, J., et al. (2020). Metabolomics profiling reveals Echinops latifolius Tausch improves the trabecular micro-architecture of ovariectomized rats mainly via intervening amino acids and glycerophospholipids metabolism. J. Ethnopharmacol. 260, 113018. doi: 10.1016/j.jep.2020.113018

 Wishart, D. S., Feunang, Y. D., Guo, A. C., Lo, E. J., Marcu, A., Grant, J. R., et al. (2018). DrugBank 5.0: a major update to the DrugBank database for 2018. Nucl. Acids Res. 46, D1074–D1082. doi: 10.1093/nar/gkx1037

 Xu, H. Y., Zhang, Y. Q., Liu, Z. M., Chen, T., Lv, C. Y., Tang, S. H., et al. (2019). ETCM: an encyclopaedia of traditional Chinese medicine. Nucl. Acids Res. 47, D976–D982. doi: 10.1093/nar/gky987

 Yousefzadeh, N., Kashfi, K., Jeddi, S., and Ghasemi, A. (2020). Ovariectomized rat model of osteoporosis: a practical guide. Excli. J. 19, 89–107. doi: 10.17179/excli2019-1990

 Zhan, B. L. (1977). Golden Cabinet of Mongolian Medicine (Hohhot: Inner Mongolia People’s Publishing House).

 Zhang, W., Fujikawa, T., Mizuno, K., Ishida, T., Ooi, K., Hirata, T., et al. (2012). Eucommia leaf extract (ELE) prevents OVX-induced osteoporosis and obesity in rats. Am. J. Chin. Med. 40, 735–752. doi: 10.1142/S0192415X12500553

 Zhang, M., Wang, Y., Zhang, Q., Wang, C., Zhang, D., Wan, J. B., et al. (2018). UPLC/Q-TOF-MS-based metabolomics study of the anti-osteoporosis effects of Achyranthes bidentata polysaccharides in ovariectomized rats. Int. J. Biol. Macromol 112, 433–441. doi: 10.1016/j.ijbiomac.2018.01.204

 Zhang, L., Yin, X., Wang, J., Xu, D., Wang, Y., Yang, J., et al. (2018). Associations between VDR Gene Polymorphisms and Osteoporosis Risk and Bone Mineral Density in Postmenopausal Women: A systematic review and Meta-Analysis. Sci. Rep. 8, 981. doi: 10.1038/s41598-017-18670-7

 Zhang, Z., Yi, P., Yang, J., Huang, J., Xu, P., Hu, M., et al. (2020). Integrated network pharmacology analysis and serum metabolomics to reveal the cognitive improvement effect of Bushen Tiansui formula on Alzheimer’s disease. J. Ethnopharmacol. 249:112371. doi: 10.1016/j.jep.2019.112371

 Zou, Z., Liu, W., Cao, L., Liu, Y., He, T., Peng, S., et al. (2020). Advances in the occurrence and biotherapy of osteoporosis. Biochem. Soc Trans. 6, BST20200005. doi: 10.1042/BST20200005



Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Yang, Dong, Ma, Xu, Liu, Lu, Li, Bu and Xue. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 15 October 2020

doi: 10.3389/fphar.2020.01320

[image: image2]


Regulation of GABAA and 5-HT Receptors Involved in Anxiolytic Mechanisms of Jujube Seed: A System Biology Study Assisted by UPLC-Q-TOF/MS and RT-qPCR Method


Liang Chen 1†, Xue Zhang 1†, Chun Hu 2, Yi Zhang 1, Lu Zhang 1, Juntao Kan 1, Bo Li 1 and Jun Du 1*


1 Nutrilite Health Institute, Amway (China) R&D Center, Shanghai, China, 2 Nutrilite Health Institute, Amway Innovation and Science, Buena Park, CA, United States




Edited by:
 Hai Yu Xu, China Academy of Chinese Medical Sciences, China

Reviewed by:
 Juan Francisco Rodríguez-Landa, University of Veracruz, Mexico
 Chunmei Zhang, Shandong Agricultural University, China

*Correspondence:
 Jun Du
 eric.du@amway.com

†These authors have contributed equally to this work

Specialty section: 
 This article was submitted to Ethnopharmacology, a section of the journal Frontiers in Pharmacology


Received: 01 April 2020

Accepted: 07 August 2020

Published: 15 October 2020

Citation:
Chen L, Zhang X, Hu C, Zhang Y, Zhang L, Kan J, Li B and Du J (2020) Regulation of GABAA and 5-HT Receptors Involved in Anxiolytic Mechanisms of Jujube Seed: A System Biology Study Assisted by UPLC-Q-TOF/MS and RT-qPCR Method. Front. Pharmacol. 11:01320. doi: 10.3389/fphar.2020.01320



The increase of the prevalence of anxiety greatly impacts the quality of life in China and globally. As the most popular traditional Chinese medicinal ingredient for nourishing health and tranquilizing mind, Jujube seed (Ziziphus jujuba Mill., Rhamnaceae) (SZJ) has been proved to exert anxiolytic effects in previous reports. In this study, a system biology method assisted by UPLC-Q-TOF/MS and RT-qPCR was developed to systematically demonstrate the anxiolytic mechanisms of SZJ. A total of 35 phytochemicals were identified from SZJ extract (Ziziphus jujuba Mill. var. spinosa [Bunge] Hu ex H.F. Chow), which interact with 71 anxiolytic targets. Protein-protein interaction, genes cluster, Gene Ontology, and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways analysis were subsequently conducted, and results demonstrated that regulation of serotonergic and GABAergic synapse pathways were dominantly involved in the anxiolytic mechanisms of SZJ extract. The effects of SZJ extract on mRNA expressions of multiple GABAA (gamma-aminobutyric acid type A) and 5-HT (serotonin) receptors subtypes were further validated in human neuroblastoma SH-SY5Y cells using RT-qPCR. Results showed that SZJ extract (250 μg/mL) significantly up-regulated the mRNA level of GABRA1 and GABRA3 as well as HTR1A, HTR2A, and HTR2B in non-H2O2 treated SH-SY5Y cells. However, it exerted an inhibitive effect on the overexpressed mRNA of GABRA1, GABRA2, HTR1A, and HTR2A in H2O2 treated SH-SY5Y cells. Taken together, our findings suggest that anxiolytic mechanisms of SZJ mostly involve the regulation of GABAergic and serotonergic synapse pathways, especially a two-way modulation of GABRA1, HTR1A, and HTR2A. Our current results provide potential direction for future investigation of SZJ as an anxiolytic agent.
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Introduction

Anxiety is characterized as excessive and persistent worry about the future, which in turn can impact one’s ability to carry out activities of daily living. Anxiety can be divided into generalized anxiety disorder, panic disorder, obsessive-compulsive disorder, social anxiety disorder, and posttraumatic stress disorder (Möhler, 2012; Cohen et al., 2015). Physiological anxiety symptoms include pounding heart, difficulty breathing, upset stomach, muscle tension, sweating, and feeling faint or shaky (Teychenne et al., 2015). The global prevalence of anxiety is estimated at 16.6% across the life span, and it becomes a burden of healthcare and quality of life (Somers et al., 2006); therefore, it is important to develop effective and safe solutions for treatment (Starcevic, 2006). Tricyclic antidepressants, serotonin-specific reuptake inhibitors, and benzodiazepines have been developed to mitigate anxiety. While effective, these classes of drugs come with many side effects, such as insomnia, sexual dysfunction, suicidal ideation, and/or drug-dependency (Lakhan and Vieira, 2010). Therefore, the use of complementary and alternative medicines to improve anxiety has received increased attention. Traditional medicinal materials, such as Jujube seed (Ziziphus jujuba Mill., Rhamnaceae) (SZJ) (Huang et al., 2008; Wang Y. et al., 2008), saffron (Crocus sativus L.) (Lopresti et al., 2018; Milajerdi et al., 2018), valerian root (Valeriana officinalis L.), and passion flower (Passiflora incarnata L.) (Müller et al., 2003; Cass, 2004; Benke et al., 2009) have shown anti-anxiety benefits.

SZJ, also known as Suanzaoren in Chinese, was first recorded in Shennong Bencao Jing, the earliest classic treatise of Chinese Materia Medica. SZJ has a long history of use in China as a vital food and/or medicine that traditionally is considered to sustain human health by calming the mind and improving the quality of sleep. In recent years, accumulated evidences have shown that SZJ and/or its preparations exert positive outcome on insomnia (Jiang et al., 2007; Chen et al., 2011; Ni et al., 2015; Shergis et al., 2017; Xiao et al., 2018), anxiety (Peng et al., 2000; Liu et al., 2015), and depression (Liu et al., 2012; Liang et al., 2016), mainly through regulating GABAergic (Chen et al., 2007; Chen, 2008; Shergis et al., 2017) and serotoninergic systems (Wang L.-E. et al., 2008; Wang et al., 2010; Liu et al., 2015). Jujubosides (e.g., jujuboside A, B), C-glycoside flavonoid (e.g., spinosin), and pentacyclic triterpenic acid (e.g., betulinic acid) have been identified from SZJ (Liu et al., 2007; Zhang et al., 2008; Lee et al., 2016) as the potential active phytochemicals contributing to these healthy benefits.

Although previous studies have shown promising anxiolytic effects of SZJ, the underlying mechanism has not been systematically and comprehensively investigated. In our current work, we developed an integrated strategy of system biology assisted by ultra-performance liquid chromatography quadrupole-time of flight mass spectrometer (UPLC-Q-TOF/MS) and real-time quantitative reverse transcription polymerase chain reaction (RT-qPCR) to uncover the active phytochemicals and anxiolytic mechanism of SZJ extract. This approach provides a modern and practical way to study complicated chemical systems with multiple pathways and connected targets, which is otherwise a difficult challenge in mechanistic research of traditional Chinese medicine ingredients.



Material and Method


Phytochemical Analysis of SZJ Extract Using Ultra-Performance Liquid Chromatography Quadrupole-Time of Flight Mass Spectrometer (UPLC-Q-TOF/MS)


Characteristics of the SZJ Extract

Commercial SZJ extract (batch number HS-180651) was purchased from Honsea Sunshine (Guangzhou, China). Dried seed of Ziziphus jujuba Mill. var. spinosa (Bunge) Hu ex H.F. Chow was used for SZJ extract production in Guangzhou, China. SZJ was extracted by supercritical fluid CO2 to remove lipid fraction, and the residue was further extracted by 50% ethanol, followed by vacuum concentration and vacuum drying. The final extraction ratio is 5:1, and total content of jujuboside A and B was quantitatively detected as 0.20% using HPLC method. A voucher of the batch used has been deposited at -16° refrigerator, sampler chamber of Amway (China) R&D Center (Shanghai, China).



Sample Preparation

Thirty mg of SZJ extract powder was precisely weighted and then transferred to a centrifugal tube, with 1.5 mL of methanol (Mass Pure Grade from MERCK), ultrasonicated for 30 min (KQ-300DB, 300W,40kHZ) at ambient temperature, followed by centrifuge (12000 rpm, 5 min, SIGMA 3K15, SIGMA). The obtained supernatant is filtered through 0.22 μm filter member prior to UPLC-Q-TOF/MS analysis.



UPLC-Q-TOF/MS Conditions

Chemical profiling was performed on an Agilent 1290 UPLC system (Agilent Technologies, Palo Alto, USA) coupled with Sciex TripleTOF 4600® quadrupole-time of flight mass spectrometer (AB Sciex, Darmstadt, Germany) equipped with a DuoSpray source (electrospray ionization, ESI). Agilent SB C18 column (2.1×100 mm i.d., 1.8 μm; Agilent) was used for components separation. The mobile phase consisted of water containing 0.1% formic acid (A) and acetonitrile (B). The following gradient condition was used: 0–2.0 min, 5%–5% B; 2.0–10.0 min, 5%–30% B; 10.0–15.0 min 30%–50% B; 15.0–25.0 min, 50%–95% B; 25.0–27.0 min, 95%–95% B, with the flow rate of 0.3 mL/min. The injection volume was 1 μL, while column oven temperatures was set at 25°C. The mass spectrometer was operated in full-scan TOF-MS at m/z 100–1500 and information-dependent acquisition (IDA) MS/MS modes, with both positive and negative ion modes. The collision energy was -40 ± 20 eV, ion source gas 1 and 2 were set 50 psi, curtain gas was 35 psi. The temperature and ion spray voltage floating were 500°C and 5000/-4500 V, respectively.



Data Analysis

Data recording and processing was performed by Analyst software (Version 1.6, AB Sciex, USA). The compounds were tentatively characterized based on their retention time, mass accuracy of precursor ions, MS/MS spectra, and fragmentation pathways, referring to the SCIEX natural products HR-MS/MS Spectral Library, standard references, and previous literatures.




System Biology Analysis of SZJ Extract With Anxiolytic Effects


Construction of Anxiety-Related Targets Database

A text mining of National Center for Biotechnology Information (NCBI) (https://www.ncbi.nlm.nih.gov/gene/), Integrative Pharmacology–based Research Platform of Traditional Chinese Medicine (TCMIP, http://www.tcmip.cn/TCMIP/index.php/Home/) (Xu et al., 2019), and Comparative Toxico-genomics Database (CTD, http://www.ctdbase.org/) (Davis et al., 2019) was conducted to retrieve anxiety-related targets with the keywords “anxiety.” TCMIP integrates the diseases related genes data of Therapeutic Targets Database (https://db.idrblab.org/ttd/), Human Phenotype Ontology database (HPO, https://hpo.jax.org/app/), and DisGeNET database (https://www.disgenet.org/). The search results of targets from NCBI, TCMIP, and CTD were filtered with “Homo sapiens,” and only the targets with direct evidence supported by CTD were selected. All acquired targets were combined and then mapped to UniProt (https://www.uniprot.org/) for normalization and removal of duplicate and erroneous targets (Liu J. et al., 2018). The remaining satisfactory targets constitute the anxiety-related gene targets database.




Acquisition of Potential Targets Regarding Anxiolytic Benefits for Identified Phytochemicals

The targets of identified phytochemicals and their potential metabolisms were acquired from multiple databases. In addition to retrieving candidate targets from TCMIP and CTD platforms, PharmMapper Server (http://www.lilab-ecust.cn/pharmmapper/) (Wang et al., 2017) was employed to fish the potential targets for those phytochemicals of which no available candidate targets were found in TCMIP and CTD. Those targets were excluded if their reliable score was lower than 0.8 from TCMIP, interaction counts less than 5 from CTD, and/or their normalized fit score lower than 0.8 from PharmMapper. After removal of the duplicates, erroneous, and non-Homo sapiens targets, the rest were then mapped to an anxiety-related gene targets database to screen out the intersecting targets.


Protein-Protein-Interaction (PPI) and Clusters Analysis.

The selective target genes of SZJ extract were imported to STRING (Version 11.0, https://string-db.org/) (Szklarczyk et al., 2019) to obtain PPI results. The interaction score set as high confidence (>0.7). The STRING analysed results were then imported into Cytoscape (Version 3.6.1) (Su et al., 2014), and cluster analysis of target genes was conducted using a Molecular Complex Detection (MCODE) plug-in according to the method in the literature (Wang et al., 2020).



Enrichments Analysis Along With Network Construction.

The target genes contained in the MCODE enriched clusters were imported into the database for annotation, visualization, and integrated discovery (DAVID, version 6.8) (https://david.ncifcrf.gov/tools.jsp) (Huang et al., 2009) to conduct Gene Ontology (GO) terms enrichment including biological processes, cell component, and molecular function. ClueGo plug-in (Version 2.5.7) (Bindea et al., 2009) was further employed to analyze and demonstrate their participated biologic process and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways, respectively. The latest databases of GO-Biologic Process annotation EB1-Uniport and KEGG pathway were selected. Visual style was set as “groups,” minimum gene number, and percentage contained in a term set as 5 and 5%. Statistical method of two-sided hypergeometric test and Bonferroni step down p-value correction was used. Cut-off value of kappa score of GO term/pathway network connectivity was set as 0.5, and only term/pathway with p-value < 0.05 was shown.




RT-qPCR Test


Samples Preparation

Gamma-amino butyric acid (GABA) was kindly provided by Toong Yeuan International Group (Shanghai, China). GABA was considered as positive control in this test. SZJ extract and GABA ingredients were dissolved in deionized water and diluted in culture solution before use.



Cell Culture

Human neuroblastoma SH-SY5Y cells were kindly provided by Stem Cell Bank, Chinese Academy of Sciences, and cultured in MEM/F12 (Gibco) supplemented with 10% (v/v) inactivated fetal bovine serum (Gibco), 1% Gluta-max (Gibco), 1% Sodium pyruvate (Gibco), 1% NEAA (Gibco), and 100 U/mL penicillin/streptomycin. The cells were maintained at 37° in 5% CO2 and 95% humidified air incubator for the indicated time. All experiments were carried out 24 h after cells were seeded.



Samples Concentration Determination

CellTiter-Glo assay was used to evaluate the available concentration of test samples according to the method described in literature (Fallahi-Sichani et al., 2013). The inhibition on SH-SY5Y cell viability of a series of concentrations of SZJ extract and GABA samples, from 3 mg/mL-0.46 μg/mL, were respectively evaluated. The nonlinear fitting curve of logarithm concentration response to cells viability was then simulated by GraphPad Prism 7.0 (GraphPad Software Inc., San Diego, CA, USA). The concentration of SZJ extract for further test referred to the correspondence value of 90% cells viability.



Samples Stimulation and Grouping

A total of 6 group samples were simultaneously tested: control group (deionized water), 250 μg/mL SZJ extract group, 100 μg/mL GABA group, 100 μM H2O2 group, 250 μg/mL SZJ extract with 100 μM H2O2 group, and 100 μg/mL GABA with 100 μM H2O2 group. Stimulation duration of all group samples was 48 h. Duplicates for each group were set as 3.



RNA Isolation and Reverse Transcription

RNA isolation and reverse transcription were conducted following the method reported in the literature (Fuchsova et al., 2016). Briefly, RNAprep Pure Cell/Bacteria kit (Tiangen, China) was used to extract total RNA according to the manufacturer’s instructions. NanoDrop OneC (ThermoFisher, USA) was used to determine RNA yield and purity by absorbance ratios A260/A280 and A260/A230. OD260/OD280 ratios of the RNA of all samples were in the range of 1.8–2.0. 2 μg of total RNA used to synthesize the first strand complementary DNA (cDNA) using high-capacity cDNA reverse transcription kit (ThermoFisher, USA) according to manufacturer’s directions. All reverse transcription products were 10-fold dilution.



Oligonucleotide Primers

PrimerBank was applied to search primers for the amplification of human GABRA1, GABRA2, GABRA3, HTR1A, HTR1B, HTR2A, HTR2B, and internal reference genes (GAPDH and ACTB). Nucleotide sequence of primers are listed in Table 1.


Table 1 | Nucleotide sequence of the forward and reverse primers, the lengths of the PCR products.





Real-Time PCR (qPCR).

Levels of mRNA were quantified by conducting qPCR reactions with SsoAdvanced Universal SYBR Green Supermix (Bio-Rad, USA) according to the manufacturer’s directions. CFX equipped with software (Bio-Rad, USA) was used to perform measurements. PCR was in the 20 μL reaction system containing 0.5 μM primer, 10 μL Mix, 5 μL cDNA, and 3 μL RNase-free ddH2O, and the amplification and dissolution curve condition was shown in Table 2. qPCR amplification of ACTB (β-actin) and GAPDH (glyceraldehyde-3-phosphate dehydrogenase) transcription were used as the internal control to verify that equal amounts of RNA were used in each reaction. Fold expression was defined as the fold change relative to control cells.


Table 2 | Condition of amplification and dissolution curve.





Statistical Analysis

Bio-Rad CFX Manager software (Bio-Rad, USA) was employed to analyze raw expression data (CT values). For further statistical analysis we used values normalized to the normalization factor calculated as a geometric mean of the expression of two reference genes. All data were expressed as the mean ± SD, and a two-way ANOVA followed by Tukey test was applied for statistical analysis using GraphPad Prism 7.0.





Results


Phytochemicals Identification of SZJ Extract

Thirty-five phytochemicals were identified from SZJ by using the UPLC-Q-TOF/MS method. The MS chromatogram in negative ion model of SZJ extract is shown in Figure 1. The chemical information of identified phytochemicals is seen in Table 3. Among them, 11 phytochemicals were identified by comparison with standard references. The rest of the compounds were identified through comparison with literature data. These phytochemicals are mainly classified into four subcategories: (1) saponins including jujuboside A and jujuboside B; (2) flavones and their C-glycosides including catechin, epicatechin, vicenin-2, swertisin, nicotiflorin, isovitexin and its analogues, and spinosin and its analogues; (3) organic acids including triterpenic acid (e.g., alphitolic acid), fatty acid (e.g., linoleic acid), and glycosylated organic acids (pseudolaroside B and oleuropein); and (4) alkaloids including indoleacetic acid derivatives (e.g., N-glc-indoleacetic acid) and isoquinoline alkaloids (zizyphusine).




Figure 1 | Chromatographic profile of SZJ extract using UPLC-Q-TOF/MS in negative ion mode.




Table 3 | Identified phytochemicals in SZJ extract.





Potential Metabolic Products by Gut Microbes of C-Glycoside and Jujubosides Phytochemicals

Gut microbes are known to deglycosylize and cleavage ester bond of flavone C-glycosides and their derivates (Kim et al., 2015; Vollmer et al., 2018; Zheng et al., 2019). Similarly, jujuboside A is metabolized to jujubogenin in gastrointestine to exhibit effects on the expression and activation of gamma amino-butyric acid A (GABAA) receptors (Song et al., 2017). Based on the metabolic patterns reported in those literatures, we deduced the metabolic products by gut microbe of flavone C-glycosides and jujubosides of SZJ extracts. As a result, 11 metabolites of these flavone C-glycosides and jujubosides are concluded for further system biology analysis. To be specific, ferulic acid is metabolized from 6’’’-feruloyspinosin and 6’’-O-feruloylspinosin, para-coumaric acid is from 6’’’-para-coumaroylspinosin, phaseic acid is from 6’’’-(E)-phaseolspinosin, para-hydroxybenzoic acid is from 6’’’-para-hydroxyl-benzoylspinosin, sinapic acid is from 6’’’-sinapoylspinosin, vanillic acid is from 6’’’-vanilloyl-spinosin, kaempferol is from kaemperol-3-O-rutinoside, genkwanin is from swertisin, naringenin is from 5,7-Dihydroxy-2-(4-hydroxyphenyl)6,8-bis[3,4,5-trihydroxy-6(hydroxymethyl)oxan-2-yl]-2,3dihydrochromen-4-one, apigenin is from spinosin and its analogues, and isovitexin and vicenin-2, jujubogenin is from jujuboside A and jujuboside B.



Anxiolytic Effect-Related Targets of Phytochemicals in SZJ Extract and Their Metabolites

In an integrated search of multiple databases, a total of 476 targets were found to be relevant with anxiety related disorders or diseases, of which 455 targets were acquired for 35 phytochemicals and 11 metabolites. All the interactions among the phytochemicals and targets are listed in Supplementary Table 1. After the two clusters were compared and analyzed, 71 target intersects were further determined and are listed in Table 4. Among the interactions of phytochemicals and metabolites on those 71 targets (data is not shown), (epi) catechin had the most interactions (degree =22), followed by kaempferol (degree =19), palmitic acid (degree =17), oleic acid (degree =15), betulinic acid (degree =14), apigenin (degree =14), zizyphusine (degree =12), and naringenin (degree =11), etc.


Table 4 | Information of anxiolytic effects related targets of SZJ extract.




To screen out the core targets, PPI and MCODE cluster analysis was performed on 71 identified targets. As shown in Figure 2, 67 nodes plus 260 edges were obtained, in which the clustering coefficient is 0.564 and average number of neighbors is 7.761. With that, MCODE cluster analysis indicated 5 clusters. Specific data of target clusters were exported and are presented in Table 5. As a result, 35 core targets were obtained from these 5 clusters, suggesting the core anxiolytic effect targets of SZJ extract. Notably, most of these targets are neuroactive ligand receptors including serotonin (5-HT) receptors (e.g., HTR1A, HTR1B, HTR2A, HTR2B, HTR2C, and HTR1D), GABAA receptors (e.g., GABRA1, GABRA2, GABRA3, GABRA6, and GABRG2), dopamine receptors (e.g., DRD2, DRD3, and DRD4), cannabinoid signaling (CNR1 and CNR2), and adrenergic (ADRA2A) and glutamate receptor (GRIN2A).




Figure 2 | Protein-protein interaction (PPI) network of anxiolytic effects-related targets of SZJ. Cytoscape (Version 3.6.1) was applied to construct the interactions downloaded from the STRING (interaction score set as high confidence >0.7). All the targets are represented by nodes, whereas the interactions between the targets are represented by edges. MCODE plug-in was applied to conduct cluster analysis. Different clusters are noted with different colors. The node size is proportional to its located cluster MCODE score.




Table 5 | List of genes clusters information analyzed by MOCDE on the base of PPI data downloaded from the STRING.





GO and KEGG Pathway Enrichment and Analysis

GO enrichment analysis was conducted on the 35 core targets by using DAVID. All the enriched GO terms are seen in Supplementary Table 2. The top 10 significant terms in biological process, molecular function, and cell component categories are shown in Figure 3. The results demonstrated that GO terms were mainly concentrated in neurotransmitter receptors signaling, particularly GABA and serotonin receptor signaling. Functions of activating neurotransmitter receptors and ligand-gated ion channel via receptor complex, and regulating synaptic transmission were mainly involved. Cytoscape ClueGo plug-in was further applied to visualize the interaction network of biological process, as shown in Figure 4. All statistically significant biological processes were listed in Supplementary Table 3.




Figure 3 | Top 10 significantly enriched GO terms in biologic process (red), cellular components (green), and molecular function (blue) categories. The bubble diagram was made using JMP software 14.2.0 (SAS Institute Inc., USA). The bubble size is proportional to its involved targets percentage in the term.






Figure 4 | The interaction networks of enriched biological processes. ClueGO was applied to analysis procedure, and multiple color circles indicate that they are involved in multiple biological processes.



In addition, 35 identified core targets were imported to ClueGo for KEGG pathway enrichment, resulting in 14 statistically significant pathways. The targets-pathway network is shown in Figure 5, demonstrating that neuroactive ligand-receptor interaction is the most significant pathway with involvement of 18 targets, followed by serotonergic synapse pathway (8 targets), taste transduction pathway (7 targets), etc. Other nervous system related pathways including GABAergic synapse and retrograde endocannabinoid signaling, signaling transduction related pathways including TNF signaling pathway, and longevity regulating pathways were also significantly enriched. These results are consistent with the results from GO enrichment analysis. Taken together, these findings suggest that SZJ extract mainly exerts an anxiolytic effect via modulation of serotonergic and GABAergic systems.




Figure 5 | Targets-pathway network associated with anxiolytic effects of SZJ extract. A cytoscape ClueGo plug-in was applied to enrich the pathways and construct the network.



GABAA receptors in the central nervous system are known as the major targets for the first line treatment of anxiety (Poisbeau et al., 2018). GABAA receptors subunits, mainly including GABRA1, GABRA2, and GABRA3, have been reported to mediates anxiolysis (Möhler, 2012). Similarly, preclinical studies have suggested that most 5-HT receptors subtypes participate in anxiety-like processes, and blocking or stimulating individual 5-HT receptor subtypes might cause the anxiolytic-like effect (Żmudzka et al., 2018). HTR1A, HTR1B, HTR2A, and HTR2B were commonly targeted in preclinical studies for the anxiety treatment (Graeff et al., 1996; Clinard et al., 2015; Spiacci et al., 2016; Colangeli et al., 2019) as well as the anxiolytic-like studies of SZJ (Wang et al., 2010; Liu et al., 2015). Hence, among the potential targets acted by SZJ, GABRA1, GABRA2, GABRA3, HTR1A, HTR1B, HTR2A, and HTR2B were preferentially selected for further validation.



Effects of SZJ Extract on mRNA Expression of GABAA and 5-HT Receptor Subtypes

Based on the findings from system biology analysis, RT-qPCR was employed to evaluate the effects of SZJ extract on mRNA expression of GABRA1, GABRA2, GABRA3, HTR1A, HTR1B, HTR2A, and HTR2B. As shown in Figure 6, in the non-H2O2 treated cells, GABA 100 μg/mL significantly enhanced the expression of GABRA1 (p< 0.0001), GABRA2 (p< 0.0001), and HTR1A (p< 0.001) comparing with the control group, while it significantly decreased the expression of GABRA3 (p< 0.01) and HTR2B (p< 0.05). Similar as GABA, SZJ extract 250 μg/mL exhibited significant effect on enhancing expression of GABRA1 (p< 0.001) and HTR1A (p< 0.05). However, contrast to GABA group, obvious expression enhancement of GABRA3 (p< 0.01) and HTR2B (p< 0.0001) were observed at 250 μg/mL SZJ extract. These differences in regulating GABAA receptor subtypes following SZJ and GABA stimulations could help to explain the different mechanisms of anxiolytic effect of the two ingredients.




Figure 6 | Effects of SZJ extract on mRNA gene expressions of different subtypes of GABAA and 5-HT receptors. GraphPad Prism 7.0 software was applied for statistical analysis and graphing. All data were expressed as mean ± SD, and a two-way ANOVA followed by Tukey’s test was applied. Two-way ANOVA analysis results presented that, GABRA1, F (2, 12) =57.27: p < 0.0001; GABRA2, F (2, 12) =112.50: p < 0.0001; GABRA3, F (2, 12) =40.10: p < 0.0001; HTR1A, F (2, 12) =677.80: p < 0.0001; HTR2A, F (2, 12) =13.07: p = 0.0010; HTR1B, F (2, 12) =42.99: p < 0.0001; HTR2B, F (2, 12) =151.50: p < 0.0001. Post hoc Tukey’s test results were represented by comparing with non-H2O2 treated control group, *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001; compared with H2O2 treated control group, ###p < 0.001 and ####p < 0.0001.



Furthermore, because oxidative stress mechanisms have been well explored in anxiety disorders (Bouayed et al., 2009; Salim, 2017), the effects of SZJ extract on GABAA and 5-HT receptors were also evaluated in hydrogen peroxide (H2O2) induced oxidative stress condition. As a result, a remarkable increase (p< 0.0001) in GABRA1, GABRA2, HTR1A, HTR1B, and HTR2A expression following 100 μM H2O2 stimulation was observed. Currently, though the alteration of GABAA and 5-HT receptors under strong oxidative stimulation is unclear, our result in some extent suggested that overexpression of GABRA1, GABRA2, HTR1A, HTR1B, and HTR2A may be involved in oxidative stress-induced anxiety. Intriguingly, the sharp increase induced by H2O2 in GABRA1, GABRA2, HTR1A, and HTR2A were significantly antagonized by both SZJ extract 250 μg/mL and GABA 100 μg/mL. Hence, inhibition of GABRA1, GABRA2, HTR1A, and HTR2A overexpression is also possibly involved in anxiolytic-like mechanisms of SZJ.




Discussion

The identification of phytochemicals in herbal materials is a critical step during the process of system biology analysis. Herbal materials are often subjected to extraction, concentration, and/or purification, resulting in the phytochemical compositions alteration. The phytochemical data from current databases (e.g., TCMSP, http://tcmspw.com/tcmsp.php; TCMID, http://www.megabionet.org/tcmid/) may not be used directly for system biology investigation. Additional methods for phytochemical identification, such as UPLC-Q-TOF/MS, should be a complementary tool to obtain more accurate results of phytochemical compositions (Shen et al., 2013). In current work, a series of flavonoid glycosides and saponins were identified from SZJ extract, in which the spinosin derivatives including 6’’’-vanilloylspinosin, 6’’’-para-hydroxylbenzoylspinosin, 6’’’-sinapoylspinosin, 6’’’-para-coumaroylspinosin, 6’’’-feruloyspinosin, 6’’’-(-)-phaseoylspinosin, and 6’’-O-feruloylspinosin are rare in other plant species. The studies on their bioactivities and effective targets have been so poorly reported that there is not enough data for system biology analysis. In addition, their chemical structures are complicated and contain multi-chiral centers that bring a great challenge to obtain the potential targets through reverse virtual fishing technique. Traditional system biology analysis would take ADME (absorption, distribution, metabolism, and excretion) screening strategy that may exclude these glycosides with low oral bioavailability and low drug-likeness (Yue et al., 2017a; Yue et al., 2017b). For instance, ginsenosides are the dominant phytochemicals in ginseng and are thought to be contributed to its multiple bioactivities (Ru et al., 2015; Kim et al., 2017). However, the above analysis strategy, i.e., ADME screening, would exclude the ginsenosides along with their contributions on efficacy when performing systematic research of ginseng. Therefore, such an analytical strategy is incomplete and not systematic. In fact, it has been well demonstrated that the metabolites of the ginsenosides are responsible for the specific bioactivities (Chen et al., 2018; Kim, 2018). Similarly, the chemoinformatics and pharmacoinformatics approach indicated that jujubogenin was the effective GABAA agonist, neither jujuboside A nor jujuboside B (Chen, 2009). Gut microbes play an important role in favoring phytochemicals transformation into metabolites endowed with biological activity (Dey, 2019). As a result, the strategy that involves the metabolites of glycosides in gastrointestinal environment (e.g., gut microbes) will be a more reasonable approach to understand the actual efficacy and mechanism of herbal materials in which the glycosides are considered as the main active components.

The GABAA receptors are chloride channels and are composed of several subunit classes (α, β, γ, δ, and ϵ) (Olsen and Sieghart, 2008). GABAergic neurotransmission plays an important role in anxiety status. Previous studies have shown that deficit of GABAA receptors and reduction of GABA transmission were observed in people with anxiety-like symptoms (Horowski and Dorow, 2002; Nutt and Malizia, 2004; Hasler et al., 2008). In contrast, positive modulation of GABAA receptors and enhancement of GABA transmission have shown anxiolytic effects. Classic benzodiazepines reduce anxiety by interacting with the GABAA receptors via the benzodiazepine binding site, which is present at the interface of α1, α2, α3, or α5 subunits and γ subunit of GABAA receptors (Möhler, 2012). Other classes of compounds, GABA, barbiturates, and alcohol also could act at different benzodiazepine binding sites to increase the opening of the chloride channel resulting in enhancement of inhibitory synaptic transmission (Harris, 1990; Schousboe and Redburn, 1995). The results of our system biology study suggested the GABAA receptors signaling is a significant pathway involving in anxiolytic effect of SZJ. In fact, pharmacologic study has found that spinosin, a major C-glycoside flavonoid in SZJ, exerted anxiolytic-like effects via modulation of GABAA and 5-HT receptors (Liu et al., 2015). Similarly, 6′′′-feruloylspinosin and spinosin have been reported to significantly enhance the expression of GABRA1 and GABRA5 mRNA in rat hippocampal neurons (Qiao et al., 2016). In addition, it has been found that stimulation of jujuboside A at 50 µg/mL could increase the mRNA transcription levels of GABRA1, GABRA5, GABRB1, and GABRB2 in hippocampal neurons (You et al., 2010; Wang et al., 2015); however, long time stimulation of jujuboside A at a high dose of 100 µg/mL result in the decrease of GABRA1 and GABRB2 mRNAs expression (You et al., 2010). These results suggested a two-way modulatory effect of SZJ on GABRA1 and other GABAA receptors. Such benefits were similar to what we found in this work, that is, SZJ extract enhanced mRNA level of GABRA1 in non-H2O2 treated SH-SY5Y cells, but inhibited the H2O2-induced overexpression of GABRA1. Therefore, combining with the results from literatures and our results, it was suggested that SZJ exhibited anxiolytic effects through modulating GABAA receptors, in which a two-way modulation of GABRA1 may play an important role.

It was well established that the alteration of various behaviors in anxiety disorders including appetite, mood, sleep, and cognitive function have been linked to the serotonergic system (Liu Y. et al., 2018; Liu et al., 2019). Serotonin receptors are prevalent throughout the nervous system and the periphery, and they potentially control the serotonergic neurotransmission throughout the brain and neuronal activity to alleviate neuropsychiatric disorders (Okazawa et al., 1999). Generally, the activation of HTR1A, HTR2A receptors can produce anxiolytic effects, whereas inactivation of them increases anxiety-like behaviors (Clinard et al., 2015; Spiacci et al., 2016). Involvement of other 5-HT receptors including HTR1B, HTR1B, and HTR2C in the mechanisms of anxiety have also been recognized (Graeff et al., 1996; Griebel et al., 1997; McCorvy and Roth, 2015). Similarly, our system biology analysis found that the serotonergic synapse pathway was dominant in anxiolytic effects mechanism of SZJ extract, in which different subtypes of 5-HT receptors were involved. Notably, as the same effect on GABRA1, SZJ extract also showed a two-way modulation on HTR1A and HTR2A in our RT-qPCR test. Genetic studies in animal models have suggested that anxiety-like behavior can increase when the HTR1A function is eliminated or overexpressed (Overstreet et al., 2003). Hence, these results suggested the involvement of modulating serotonergic synapse pathway, specifically two-way modulation of HTR1A and HTR2A in anxiolytic effects of SZJ.

In addition, the cannabinoid receptors (CNR) are extensively expressed in areas of the nervous system and have been found closely associated with anxiety behavior (Akirav, 2011). It has been well illustrated that endocannabinoid (eCB) reduces the serotonin release in the central nervous system and increases the expression and function of HTR1A in the hippocampus via the activation of CNR1 (Haj-Dahmane and Shen, 2011; Patel et al., 2017). Beyond CNR1, eCB system could exert actions on other targets including CNR2, transient receptor potential vanilloid receptor type 1 (TRPV1), or cyclooxygenase-2 (COX2) to participate in improvement of anxiety (Patel et al., 2017). In addition, cyclic AMP-responsive element-binding protein (CREB) has been suggested to be crucial for the role of HTR1A in modulating anxiety-related behaviors via mediating hippoacampus structural plasticity (Zhang J. et al., 2016). Intriguingly, this systematic analysis work showed phytochemicals in SZJ extracts potentially act on the above mentioned targets including CNR1, CNR2, TRPV1, COX2, and CREB. These results, to some extent, suggested that the mechanism of action of SZJ in anti-anxiety may also involve those pathways/targets that indirectly modulate eCB and serotoninergic systems. More attention needs to be paid to those targets/pathways in further experimental studies on anxiolytic effects of SZJ.

The phytochemicals in herbal medicines are the substantial basis for their pharmacologic actions. Those phytochemicals with good bioactivity and high content are considered to be the chemical markers in quality control of the herbal medicines. Jujuboside A and spinosin are used to quality markers of SZJ crude drug in Chinese Pharmacopoeia (Edition 2020). Combining the results from literatures reports (Han et al., 2009; Abdoul-Azize, 2016) and our results, the modulations of GABAergic and serotoninergic systems seem the major mechanisms of SZJ exerting anxiolytic effects, as well as the traditional efficacy of nourishing heart and calming mind. Based on that, we abstracted the phytochemicals-targets-pathway sub-networks of GABAergic and serotoninergic synapse pathways. As shown in Figure 7, it demonstrated that metabolites of C-glycosides (spinosin, etc.) and jujubosides (jujuboside A, etc.) including apigenin, kaempferol, naringenin, genkwanin, and jujubogenin were involved in modulation of GABAergic and serotoninergic synapse pathways. The result provides the extra evidence to support that C-glycosides and jujubosides are responsible for the anxiolytic effects of SZJ, and they support jujuboside A and spinosin as chemical markers for quality control of SZJ and its preparations. Beyond the C-glycosides and jujubosides, the involvements of triterpenic acid (e.g., betulinic acid) and alkaloid (zizyphusine) were also observed in modulation of GABAergic and serotoninergic synapse pathways. Specifically, betulinic acid is a function of the modulating GABAergic system via multiple subtypes of GABAA receptors, whereas zizyphusine is a function of the modulating serotoninergic system via multiple subtypes of 5-HT receptors. Notably, it has been reported that zizyphusine was identified as one of the principal components in SZJ by principal component analysis (Sun et al., 2014). And according to records in TCMIP, zizyphusine is exclusively derived from Ziziphus jujube (fruit or seeds), and its bioavailability and druglikeness is much better than C-glycosides and jujubosides. These findings recommend that the involvement of zizyphusine in quality control of SZJ extract and pharmacologic actions in anxiolytic effect is worth investigating in the future. Because the pharmacologic study of zizyphusine is poor at present, more attention could be paid to research and development of zizyphusine as a potential natural anti-anxiety drug.




Figure 7 | Abstracted phytochemicals-targets-pathway sub-networks of serotoninergic synapse (A) and GABAergic pathways (B). Cytoscape (Version 3.6.1) was applied to construct the sub-networks.



There are some limitations of our current research. First, we did not conduct the behavioral test to confirm the anxiolytic-like effect of SZJ. Such benefit of SZJ was concluded on the base of previous pharmacodynamic studies, as well as clinical practice experience of traditional medicine. Our in vitro mRNA expression evaluation of GABAA and 5-HT receptors only used a single concentration of SZJ extract, which corresponds to approximately 90% cell viability in CellTiter-Glo assay. Leveraging the integrated approach of system biology, UPLC-Q-TOF/MS and RT-qPCR, present work contributed to the illustration of potential mechanism of action involved in the anxiolytic-like effect of SZJ. However, further in-depth preclinical studies are warranted to verify the results obtained from the current analysis.



Conclusions

In conclusion, our results systematically demonstrated that anxiolytic mechanisms of SZJ mainly involved the regulation of serotonergic and GABAergic synapse pathways, in which the two-way modulation of GABRA1, HTR1A, and HTR2A may play an important role. In addition to C-glycosides and jujubosides, triterpenic acids and zizyphusine identified in SZJ also contributed to the regulation of serotonergic and GABAergic synapse pathways. This study provides directional predictions of anxiolytic mechanism of SZJ and insights to improve the quality control of standard extraction.
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Citri Reticulatae Pericarpium (CRP), dried peels of Citrus reticulata Blanco and its cultivars, is an important traditional Chinese medicine for the treatment of spleen deficiency-related diseases. To date, the mechanism of CRP alleviating spleen deficiency has not been well investigated. This study aimed to explore corresponding mechanisms with integrating pharmacology and gut microbiota analysis. Firstly, the therapeutic effects of CRP against spleen deficiency were evaluated in reserpine-treated rats. CRP was found to effectively relieve the typical symptoms of spleen deficiency, including poor digestion and absorption capacity, and disorder in gastrointestinal hormones, immune cytokines and oxidative stress. Secondly, high throughput 16S rRNA gene sequencing revealed that CRP could not only up-regulate some short-chain fatty acids producing and anti-inflammatory bacteria but also down-regulate certain spleen deficiency aggravated related bacteria, eventually led to the rebalance of gut microbiota in spleen deficiency rats. In addition, a total of 49 compounds derived from CRP were identified in rat urine using ultra-high performance liquid chromatography-quadrupole- time of flight tandem mass spectrometry. Network pharmacology analysis showed that apigenin, luteolin, naringenin, hesperidin, hesperetin, homoeriodictyol, dihydroxy-tetramethoxyflavone, and monohydroxy-tetramethoxyflavone were the core bioactive components for CRP against spleen deficiency. Further Gene Ontology analysis and pathway enrichment suggested that therapeutic effects of CRP against spleen deficiency involved multiple pathways such as tumor necrosis factor signaling, hypoxia-inducible factor-1 signaling and Toll-like receptor signaling pathway. These results would help to understand the mechanism of CRP alleviating spleen deficiency and provide a reference for further studies.
Keywords: Citri Reticulatae Pericarpium, spleen deficiency, gut microbiota, metabolites, network pharmacology
INTRODUCTION
In the theory of traditional Chinese medicine (TCM), spleen deficiency is a common clinical syndrome and described as symptoms such as emaciation, inappetence, epigastralgia, flatulence, lassitude, wilted complexion, loose stool, etc. Modern researches show that the spleen in TCM theory not only refers to the anatomical spleen, but also includes some functions of the pancreas and lymphatic system (Zheng et al., 2014). Spleen deficiency is a comprehensive manifestation of multiple functional declines, involving food digestion, nutrient absorption, energy metabolism, and immune system (Wang et al., 2016). Moreover, recent studies suggested that spleen deficiency is closely related to gut microbiota disorder (Qiu et al., 2017; Lin et al., 2018). Gut microbiota, as the main member of gut microecology, plays an essential role in the host’s health and can be deeply influenced by diets (Bibbò et al., 2016), antibiotics (Nogacka et al., 2018) and other environmental factors (Capurso and Lahner, 2017). In turn, the dysbiosis of the gut microbiota will act as a causative factor in gastrointestinal diseases (Feng et al., 2018). Recently, researchers found that some TCMs could exert their therapeutic effects on gastrointestinal diseases through regulating the balance of gut microbiota (Yang et al., 2017).
Citri Reticulatae Pericarpium (CRP), commonly referred to as Chenpi in Chinese, is derived from the pericarp of mature fruits of Citrus reticulata Blanco and its cultivars (State Pharmacopoeia Committee of People’s Republic of China, 2015). It is an important Chinese medicinal material which has been used for the treatment of respiratory and digestive diseases for thousands of years (Zheng et al., 2018). Long-term and extensive clinical applications have confirmed that CRP could alleviate multiple spleen deficiency related diseases, including indigestion, inappetence, abdominal fullness and distention (Yu et al., 2018). However, the mechanism of CRP alleviating spleen deficiency has not been well investigated. On the one hand, information concerning the bioactive components and potential targets involved in the effects of CRP against spleen deficiency are scarce. On the other hand, given the gut microbiota modulatory potential of CRP (Zeng et al., 2020a), it is meaningful to investigate the role of gut microbiota in the therapeutic efficacy of CRP.
In this study, reserpine-induced spleen deficiency rat model was established and used to evaluate the therapeutic effects of CRP. Reserpine, which was once used in the treatment of hypertension, could inhibit the vesicular monoamine transporter and deplete the brain monoamines such as 5-hydroxytryptamine by interfering with storage capacity, and ultimately lead to similar syndromes of spleen deficiency (Zhao et al., 2011; Maldonado and Maeyama, 2015). Meanwhile, spleen deficiency related disease targets were collected from accessible online databases and then used to explore the bioactive components and potential targets of CRP based on a network pharmacology strategy. Network pharmacology is a new discipline combined systems biology with drug efficacy, which helps to elucidate the inherent multi-component, multi-target, and multi-pathway characteristics of TCM (Ning et al., 2017).
Hereon, the therapeutic efficacy of CRP against spleen deficiency was evaluated in reserpine treated rats based on body signs and biochemical indexes including digestion, absorption, gastrointestinal hormones, immune regulation and oxidative stress. The gut microbiota modulatory properties of CRP in spleen deficiency rats were investigated with high throughput 16S rRNA gene sequencing. Moreover, CRP derived metabolites were identified using ultra-high performance liquid chromatography-quadrupole-time of flight tandem mass spectrometry (UHPLC-Q-TOF-MS/MS) and were further employed in network pharmacology analysis to capture the bioactive components and potential targets of CRP in treating spleen deficiency. This study would be helpful for further understanding of the pharmacological effects and therapeutic benefits of CRP against spleen deficiency related diseases.
MATERIALS AND METHODS
Chemicals and Materials
CRP samples (Batch number: 201712) were acquired from Xinhui Hele Tea Art Co. Ltd. (Jiangmen, China), and were authenticated by Prof. Wenbo Liao from Sun Yat-sen University. Corresponding voucher specimens were kept in our laboratory. Reserpine injection was purchased from Guangdong Bangmin Pharmaceutical Co., Ltd. (Jiangmen, China). The reference standards of hesperidin, naringin, neohesperidin and rutin were obtained from National Institute for Control of Biological and Pharmaceutical Products of China (Beijing, China). Hesperetin, naringenin, nobiletin and mass spectrometry (MS) grade formic acid were purchased from Sigma-Aldrich (St. Louis, MO, United States). MS grade acetonitrile was purchased from Fisher Scientific (Pittsburgh, PA, United States). All water used was distilled and further purified by a Milli-Q system (Millipore, Milford, MA, United States). Other reagents used in the experiment were of analytical grade.
Preparation of Citri Reticulatae Pericarpium Extract
The CRP sample (20 g) was cut into small pieces, and soaked in boiled distilled water for three times (2, 1.5 and 1.5 L of each bulk, respectively; 20, 15 and 15 min of each time, respectively). After filtration, the whole extracts were evaporated to 500 ml with a rotary evaporator (Eyela, Tokyo, Japan) at 60°C, to obtain the CRP extract with a concentration of 0.04 g mL−1.
Animals and Experimental Design
Thirty male Sprague-Dawley rats (weighting 180–220 g) were purchased from Guangdong Medical Laboratory Animal Center, and maintained in standard temperature conditions (20–23°C) and a 12/12-h light-dark cycle, with food and water supplied ad libitum. All experimental procedures were approved by the Animal Ethics Committee of the School of Life Sciences in Sun Yat-sen University and carried out in accordance with the National Institutes of Health guide for the care and use of Laboratory animals (NIH Publications No. 8023, revised 1978).
Rats were randomly divided into three groups (control group, model group and CRP group). Rats in model and CRP group were injected subcutaneously with reserpine injection at 0.5 mg kg−1 d−1 for 14 days to induce spleen deficiency (Wang et al., 2016). Rats in the control group were injected with the same volume of saline. After that, rats in CRP group were intragastrically given CRP extract (0.04 g ml−1, 15 ml kg−1 d−1) for 14 days. Rats in control and model groups received distilled water.
After the last administration, rats were housed individually in metabolic cages (Y-3102, Yuyan Instruments Co. Ltd.; Shanghai, China), with fasting and free access to water. Urine samples were collected within 12 h post-dose for metabolite identification. Subsequently, about 1 ml blood was sampled from retro orbital plexus, and then 5 ml 3% D-xylose solution was intragastrically administered to rats. Exactly 1 h later, rats were anesthetized with 10% chloral hydrate (3 ml kg−1) to collect blood samples from abdominal artery. Serum was obtained after centrifugation. In addition, feces samples for gut microbiota analysis were collected from the rectum, transferred into sterile conical tubes, and then immediately frozen in liquid nitrogen. Obtained samples were stored at −80°C until analysis.
Kits Tests
The activities of superoxide dismutase (SOD) and amylase in serum, as well as the concentrations of D-xylose and malondialdehyde, were determined following protocols of corresponding Kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). The concentrations of gastrin, motilin, cholecystokinin-8 (CCK-8), interleukin 6 (IL-6) and tumor necrosis factor-alpha (TNF-α) in serum were detected using commercial ELISA kits (Uscnlife Sciences & Technology Co., Wuhan, China) according to the manufacturer’s instructions.
Gut Microbiota Analysis Using 16S rRNA Gene Sequencing
Total bacterial DNA were extracted and amplified as previously described (Zheng et al., 2020). After PCR amplification, sequencing was performed on an Illumina Hiseq 2500 platform by Biomarker Technologies Co. Ltd. (Beijing, China). Bioinformatics analysis was performed based on operational taxonomic units, which were clustered based on a 97% sequence similarity according to UCLUST (Edgar, 2010). For alpha diversity analysis, Chao1, ACE, Shannon index, and Simpson index were calculated in the QIIME program (version 1.8) (Caporaso et al., 2010). For beta diversity analysis, principal coordinate analysis (PCoA) was performed under the Gower algorithm. All processes were performed on the BMKCloud platform (www.biocloud.net). The Spearman’s rho non-parametric correlations between gut microbiota (the top 60 genera in relative abundance) and spleen deficiency related indexes were then calculated by using SPSS software (version 22.0) and displayed by R software with a pheatmap package.
Identification of Metabolites Derived From Citri Reticulatae Pericarpium
To identify CRP derived metabolites, an aliquot of 100 μL urine sample was vortex-mixed with 200 μL volume acetonitrile for 3 min, and centrifuged at 15,000 × g for 30 min at 25°C. Finally, 10 μL supernatant was subject to UHPLC-Q-TOF-MS/MS analysis.
Detection of CRP derived metabolites was carried out using an ultra-fast liquid chromatography (Shimadzu Corp., Kyoto, Japan) coupled with quadrupole/time-of-flight mass spectrometry (Triple TOF 5600 plus, AB SCIEX, Foster City, United States). Gradient chromatographic separation was performed on a Kinetex C18 column (2.6 μM, 150 mm × 3.0 mm) and maintained at 40°C. The mobile phase consisted of acetonitrile (A) and water containing 0.1% aqueous formic acid (v/v) (B). The elution was carried out following the program: 5–100% A (0–30 min), 100% A (30–34 min) with the flow rate kept at 0.3 ml/min. The mass spectrometry detector was equipped with an electrospray ionization source and operated under the same parameters with our reported studies (Zeng et al., 2019).
Data acquisition was carried out using Analyst® TF 1.6 software (AB Sciex, Foster City, United States) in information-dependent acquisition mode. Metabolite identification was based on chromatographic elution time, chemical composition, MS/MS fragmentation pattern, and comparisons with available standards and references.
Network Pharmacology Analysis
Collection of Potential Targets for Citri Reticulatae Pericarpium
With the UHPLC-Q-TOF-MS/MS system, a total of 49 metabolites were characterized in rat urine. The associated proteins of CRP were searched in Comparative Toxicogenomics Database (Davis et al., 2019), Encyclopedia of TCM (Xu et al., 2019) and Swiss Target Prediction Database (Gfeller et al., 2014).
Collection of Potential Targets for Spleen Deficiency
As there are no therapeutic targets about spleen deficiency that were available directly in the databases, targets of diseases that have similar pathological features with spleen deficiency were collected as alternatives. Diarrhea, dyspepsia, enteritis and gastritis were chosen out, and the corresponding targets were searched in DisGeNET (Pinero et al., 2020).
Protein-Protein Interaction Analysis
Protein-protein interaction (PPI) data was constructed by inputting official gene symbol to the “Multiple Proteins” search on String website (Szklarczyk et al., 2019), with organism species limited to “Homo sapiens” and a confidence score >0.9. The interaction results were exported as (.tsv) file for further network analysis by using Cytoscape software. The CRP-related target-spleen deficiency target network (CT-ST network) was constructed based on their PPI data and visualized by Cytoscape 3.7.0 software. The CRP-related targets were mapped to the spleen deficiency-related targets for obtaining the common targets of both. Then a network including the common targets and their first neighbors was extracted from the CT-ST network. In the generated networks, nodes represent targets and components, and edges represent the relationship between them. The targets without interaction were excluded from the network. Afterward, a plugin of Cytoscape (Network Analyzer) was applied to analyze the topological parameters of each node in the network. Among the topological parameters, degree, betweenness centrality and closeness centrality were used as crucial factors to evaluate the most influential nodes in networks. The nodes with “Degree” value greater than twofold the median value of all the network nodes, “Betweenness centrality” and “Closeness centrality” value greater than the median value of all the network nodes were chosen as the key targets.
Gene Ontology Enrichment and Pathway Analysis
The Database for Annotation, Visualization and Integrated Discovery was applied for Gene Ontology (GO) enrichment and pathway analysis (Jiao et al., 2012). The specific operation steps were as following, inputting the protein ID and restricting the species to “Homo sapiens,” then utilizing the functional annotation tool to make GO enrichment and pathway analysis.
Statistical Analysis
Data were expressed as mean ± standard deviation (n = 10). The significant differences between the groups were assessed by ANOVA test in SPSS software (version 22.0), and p values less than 0.05 or 0.01 were considered as significant difference. Figures were plotted with GraphPad Prism (Version 7.00).
RESULTS AND DISCUSSION
Therapeutic Effects of Citri Reticulatae Pericarpium Against Spleen Deficiency
TCM clinical syndromes are often difficult to quantify with modern analysis methods. How to use animal models to characterize the syndromes is one of the difficulties in the modern researches on TCM (Meng et al., 2013). In this work, a reserpine-induced spleen deficiency rat model was established to evaluate the therapeutic effects of CRP based on body symptoms and biochemical indexes. Three days after the subcutaneous injection of reserpine, rats showed typical symptoms of spleen deficiency, such as anorexia, weight loss, pasty loose stools, inactiveness, and grouping. As presented in Figure 1, reserpine treatment significantly reduced the body weight of rats (p < 0.01). With the administration of CRP for 14 days, above-mentioned symptoms of spleen deficiency in rats were significantly improved. Rat body weights of CRP group were higher than that of model group, although there was no significant difference. These results preliminarily suggested that CRP administration could relieve the symptoms of spleen deficiency induced by reserpine.
[image: Figure 1]FIGURE 1 | Rat body weights comparison between control, model and CRP treated group. (n = 10, **p < 0.01, vs. control group. Although the body weights of CRP treated group were higher than that of model group after intervention, there existed no significant difference.)
Subsequently, we further investigated the effects of CRP on biochemical indexes in reserpine-induced spleen deficiency rats, including the parameters used to characterize digestion, absorption, gastrointestinal hormones, immune regulation and oxidative stress. Obtained results were illustrated in Figure 2. Reported studies have observed that patients with spleen deficiency usually showed the symptoms of poor digestion and absorption (Chung et al., 2016). In this study, the activity of amylase and the concentration of D-xylose in serum were used to reflect the digestion and absorption of nutrients in rats (Gao et al., 2009; Li et al., 2020). As shown in Figure 2, the level of D-xylose and the activity of amylase in model group were significantly lower than that in control and CRP group (p < 0.01), suggesting that reserpine treatment could significantly reduce the digestion and absorption in rats while CRP administration could effectively reverse these changes.
[image: Figure 2]FIGURE 2 | Effects of CRP on biochemical parameters in serum, including the concentrations of (A) D-xylose and (I) MDA, the activities of (B) amylase and (H) SOD, the levels of (C) gastrin, (D) motilin, (E) cholecystokinin-8, (F) TNF-α and (G) IL-6 (n = 10; *p < 0.05, vs. control group; **p < 0.01, vs. control group; #p < 0.05, vs. model group; ##p < 0.01, vs. model group).
Gastrointestinal hormones take an important role in regulating secretory and motor functions of the digestive tract (Xie et al., 2006). It has been found that the levels of gastrointestinal hormones in patients with gastrointestinal diseases were different from those in normal individuals (Wang et al., 2013). Hereon, three representative gastrointestinal hormones (gastrin, motilin, CCK-8) were employed to evaluate the effects of CRP on neuroendocrine in spleen deficiency rats. Gastrin, released from the G cells in antrum and duodenum, could stimulate the secretion of gastric acid, pepsin, bile and improve gastrointestinal movement (Itoh et al., 2005). Motilin is a peptide synthesized by mucosal endocrine cells in the upper segment of small intestine. It could promote gastrointestinal motility and improve the contractility and tension of the gastrointestinal tract and biliary tract (Itoh et al., 2005). CCK-8, a peptide hormone widely distributed in gastrointestinal tract and brain, is experimentally identified as a transmitter involved in multiple physiological activities, such as acting on feeding center, causing satiety and inhibiting feeding (Stengel and Tache, 2011). As illustrated in Figure 2, compared with control group, the level of gastrin in model group significantly decreased while the levels of motilin and CCK-8 significantly increased (p < 0.01), showing that reserpine treatment led to the disorder of gastrointestinal hormones secretion in rats. Changes in these three gastrointestinal hormones caused by reserpine treatment were up to normal after the administration of CRP for 14 days, revealing the efficiency of CRP in improving digestive dysfunction through regulating neuroendocrine.
The dynamic balance between Th1 and Th2 immune response is important for the immune system (Bashyam, 2007; Fischer et al., 2007). Th1 cytokines are with mediation in cell immunity response and mainly include IFN-γ, TNF-α, IL-1, IL-2, while Th2 cytokines mediate humoral immunity and include IL-4, IL-5, IL-6, IL-10 (Mosmann et al., 1986). In the model group, reserpine treatment significantly decreased the level of TNF-α while promoted that of IL-6 in serum (p < 0.01). After the intervention with CRP, the level of TNF-α and IL-6 restored to normal, suggesting that CRP could help maintain the balance of Th1 and Th2 immune response.
In addition, the balance between oxidants and antioxidants is necessary in maintaining health, and corresponding imbalance may result in oxidative stress causing functional disorders and certain diseases (Sharma et al., 2015). In this study, rats in model group had lower activity of SOD and higher level of malondialdehyde (p < 0.05) than control group, indicating that reserpine treatment resulted in free radical disorder in spleen deficiency rats. CRP administration could improve the activity of antioxidant enzyme and reduce lipid peroxidation damage (p < 0.05).
In summary, CRP administration could effectively alleviate the syndromes of spleen deficiency induced by reserpine treatment in rats, including poor digestion and absorption capacity, and disorder in gastrointestinal hormones, immune cytokines and oxidative stress.
Gut Microbiota Modulatory Effects of Citri Reticulatae Pericarpium in Spleen Deficiency Rats
Gut microbiota plays a vital role in maintaining normal intestinal functions, such as food digestion, nutrient absorption, integrity of epithelial barrier, and development of mucosal immunity (Veerappan et al., 2012). Recently, more and more evidence indicated that gut microbiota imbalance is a potential trigger for many diseases such as inflammatory bowel disease (Veerappan et al., 2012), diabetes (Meijnikman et al., 2018) and metabolic syndrome (Zeng et al., 2020a). In this study, the changes of bacterial richness (expressed in ACE and Chao1) and diversity (expressed in Shannon and Simpson index) in response to reserpine treatment and CRP intervention were investigated. As shown in Table 1, remarkably lower ACE, Chao1 and Shannon indexes were observed in the model group (p < 0.01), which suggested that reserpine treatment disturbed the balance of gut microbiota. By contrast, supplement with CRP gave rise to a higher community richness than that of the model group (p < 0.01), indicating that CRP is beneficial to the growth of gut microbiota. Beta diversity analysis among experimental groups was performed with PCoA. As shown in Figure 3, the PCoA score plot depicted three clearly divided groups: samples from the model group gathered in the second quadrant; samples from the control group dispersed in the first, third, and fourth quadrants; and samples from CRP group concentrated in the third quadrant, which were similar to that of control group. These results indicated that CRP intervention could help to restore changes in the richness and diversity of gut microbiota in spleen deficiency rats.
TABLE 1 | The diversity index of gut microbiota in rats in different groups.
[image: Table 1][image: Figure 3]FIGURE 3 | PCoA plot of microbial communities were based on OTU composition, each treatment group is represented by different color. N = 10 in each group.
The correlations between gut microbiota (the top 60 genera in relative abundance) and spleen deficiency-related indexes were calculated using Spearman’s rho non-parametric correlation analysis (Figure 4). The heatmap reflected significant positive correlations between the improvement of spleen deficiency related-indexes and some short-chain fatty acids (SCFAs) producing bacteria, such as Bifidobacterium, Lactobacillus, Allobaculum, Psychrobacter, Prevotellaceae_Ga6A1_group, [Eubacterium]_coprostanoligenes_group, Parasutterella, etc. SCFAs (acetate, propionate and butyrate), the end products of gut microbial fermentation of indigestible dietary components, appeared to enhance epithelial barrier function, improve gut permeability, inhibit the inflammation. Among them, Bifidobacterium and Lactobacillus are the most widely used probiotics with many health-promoting properties, such as prevention of enteropathogen colonization (barrier effects) (Candela et al., 2008), anti-inflammatory effects on mucosal surfaces, optimization of the composition of gut microbiota (O’Mahony et al., 2005). There has been growing interest in using probiotics as an adjunct to standard anti-inflammatory and immune suppressing therapy (Veerappan et al., 2012). Allobaculum, a butyrate-producing genus, has been reported to be an important functional phylotypes in many researches, its reduction was associated with obesity and diabetes (Zhang et al., 2015; Barouei et al., 2017). Eubacterium coprostanoligenes group can convert cholesterol to coprostanol which is poorly absorbed in human intestines and would be excreted, leading to blood cholesterol concentration reduction (Li et al., 1998) In addition, Alloprevotella was positively correlated with SOD activity, a genus that fermented carbohydrates and produced acetate and butyrate (Downes et al., 2013). Studies have illustrated that its abundance was negatively correlated with various diseases such as obesity, diabetes and cardiovascular diseases (Wei et al., 2018).
[image: Figure 4]FIGURE 4 | Heatmap of Spearman’s correlation between gut microbiota (the relative abundances of top 60 genus) and spleen deficiency related indexes. The colors range from blue (negative correlation) to red (positive correlation). Significant correlations are noted by *p < 0.05 and **p < 0.01.
Moreover, significant negative correlations between spleen-deficiency aggravated related indexes and Alistipes, Anaerotruncus, Desulfovibrio, Oscillibacter, Ruminiclostridium_9, Ruminococcaceae_UCG-003, Parabacteroides, Ruminiclostridium_5, etc. Among them, Desulfovibrio is the predominant bacteria in human colon sulfate-reducing bacteria, which can reduce sulfate to produce H2S. Since endogenous H2S can poison intestinal epithelial cells, clinical studies have inferred that Desulfovibrio was associated with intestinal diseases (Gobert et al., 2016). It is reported that Oscillibacter was increased in the diet-induced metabolic dysfunctions, and associated with impaired intestinal barrier integrity (Lam et al., 2012).
As described in our preliminary study, flavonoids are the primary components in CRP (Zheng et al., 2019). Flavonoids, as common dietary polyphenols, have been proven to exert potential modulatory effects on gut microbiota by inhibiting the growth of multiple pathogens and promoting beneficial genera. These modulations in turn promote gut health through maintaining gut immune homeostasis, and improving nutrients absorption (Dueñas et al., 2015; Pei et al., 2020). In this work, CRP exerted a significant effect on improving the composition of gut microbiota, especially for SCFAs producing and anti-inflammatory bacteria (Figure 5), whose metabolites could enhance epithelial barrier function, improve gut permeability, and inhibit inflammation. Based on these results, it is reasonable to propose that the relief of symptoms in spleen deficiency rats was closely associated with the rebalance of gut microbiota.
[image: Figure 5]FIGURE 5 | Relative abundances of Bifidobacterium, Lactobacillus, Allobaculum, [Eubacterium]_coprostanoligenes_group, Desulfovibrio, Oscillibacter. (n = 10; *p < 0.05, vs. control group; #p < 0.05, vs. model group; ##p < 0.01, vs. model group.)
Identification of Metabolites Derived From Citri Reticulatae Pericarpium
Generally, ingested exogenous compounds would undergo multi-step in vivo biotransformation processes mediated by gut microbiota and mammalian metabolic enzymes (Walle, 2004), which mainly comprise phase I and phase II metabolism. Phase I metabolism (hydrolysis, oxidation, demethylation, etc.) would change the skeleton structure of compounds, while phase II metabolism (glucuronidation, sulfation, acetylation, etc.) converts the compound into more water-soluble metabolites for excretion through urine (Gradolatto et al., 2004). Urine is filtered and concentrated from the blood through nephron. Metabolites in the blood are eventually excreted in the urine with higher concentrations, making them easier to be detected in urine by analytical instruments (Gao, 2015; Zhao et al., 2018). In addition, urine can be continuously sampled in a non-invasive way, and will not affect the body’s normal physiological processes. Hence, urine is probably a better source for metabolite identification than blood.
In this work, based on our preliminary results of chemical composition analysis (Zheng et al., 2019), a total of 26 prototype compounds and 23 metabolites were detected in rat urine after the ingestion of CRP. Prototype compounds were mainly polymethoxyflavones, as well as hesperetin, naringenin, isoprinol, luteolin and apigenin. Catalyzed by phase I and phase II metabolic enzymes, ingested prototype compounds underwent hydrolysis, demethylation, glucuronidation and sulfation, giving rise to a mass of metabolites. Compound descriptions, molecular formulas, retention times, and fragment ions of these prototype compounds and metabolites were detailed in Table 2.
TABLE 2 | Identification of metabolites in rat urine, and feces samples after the oral administration of Citri Reticulatae Pericarpium extract.
[image: Table 2]Nobiletin is a hexamethoxyflavone abundant in CRP and has been documented to possess multiple pharmacological activities, such as anti-inflammatory, bacteriostasis and antioxidant (Li et al., 2014). As shown in Table 2, nobiletin gave its quasi-molecular ion [M + H]+ at m/z 403.1363, yielding the characteristic ions at m/z 388.1176, 373.0916, 358.0858 with successive loss of CH3. Compound 26, 27, 28 all possessed the [M + H]+ ion at m/z 389, which was is 14 Da (CH2) less than protonated nobiletin. Herein compound 26, 27, 28 were tentatively assigned as the mono-demethylated metabolite of nobiletin. Using in vitro incubation methods, Koga et al. (Koga et al., 2007) investigated the metabolism of nobiletin in rat liver microsomes. As a result, three mono-demethylated metabolites were identified, which were 4′-OH-, 7-OH-, and 6-OH-nobiletin. Based on the retention time, compound 26, 27, 28 were identified as 6-OH-, 7-OH-, and 4′-OH-nobiletin, respectively. These metabolites could be subsequently demethylated into several dihydroxy-tetramethoxyflavone, while the position of the hydroxyl group needs to be further assigned. These hydroxyl-containing polymethoxyflavones could be further combined with glucuronic acid or sulfuric acid to generate corresponding phase II metabolites.
As presented in Table 2, retro Diels-Alder reaction was a characteristic pattern of flavanone and flavone derivates in MS/MS fragmentation (Zeng et al., 2020b). Taking naringenin as an example, in the negative ion mode, the main fragment ions of deprotonated naringenin (m/z 271.0613) were m/z 151.0043, 119.0508, 107.0154, and 93.0381. Among them, product ions m/z 151.0043 (1, 3A−) and 119.0508 (1, 3B−) were presumed to be produced by retro Diels-Alder reaction on chemical bond 1 and 3, while m/z 107.0154 was derived from 1, 3A− with the loss of CO2 (44 Da). The signal at m/z 93.0381 was presumed to be yielded by the breaking of chemical bond 5. Above fragmentation schemes were proposed in Figure 6.
[image: Figure 6]FIGURE 6 | Proposed fragmentation pattern of deprotonated naringenin.
Oral ingestion is the most common mode of administration used in herbal medicine. Generally speaking, exogenous compounds could only exert its pharmacological activity if it is absorbed into the blood and maintains a certain concentration. Urine is filtered from the blood and accumulated all changes in the body. It contains all metabolites in the blood, and thus comprehensively reflects the metabolic information. In this work, the concentration of prototype compounds detected in urine was much lower than that of the corresponding metabolites, suggesting that flavonoid metabolites may be the primary substance for pharmacological activity of CRP, rather than its prototype compounds. Therefore, identified metabolites were employed in subsequent network pharmacology analysis so as to discover the bioactive components and potential targets of CRP against spleen deficiency.
Network Pharmacology Analysis
On the basis of identified metabolites, a total of 583 potential targets for CRP’s efficacy were defined. Meanwhile, a total of 520 spleen deficiency-related disease targets were acquired by integrating data on diarrhea, dyspepsia, enteritis and gastritis from disease databases. Detailed information was presented in Supplementary Table S1. The CRP’s efficacy-related targets were mapped to the spleen deficiency-related targets, and as a result, 98 common targets were obtained. Then a PPI network (Supplementary Figure S1) was constructed using the common targets and further used to construct the CT-ST network. Figure 7 illustrated the CT-ST network which consists of 111 nodes (17 compounds and 94 candidate targets, compounds with multiple isomers are combined and shared one name) and 662 edges. Among them, several flavonoids including apigenin, luteolin, naringenin, hesperidin, hesperetin, dihydroxy-tetramethoxyflavone, monohydroxy- tetramethoxyflavone and homoeriodictyol were considered to be key compounds for CRP to alleviate spleen deficiency. The primary targets of these compounds included STAT3, IL6, TNF, JUN, AKT1, TP53, MAPK1, MMP9, PIK3R1, PTGS2, VEGFA, EGFR, IL1B, CXCL8, IL4, CCL2, IL10, and FOS. That is to say, CRP may interact with these targets to exert its effects in relieving spleen deficiency.
[image: Figure 7]FIGURE 7 | The Citri Reticulatae Pericarpium (CRP)-related target-spleen deficiency target network (CT-ST network). Pink circles, purple diamonds represented CRP compounds and the common targets for both compounds and spleen deficiency, respectively. The size of circles and diamonds indicated nodes degree value.
In order to further reveal the molecular mechanism of CRP against spleen deficiency, GO analysis and pathway enrichment of mentioned 94 common targets were performed with KEGG database. The results of GO analysis were described by biological process (BP), cell component (CC), and molecular function (MF) terms. In GO analysis, 330 of 426 BPs, 58 of 72 MFs, and 26 of 33 CCs enriched for these targets were recognized as p < 0.05. Top 5 enriched terms of BP, MF, CC categories in the GO analysis were presented in Figure 8A. Moreover, 97 target-related pathways were found in KEGG, top 15 KEEG signaling pathways were constructed in bubble plot based on P-Value (Figure 8B), and the involved genes were showed in Supplementary Table S2. Consistent with the pharmacological activities, network pharmacology analysis revealed that the interaction between CRP and spleen deficiency involved multiple BPs and pathways, including inflammatory responses, immune system, and oxidative stress, mediating by TNF signaling pathway, hypoxia-inducible factor-1 (HIF-1) signaling pathway, Toll-like receptor signaling pathway, etc. Reported studies showed that pro-inflammatory and/or oxidative stress mediators are directly interlinked with the pathogenesis of many gastrointestinal diseases (Chung et al., 2016). Among mentioned pathways, TNF signaling is critical to the maintenance of intestinal barrier and epithelial cell tight junctions (Kolodziej et al., 2011). HIF-1 signaling pathway is closely related to stress-responsive gene expression (Surazynski et al., 2008). Toll-like receptor signaling pathway is important for maintaining tolerance to commensal microbiota and inducing inflammation against pathogens, hence playing an essential role in homeostasis of the intestine (Biswas et al., 2011; Kamdar et al., 2013). However, further mechanism studies are necessary to assign the role of these pathway in CRP against spleen deficiency.
[image: Figure 8]FIGURE 8 | (A) GO analysis and (B) KEEG signaling pathway enrichment of the common targets. The size of the dot indicates the number of target genes in the pathway and the color of the dot reflects the p values.
As shown in Figure 7, a total of 17 compounds (mainly flavonoids) were assigned as the core bioactive components in CRP by network pharmacology analysis. Our preliminary chemical profile analysis suggested that these compounds were abundant in CRP herbs (Zheng et al., 2019). Besides mentioned targets and pathways, these compounds could also interact with gut microbiota after oral administration, which probably contribute to the overall therapeutic effects of CRP against spleen deficiency. Take hesperetin as an example, ingestion of an assigned diet (0.5% hesperetin) for three weeks could significantly affect the structure and activity of gut microbiota in rats (Unno et al., 2015). The richness of Clostridium subcluster XIVa in feces was significantly reduced, while the cecal SCFA pool was noticeably increased. Therefore, in the follow-up study to clarify the mechanism of action, we should not only pay attention to identified targets and pathways but also focus on gut microbiota.
CONCLUSION
In this study, the efficacy against spleen deficiency and gut microbiota modulatory properties of CRP were investigated using reserpine treated rats as the animal model. CRP derived metabolites were identified in rat urine and further applied to explore the core bioactive components and potential targets through network pharmacology analysis. As a result, CRP administration could effectively alleviate the typical symptoms of spleen deficiency induced by reserpine treatment, including poor digestion and absorption capacity, and disorder in gastrointestinal hormones, immune cytokines and oxidative stress. Meanwhile, CRP was found to improve the diversity and structure of the gut microbiota in spleen deficiency rats. Compared with model group, some SCFAs producing and anti-inflammatory bacteria including Bifidobacterium, Lactobacillus, Allobaculum, Psychrobacter, [Eubacterium]_ coprostanoligenes_group, Prevotellaceae_Ga6A1_group, Parasutterella were up-regulated, while some spleen deficiency aggravated related bacteria including Alistipes, Anaerotruncus, Desulfovibrio, Oscillibacter, Ruminiclostridium_9, Ruminococcaceae_UCG-003, Ruminiclostridium_5, Parabacteroides were down-regulated in CRP group rats. Further Spearman's correlation analysis indicated that there existed a close correlation between the profiles of gut microbiota and the spleen-deficiency related biochemical indexes. In addition, a total of 26 prototype compounds and 23 metabolites were detected in rat urine after the ingestion of CRP. Through network pharmacology analysis, apigenin, luteolin, naringenin, hesperidin, hesperetin, dihydroxy-tetramethoxyflavone, monohydroxy-tetramethoxyflavone and homoeriodictyol were assigned as the core bioactive components, while STAT3, IL6, TNF, JUN, AKT1, TP53, MAPK1, MMP9, PIK3R1, PTGS2, VEGFA, EGFR, IL1B, CXCL8, IL4, CCL2, IL10, and FOS were defined as the major potential targets. Further GO analysis and pathway enrichment suggested that therapeutic effects of CRP against spleen deficiency involved multiple BPs, including inflammatory responses, immune system and oxidative stress such as TNF signaling pathway, HIF-1 signaling pathway, and Toll-like receptor signaling pathway. Besides these targets and pathways, identified compounds could also interact with gut microbiota after oral administration, which probably contribute to the overall therapeutic effects of CRP. This work provided systematic insights to understand the mechanism of CRP alleviating spleen deficiency-related diseases.
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Traditional Chinese medicine (TCM) formulas treat complex diseases through combined botanical drugs which follow specific compatibility rules to reduce toxicity and increase efficiency. “Jun, Chen, Zuo and Shi” is one of most used compatibility rules in the combination of botanical drugs. However, due to the deficiency of traditional research methods, the quantified theoretical basis of herbal compatibility including principles of “Jun, Chen, Zuo and Shi” are still unclear. Network pharmacology is a new strategy based on system biology and multi-disciplines, which can systematically and comprehensively observe the intervention of drugs on disease networks, and is especially suitable for the research of TCM in the treatment of complex diseases. In this study, we systematically decoded the “Jun, Chen, Zuo and Shi” rules of Huanglian Jiedu Decoction (HJD) in the treatment of diseases for the first time. This interpretation method considered three levels of data. The data in the first level mainly depicts the characteristics of each component in single botanical drug of HJD, include the physical and chemical properties of component, ADME properties and functional enrichment analysis of component targets. The second level data is the characterization of component-target-protein (C-T-P) network in the whole protein-protein interaction (PPI) network, mainly include the characterization of degree and key communities in C-T-P network. The third level data is the characterization of intervention propagation properties of HJD in the treatment of different complex diseases, mainly include target coverage of pathogenic genes and propagation coefficient of intervention effect between target proteins and pathogenic genes. Finally, our method was validated by metabolic data, which could be used to detect the components absorbed into blood. This research shows the scientific basis of “Jun-Chen-Zuo-Shi” from a multi-dimensional perspective, and provides a good methodological reference for the subsequent interpretation of key components and speculation mechanism of the formula.
Keywords: system pharmacology, traditional Chinese medicine, compatibility, Dijkstra model, information graph algorithm
INTRODUCTION
After thousands of years of experience in the treatment of diseases, the effectiveness of traditional Chinese medicine (TCM) is indisputable (Liang et al., 2015). During this process, TCM has also formed unique medication standards and compatibility theories, such as “Jun (emperor), Chen (minister), Zuo (adjuvant) and Shi (messenger)” (Wang et al., 2008; Lin and Yuhang, 2009). The basic and common feature of TCM is that it is consisted in the form of formula by the guidance of compatibility theory, different botanical drugs are orchestrated to form a multi-botanical drug combination of TCM (Lv et al., 2018). The principle of a formula is not just simply to mix botanical drugs, it is a process to increase efficiency and reduce toxicity. During this process, traditional compatibility rules will affect the changes of effective and toxic components of the formula, thus could reflect the advantages of enhancing synergistic effect and reducing toxicity of the formula (Liu et al., 2018). In TCM formula, botanical drugs are divided into “Jun, Chen, Zuo and Shi” according to the therapeutic characteristics of TCM, which are the basis of compatibility of TCM formula. “Jun” botanical drugs play leading roles in the treatment of diseases in the formula. “Chen” botanical drugs are usually worked as assistants to provide help to Jun botanical drugs in treating diseases; “Zuo” botanical drugs are used in combination with Jun and Chen botanical drugs to treat diseases or inhibit the toxic effects of Jun and Chen botanical drugs; “Shi” botanical drugs are widely used to coordinate the above botanical drugs and enhance their functions. It can be seen from this that the “Jun, Chen, Zuo and Shi” of the botanical drugs in the formula are mainly distinguished according to the primary and secondary roles of the medicine in the formula (Yao et al., 2013; Wu et al., 2014). Although “Jun, Chen, Zuo and Shi” is a widely used principle in the compatibility of TCM, the action pattern and underlying mechanisms of the compatibility rule of “Jun, Chen, Zuo and Shi” is still unclear. How to understand the action pattern and underlying mechanisms of compatibility rule is the basic and key step to decode the functional mechanisms of formulas in the treatment of complex diseases and benefit to secondary development of formulas.
A TCM formula generally contains several botanical drugs, and each botanical drug contains numbers of chemical components (Jia et al., 2004). These components are the material basis of the effect and mechanism of action (MOA) of the TCM formula. Studying the chemical composition and differences in efficacy of formula compatibility are helpful to clarify the pharmacological mechanism of TCM formula (Zhang, 2017). The traditional method to study the pharmacological effects of the single or several components in TCM is cell test or animal verify. These experiment-based research methods are divorced from the characteristics of the overall treatment of TCM, not only unable to tap the effective components of TCM, but also have no ability to effectively reveal the mechanism of TCM.
Network pharmacology has been widely used in the research of TCM in the treatment of complex diseases (Gu and Jianfeng, 2017). With the accumulation of omics data and the progress of network pharmacology technologies, increasing models are proposed to decode the therapeutic molecular mechanisms of formulas in treating complex diseases. For example, Wang et al. employed network pharmacology model combined with hypergeometric distribution to identify the enriched significant pathways. These pathways affected by a group of differentially expressed genes in pathway enrichment analysis, and further be used to reveal the mechanism of Wuwei-Ganlu-Yaoyu-Keli in treating rheumatoid arthritis (Wang et al., 2017). Gu et al. established a model for predicting signal transduction effects and extracting sub-networks by using EGS for mechanism analysis based on the data of TCM components and diseases (Gu et al., 2014). However, most models are used to decode the mechanism of TCM in treating complex diseases via networks analysis. Few models considered the compatibility rules and formulation principles of TCM, which are closely related to the effect and toxicity of drugs. He et al. studied the effect of compatibility of Ginseng trifolium (L.) Alph. Wood and Aconitum carmichaeli Debeaux on cardiac toxicity of rats through metabolomics and found that Ginseng trifolium (L.) Alph. Wood compatibility of Aconitum carmichaeli Debeaux can reduce its cardiac toxicity and increase its pharmacological effects by affecting the content of citric acid, glutathione, phosphatidyl choline and uric acid (He et al., 2015). In the treatment of rheumatoid arthritis, Zhang et al. observed that total glucosides of paeony combined with Tripteryginum wilfordii polyglycoside has better performance in the treatment of RA by increasing efficiency and reducing toxicity at the clinical applications (Zhang et al., 2019). How to utilize system pharmacology to analyze the principle of formulas in TCM at systemic level through mathematical and quantitative methods could be benefit for truly understanding the mechanisms of formula in the treatment of diseases.
Huanglian Jiedu Decoction (HJD) is composed of four botanical drugs, namely, Coptis chinensis Franch (Huanglian), Scutellaria baicalensis Georgi (Huangqin), Phellodendron amurense Rupr (Huangbo) and Gardenia jasminoides J. Ellis (Zhizi), with a compatible dosage of 3:2:2:3 (Ma et al., 2009). HJD is widely used in diabetes, cardiovascular and cerebrovascular diseases, inflammation, alzheimer’s disease, etc. in clinical applications (Wang and Xu, 2000; Xin et al., 2011; Zhang et al., 2014). It has a wide range of pharmacological activities such as antibacterial, anti-inflammatory, antioxidant, neuroprotective, etc (Lv et al., 2017). Previous pharmacological studies have shown that HJD could effectively control the weight of diabetic rats and has a good regulating effect on blood lipid and oxygen radical metabolism (Zhang et al., 2011). It has been reported that HJD has a strong lipid-regulating effect on type 2 diabetic rats, which can reduce the increase of pancreatic lipase activity in intestinal tract and inhibit the activity of pancreatic lipase in vitro (Zhang et al., 2014). In addition, pharmacological experimental study has found that the inflammatory factors in cerebrospinalfluid of AD rats demonstrated a callback trend after treatment with HJD, indicated that HJD can ameliorate the central inflammatory status of AD rats by regulating the levels of inflammatory factors (Gu et al., 2018). The above experimental results showed that HJD possessed obvious beneficial effects in the treatment of DM and AD.
Four botanical drugs in this formula are used for clearing away heat and toxic materials for thousands of years. In order to compare the effects of HJD and its botanical drugs on C. albicans biofilm formationin in vitro, Wang et al. found that the inhibitory effects of Huangqin, Huangbo on C. albicans biofilm were close to that of HJD, and Huanglian was superior to the other agents, Zhizi had no evidently inhibitory effect. Studies have also shown that HJD has obvious protective effect on cerebral ischemia injury (Wang et al., 2008). Wang et al. evaluated the effect of HJD and its botanical drugs on rabbit platelet aggregation and found that the aggregation inhibition rate of HJD was higher than that of each single botanical drug, and in four botanical drugs of HJD the aggregation inhibition rate of Huanglian was higher than that of the other three botanical drugs (Wang et al., 2014). The above applications of “Jun, Chen, Zuo and Shi” of HJD show that the relationship among “Jun, Chen, Zuo and Shi” does exists and has quantitative basis in modern pharmacology and experimental scientific research. How to detect the action pattern and underlying mechanisms of “Jun, Chen, Zuo and Shi” at a systematic and global perspective is the key to understand the mechanisms of formulas in the treatment of complex diseases in TCM.
In this study, the compatibility rules of “Jun, Chen, Zuo and Shi” of HJD in the treatment of diseases are systematically interpreted. Specifically, our new system pharmacology strategy integrated three levels of data including the characteristics of each component in HJD single botanical drug, the characterization of component-target-protein (C-T-P) network in the whole protein-protein interaction (PPI) network and the characterization of intervention propagation properties of HJD in the treatment of different complex diseases. Overall, our study provides a comprehensive systems pharmacology framework to decode the principles of “Jun-Chen-Zuo-Shi” from multi-level perspective, which may give some enlightenment for the subsequent interpretation of key components and hidden mechanism of the formula.
MATERIALS AND METHODS
Chemical Components Collection
All chemical components of HJD and seven important pharmacological related descriptors (MW, ALOGP, HDON, HACC, CACO-2, OB (%) and DL) for each component were collected from Traditional Chinese Medicine Systems Pharmacology (TCMSP) database (Ru et al., 2014) (http://lsp.nwsuaf.edu.cn/tcmsp.php). The chemical identification and concentration of in HJD were collected from the previous reports (Yang et al., 2019). All chemical structures were prepared and converted into canonical SMILES using Open Babel Toolkit (version 2.4.1). The targets of HJD were predicted by using Similarity Ensemble Approach SEA (Keiser et al., 2007) (http://sea.bkslab.org/), hitpick (Liu et al., 2013) (http://mips.helmholtz-muenchen.de/proj/hitpick) and Swiss Target Prediction (David et al., 2014) (http://www.swisstargetprediction.ch/).
Active Components Screening
ADME properties of drugs refer to the Absorption, Distribution, Metabolism and Elimination, which are the key properties of whether small molecules of drugs can be used as medicines. It is estimated that due to low intestinal absorption rate and poor metabolic stability, the oral bioavailability of drugs is low, and finally about 50% of drugs fail in clinical trials (Beaumont et al., 2014). Therefore, ADME predictive screening of drugs is particularly important in drug discovery.
Oral bioavailability (OB) refers to the percentage of oral dose of drugs reaching the blood circulation system, which is the most common pharmacokinetic parameter for drug screening (Chiou, 2001). For specific oral drugs, due to poor intestinal absorption, drug metabolism, efflux and other reasons, the number of drugs that eventually reach the circulatory system is greatly reduced, so the oral availability of drugs ranges from 0 to 100%. As the initial absorption rates of intestinal tract and liver are generally about 43 and 44% respectively, components with OB greater than or equal to 30% are selected as active components.
Drug-like (DL) refers to a class of components that have the same functional group or similar physical characteristics as most known drugs (Han et al., 2011). The drug-like index of a new component is calculated based on Tanimoto similarity. According to the drug-like index, molecules with drug-like properties less than 0.14 are eliminated. Finally, the components screened according to OB and drug-like index take intersection as the active component (Wang et al., 2018).
Network Construction
The C-T-P network of HJD were constructed by using Cytoscape wsoftware (Version 3.7.0) (Lopes et al., 2010). The networks and topological parameters were analyzed using NetworkAnalyzer, which is a plugin of Cytoscape (de Jong et al., 2003). The PPI data were derived from public databases BioGRID, STRING, Dip, HPRD, Intact, Mint and Reactome (Guan et al., 2014).
Detection of Functional Communities Structure in HJD
Community structures in the biomedical network are more important for annotating the biological means. One index codebook and n community codebooks were defined to character the movements of random walker within and between communities respectively. Community codebook x has one codeword for each node α∈x and one exit codeword. The frequency at which random walkers visit each node in the community is the codeword length, kα∈x, and exits the community, [image: image]. The was used to denote the sum of these frequencies, the total use of codewords in community x, and Kx to denote the normalized probability distribution. Consistent with the above, the index codebook has the community entries of codewords. The codeword lengths are derived from the set of frequencies at which the random walker enters each community. The was used to denote the sum of these frequencies, the total use of codewords to move into communities, and S to denote the normalized probability distribution. We want to express average length of codewords from the index codebook and the community codebooks weighted by their rates of use. Therefore, the map equation is
[image: image]
Next, we elaborate on the terms of the map equation in detail and illustrate it with Hoffman code examples.
L(N) represents the per-step description length for community partition N. That is, for community partition N of n nodes into n communities, the lower bound of the average length of the code describing a step of the random walker.
[image: image]
The index codebook rate is used. The per-step use rate of the index codebook is given by the total probability that the random walker enters any of them communities. This variable represents the proportion of all codes representing community names in the codes. Where is probability of jumping out of community x.
[image: image]
This variable represents the average byte length required to encode community names. The frequency-weighted average length of codewords in the index codebook. The entropy of the relative rates to use the motif codebooks measures the smallest average codeword length that is theoretically possible. The heights of individual blocks under Index codebook correspond to the relative rates and the codeword lengths approximately correspond to the negative logarithm of the rates in base 2.
[image: image]
This variable represents the coding proportion of all nodes (including jump-out nodes) belonging to community x in the coding. The rate at which the community codebook x is used, which is given by the total probability that any node in the community is visited, plus the probability that the random walker exits the community and the exit codeword is used.
[image: image]
This variable represents the average byte length required to encode all nodes in community x. The frequency-weighted average length of codewords in community codebook x. The entropy of the relative rates at which the random walker exits community x and visits each node in community x measures the smallest average codeword length that is theoretically possible. The heights of individual blocks under community codebooks correspond to the relative rates and the codeword lengths approximately correspond to the negative logarithm of the rates in base 2.
Propagation Coefficient Calculation
The role of drug response in the body is a complex process involving different proteins or genes. However, these proteins and genes are regulated by different cellular components, which constitute complex network relationships in the process of disease occurrence and development. These network relations could propagate the therapeutic effects through the network and orchestrate the cascade path of drug response. At present, most network pharmacological models just focus on the direct relationships between drugs and targets, and do not consider the propagation mode and propagation effect of drug intervention. In this study, we use Dijkstra model to detect the shortest distance from the direct target to the pathogenic gene based on C-T-P network, and keep the path with less than or equal to three nodes in the shortest distance. We believe that the initial node is the direct target of components, the final node is the pathogenic gene, which is also defined as the number of reached effector proteins, and the intermediate node is defined as the mode of propagation. Components with more modes of propagation and more effector proteins usually have better intervention effects. Based on the number of reached effector proteins and the mode of propagation, we calculated the propagation coefficient of each single botanical drug in HJD.
We defined the C-T-P network as the graph G (V, E), V and E represents nodes and edges, respectively (u, v) represents edge in E, Wu,v stand for the weight of the edge. V is divided into two sets S and T, where the distance from the targets in S to U has been determined and the distance from the target to U contained in T has not been determined. Then, the distance from u to the target x in T is set as du,x, which is defined as the shortest path length from u to the target x in T. The specific formula is as follows:
 1) At the beginning, S = {u}, T = V-{u}. For all targets x in t, if there is a path from u to x, then du,x = wu,v; Otherwise, set du,x = ∞.
 2) For all targets x in T, find the target T with smallest du,x, i.e.:
 du,t = min{du,x∣x∈T∣}
 du,t is the shortest distance from target t to effector proteins u. At the same time, target T is also the target closest to u among all targets in set T. Delete target t from T and merge it into S.
 3) For all targets x adjacent to t in T, update the values of du,x with the following formula:
 du,x = min{du,x, du,t + wt,x}
 4) Continue the above steps until T is an empty set.
 5) During calculation of du,x holding paths less than or equal to 3 nodes as the shortest distance dmin, in a path with three nodes, the first node mean components targets, the second node represent propagation modes, the third node represent effector proteins, the formula for calculating the propagation coefficient of each single botanical drug is:
[image: image]
The propagation coefficient (PC) represents the strength of intervention ability of a botanical drug. The n represents the number of propagation modes, the m represents the number of effector proteins.
KEGG Pathway
To analyze the main function of botanical drugs in HJD, the latest pathway data were obtained from the Kyoto Encyclopedia of Genes and Genomes (KEGG) database (Draghici et al., 2007) were extracted for KEGG pathway enrichment analyses. p-values were set at 0.05 as the cut-off criterion. The results of analysis were annotated by Pathview (Luo and Brouwer, 2013) in the R Bioconductor package (https://www.bioconductor.org/).
Statistical Analysis
To compare the importance of communities in HJD, SPSS22.0 was used for statistical analysis. One-way analysis of variance followed by a Dunnett post-hoc test was used to compare more than two groups. Obtained p-values were corrected by Benjamini-Hochberg false discovery rate (FDR). Results were considered as statistically significant if the p-value was <0.05.
RESULTS
“Jun-Chen-Zuo-Shi” is one of the widely used compatibility principles of TCM in the treatment of diseases. However, there is still lack researches on the compatibility principle of “Jun-Chen-Zuo-Shi”. In this study, we systematically analyze the compatibility principle and mechanism of HJD based on “Jun-Chen-Zuo-Shi” at three levels: the characteristics of each component in single botanical drug of HJD, including the physical and chemical properties of component, ADME properties and functional enrichment analysis of component targets; the characterization of C-T-P network in the whole PPI network, mainly including the characterization of degree and key communities in C-T-P network; the characterization of intervention propagation properties of HJD in the treatment of different complex diseases, mainly including target coverage of pathogenic genes and propagation coefficient of intervention effect between targets and pathogenic genes (Figure 1).
[image: Figure 1]FIGURE 1 | A schematic diagram of network pharmacology-based strategy to decode the principles of “Jun-Chen-Zuo-Shi” in TCM.
Comparison of Chemical Properties of Components
Physical and chemical properties of drugs directly affect the activity of drugs and play important roles in the druggability of TCM. In order to detect the importance of these physical and chemical properties in “Jun-Chen-Zuo-Shi”, seven important pharmacologically related descriptors, MW, ALOGP, HDON, HACC, CACO-2, OB (%) and DL, were analyzed from four botanical drugs in HJD. Principal component analysis (PCA) widely used as a pattern recognition method to reflect the most primitive state of data in an unsupervised state. Here, PCA was applied to detect the distribution of the above physical and chemical properties of four botanical drugs in “Jun-Chen-Zuo-Shi”. The results showed that Huangqin and Huangbo are closest to Huanglian, indicating that their physical and chemical properties are close to Huanglian. Zhizi is farthest from Huanglian, which indicates that their physical and chemical properties are quite different in PCA scatter plot (Figure 2A). To further describe the specific differences among the four botanical drugs, we have made a detailed analysis of the seven parameters. As shown in Figures 2B,C, 1) For MW, the average value of all components in huanglian (342.2) is higher than that of huangqin (277.7), huangbo (287) and zhizi (297). 2) For bioavailability, the average OB value (%) of huanglian (36.09) is also higher than that of huangqin (31.42), huangbo (34.51) and zhizi (29.43). (3) For permeability, the average Caco-2 value of huanglian (0.4423) is lower than that of huangqin (0.9371) and huangbo (0.7851). (4) For DL, like MW and OB, huanglian possessed higher average DL value (0.4165), that is very different from that of huangqin (0.2301), huangbo (0.3303) and zhizi (0.258). (5) Compared with the all components of huanglian (2.551), the ALogP value of huangqin (4.101), huangbo (3.096) and zhizi (2.964) exhibited siginifically higher average ALogP values, which indicates the majority components in huangqin, huangbo and zhizi are hydrotropic, but that in huanglian are hydrophobic. (6) The values of nHAcc in huanglian (5.5) are all higher than those in others (3.476, 3.743, 4.337, respectively). The above analysis results show that the chemical properties of the four botanical drugs are obviously different. Therefore, we can speculate that each botanical drug plays a different role in the compatibility of this TCM. The Jun botanical drug huanglian is distinguished based on the compatibility principle of “Jun-Chen-Zuo-Shi”, and has good performance in most physical and chemical properties such as OB (%), DL and MW, which indicated that it may play a leading role at the functional level.
[image: Figure 2]FIGURE 2 | Analysis seven chemical properties of huanglian (HL), huangqin (HQ), huangbo (HB) and zhizi (ZZ) in HJD. A, B and C represent the chemical space, chemical distribution and the value of chemical parameters of all components visualized by PCA scores plot, polar coordinate petal diagram and bar chart, respectively.
Chemical Analysis in HJD
Chemical analysis plays an important role in the study of the substances basis and mechanism of botanical drugs in the formula. The information on specific chemical identification and concentration of the botanical drugs in HJD were collected by searching from the literature (Yang et al., 2019). The detailed information was shown in Table 1. The results suggest that the chemical components of botanical drugs and the concentration of identified components provide an experiment-aided chemical space for the search of active components. This will provide valuable reference for further analysis.
TABLE 1 | The information on chemical analysis of the botanical drugs from the literature in HJD.
[image: Table 1]Comparison of Active Components
TCM formula contains a large number of chemical molecules, the traditional methods of exploring the active components in TCM are mainly based on the separation, purification and structure analysis of mass spectrometry (MS) and high-performance liquid chromatography (HPLC). These methods supplied quantitative concentration of components, however, these experiment-based methods cost a lot of manpower, material and financial resources to excavate the effective components in TCM. Therefore, it is particularly important to analyze, explore and optimize the TCM formula by calculating ADME properties, which could be helpful to screen the potential active components of TCM, and further optimize the TCM formula, improve the research and development of new drugs from TCM. In this study, botanical drug components were evaluated by using the two representative ADME parameters, oral bioavailability (OB) and drug-like (DL), to screen the active components of TCM formula.
Our statistic results show that 26.81% (94) of the components in HJD meet OB ≥ 30% and DL ≥ 0.14 (Table 2). Specifically, 31.25% of the components in Huanglian satisfy OB ≥ 30% and DL ≥ 0.14. These components are regarded as the active components in Huanglian, which included berberine, coptisine, epiberberine, and palmatine, etc. Studies have shown that berberine could significantly reduce hyperglycemia and glycogen content in liver of diabetic mice, increase the expression of Akt and IRS, and inhibit the expression of GSK-3β (Xie et al., 2011). It has been reported that berberine can reduce the release of neuroamyloid through PI3K/Akt/GSK3 pathway, decrease the number of senile plaques in the brain of AD mice model, and play a therapeutic role in AD (Durairajan et al., 2012). Zhai et al. has reported that coptisine could improve oxidative renal injury in diabetic rats, and the potential mechanisms may be associated to activation of the Nrf2 signaling pathway (Zhai et al., 2019). Jung et al. found that epiberberine has a strong potential of inhibition and prevention of AD mainly through ChEs and beta-amyloids pathways, and additionally through antioxidant capacities (Jung et al., 2009). Previous pharmacological studies have shown that palmatine treatment can alleviate the hyperalgesia, allodynia and depressive behaviors of rats with comorbidity of diabetic neuropathic pain and depression (Shen et al., 2018). 27.27% of the components in Huangqin meet OB ≥ 30% and DL ≥ 0.14, including most common active components such as coptisine, epiberberine, wogonin, and oroxylin A, etc. Khan et al. (2016) found that wogonin administration could suppress hyperglycemia, improve cardiac function, and mitigate cardiac fibrosis in STZ-induced diabetic mice. 29.28% of the molecules in Huangbo meet OB ≥ 30% and DL ≥ 0.14, a total of 41 components meet the threshold selection criteria, such as coptisine, berberine, and palmatine, etc. Only 20.41% of the molecules in Zhizi meet OB ≥ 30% and DL ≥ 0.14, including oleic acid, kaempferol and mandenol, etc. The above results suggest that the number of active components retained by Huanglian are the highest compared with those before screening. This shows that more components in Huanglian have better OB and DL properties, and indicates that these components may play a major therapeutic role in the treatment disease. Huangqin and Huangbo have the second highest proportion of active components, and have more overlapping components with Huanglian, which intimates that Huangqin and Huangbo can assist and enhance therapeutic effect of Huanglian. In HJD, Zhizi is the Zuo botanical drug with the lowest content of active components, indicating that it may have auxiliary effect on Jun botanical drugs and/or Chen botanical drugs.
TABLE 2 | Components in HJD for further analysis after ADME screening.
[image: Table 2]Coverage Rate Based on Functional Pathway
Most complex diseases are not caused by a single pathological change, but a series of physiological reactions caused by abnormal pathways due to disorder of multiple proteins or genes in the cell. In order to further explore the “Jun-Chen-Zuo-Shi” compatibility principle of HJD at the potential molecular mechanism level, we evaluated it through the functional pathway enrichment analysis based on KEGG (Figure 3A). Previous reports confirm that HJD has significant therapeutic effects on Alzheimer’s disease (AD), Parkinson’s disease (PD) and diabetes mellitus (DM) etc. The top 15 enriched pathways were selected for further analysis. The targets of each botanical drug in HJD was mapped to the enriched genes involved in these 15 enriched pathways for enrichment analysis. It was found that 40.54, 33.14, 38.10, and 29.69% of the targets in the Jun (Huanglian), Chen (Huangqin and Huangbo) and Zuo (Zhizi) botanical drug were enriched in the top 15 enriched pathways, respectively (Figure 3B). The above analysis show that Huanglian has a higher target contribution rate among all the genes enriched in the top 15 functional pathways, which means that targets of Huanglian could play primary therapeutic roles in the treatment of disease, and the target contribution rate of Chen botanical drugs is slightly lower, which indicates that the relatively low target utilization rate may play a role in assisting Jun botanical drug in the treatment process. Zuo botanical drug have the lowest target contribution rate, indicating that the ability of therapeutic role in the treatment of diseases is slightly weak, and may play an auxiliary role in other aspects. The above results once again confirm the major functional role of the Jun botanical drug Huanglian, the auxiliary effects of the Chen botanical drugs Huangqin and Huangbo, and the supplementary effects of the Zuo botanical drug Zhizi in the functional level of HJD.
[image: Figure 3]FIGURE 3 | Gene enrichment analysis of all targets from HJD (A). botanical drug-pathway network of HJD (B). The circle nodes represent botanical drugs, and the inverted triangle represents the top 15 pathways of HJD. The size and color of the node represents the importance of the herbal regulation pathway.
C-T-P Network Construction and Analysis
In the process of treating complex diseases, TCM formula usually acts in the form of multi-component and multi-target. These components and targets form the most direct target-protein network, which can reflect some therapeutic effects but cannot reflect the propagation mode of this therapeutic effect. More and more evidences show that the therapeutic effect of drugs on diseases can be propagated through PPI (Andras et al., 2013). Hormozdiari et al. proposed that identified potential multiple-drug targets in pathogenic PPI networks can help us to better discover the therapeutic effect of drugs (Hormozdiari et al., 2010). Chu et al. applied a nonlinear stochastic model and maximum likelihood parameter estimation to identify the cancer-perturbed PPI involved in apoptosis and to identify potential molecular targets for the development of anti-cancer drugs (Chu and Chen, 2008). How to characterize this propagation effect has not been systematically reported.
In this study, we first constructed the C-T network of HJD, then integrated multiple PPI data to construct a comprehensive PPI network. C-T network and PPI networks were integrated as the C-T-P network. By analyzing the C-T-P network, comprehensive information can be obtained and intricate relationships that manage cellular activities can be revealed. In a network, the number of nodes directly interacting with a node is called degree. Several reports have confirmed that the greater the degree, the more biological functions it participates in, and the stronger its biological importance. Under this concept, we made further analysis of C-T-P network. Our results show that the targets of Jun botanical drug Huanglian has the highest average degree 131.75 in C-T-P network. It indicates that these targets affect more proteins in the C-T-P network and have the possibility to play more important roles. By comparative analysis, we found that the degree of huangqin and huanngbo in C-T-P network are 102.46 and 110.33, respectively. The degree of targets of Huangqin and Huangbo are relatively smaller, which indicate that the number of target protein is not as high as that of Jun botanical drug and may play a supplementary role. Zhizi has the lowest average degree 101.42, while indicates that the number of targeted proteins is smallest, and together with Chen botanical drugs to assist the Jun botanical drug.
Functional Communities Structure Predication and Analysis
In complex life activities such as diseases, development, and drug intervention, etc, a plurality of genes, proteins, and other constituent components in cells are involved, and these genes, proteins, and components form a complex regulation network in cells. In the process of drug intervention, drugs play an intervention regulatory role on the complex network by targeting specific proteins. This intervened regulation and intracellular gene regulation network form a drug-target-pathway complex network at the molecular level. Further research found that the neighbors of drug responding genes in the network tend to be related to the same or similar intervention responses (Li and Zhan, 2006; Zhang et al., 2014).
Genes with the same drug response are often functionally related and form biological network communities (Tari et al., 2005). At the molecular level, the community can be considered as a group of genes, proteins or metabolites that are functionally related, physically interact or jointly response to drug. The molecules in these communities usually jointed together to drive a biological process or respond to the treatment of drugs (Tripathi et al., 2019). For drug intervention in complex diseases, single gene analysis cannot effectively consider the cooperative relationship among genes, and is difficult to explain its biological mechanism. However, community-based analysis can identify response gene sets with cooperative relationships. Revealing the functions of these simple network modules at the molecular level is the key step for understanding the drug response regulation mechanism of more complex networks and even for understanding the mechanism of drug treatment.
In this study, we construct the C-T-P network by integrating C-T network of HJD and PPI network. This extremely complex C-T-P network with 12,324 nodes and 84,138 interactions is difficult to clarify drug MOA, so discovery of functional communities in the C-T-P network is very important for understanding the organization and function units of the HJD under the concept of the compatibility principle “Jun-Chen-Zuo-Shi”. The extraction of these community structures can reduce the dimension of complex networks and could be considered as the key factor for further clarify the compatibility principle of HJD’s “Jun-Chen-Zuo-Shi”, we identify the functional communities in the C-T-P network based on the information graph algorithm combining random walk theory and huffman encoding. The algorithm performs to optimize the discovery of communities in C-T network heuristically by using a reasonable global metric. The results show that 8 significant functional communities are found in the C-T-P network (Figure 4A). In order to determine whether communities found in HJD can represent their complete C-T network. We evaluate the importance of communities at the gene functional level based on enrichment pathway analysis. The analysis results showed that genes enriched pathways of HJD communities accounts for 93.4% of genes enriched pathways of the full C-T network in HJD (Figure 4B), which indicated that the enriched pathways of genes involved in communities of HJD are highly compatible with enriched pathways of genes in C-T network. Further analysis of the components identified by these functional communities shows that 93.33, 87.5, 84.62, and 75% of the components in the Jun botanical drug Huanglian is covered by functional communities, which once again indicates that Huanglian plays a leading role in the function of C-T-P network (Figure 5).
[image: Figure 4]FIGURE 4 | The predicated communities of C-T-P network of HJD (A). Different color represents different communities. The functional similarity analysis between C-T-P network and communities in HJD (B).
[image: Figure 5]FIGURE 5 | Venn diagram was used to visualize the overlap number between C-T-P network and communities in HJD, the pink represents the C-T-P network, and the green represents communities.
Coverage Rate Based on Pathogenic Genes
In order to better explore how HJD exerts its therapeutic effect based on the compatibility principle of “Jun-Chen-Zuo-Shi”, DM and AD were selected for further evaluation. Both of two diseases have been reported with significant therapeutic effects of HJD. Pathogenic genes of both diseases were collected from GeneCards database (Safran et al., 2010). PPI data of both diseases were extracted from STRING database (Szklarczyk et al., 2019). The weighted gene reulatory network of disease was constructed by mapping pathogenic genes to PPI data, the weight was assigned by using relevance scores in GeneCards database (Figure 6A,B; Supplementary Table S1). The relevance score of genes in GeneCards takes into account three aspects: the frequency of the term in the disease related document would raises the score, while the frequency of the term in disease related documents across the site would lower the score, and the size of the subﬁeld containing the term, if the term appears in a smaller ﬁeld, such as gene name, the score would be increased (Stelzer et al., 2016). This indicates that the higher the relevance score, the more important that the genes are involved in pathogenesis of the disease. For further analyzed the “Jun-Chen-Zuo-Shi” compatibility principle of HJD, we design a pipeline to capture the role of each botanical drug in HJD based on botanical drug targets and their associated pathogenic genes. Firstly, we get common gene datasets by overlapping pathogenic genes of each diseases and component targets of each botanical drug, and then analyze the average relevance score of the common gene datasets, then we calculate the possession rate by compare the common gene datasets to targets genes of each botanical drug in HJD. For DM, 87.91% of the targets in the Jun botanical drug Huanglian overlap with the pathogenic genes with an average relevance score of 6.91, 80.67% and 81.41% of the targets in the Chen botanical drugs Huangqin and Huangbo overlap with the pathogenic genes with average relevance scores of 5.44 and 6.13, and 82.93% of the targets in the Zuo botanical drug Zhizi overlap with the pathogenic genes with an average relevance score of 6.51. For AD, 73.08% of the targets in the Jun botanical drug Huanglian overlap with the disease genes with an average relevance score of 12.55, 65.83 and 67.80% of the targets in the Chen botanical drugs Huangqin and Huangbo overlap with the pathogenic genes with average relevance scores of 9.74 and 10.52, and 66.11% of the targets in the Zuo botanical drug Zhizi overlap with the pathogenic genes with an average relevance score of 11.02 (Figure 6). The above results show that the Jun botanical drug Huanglian has the highest possession rate and average relevance score, which indicate that Huanglian acts on as many important targets as possible in pathogenic genes.
[image: Figure 6]FIGURE 6 | The disease weight gene regulatory network of diabetes mellitus (A) and alzheimer’s disease (B). The size and color of the node represents the relevance score of herbal therapeutic targets. The bar chart represents the average relevance score (C) and possession rate (D) of overlap of botanical drug targets and pathogenic genes.
Calculation and Analysis of Propagation Coefficient
The interactions between genes or proteins in cells form complex biological networks. Molecular interactions in biological networks have dynamic and spatiotemporal specific features. At present, protein interaction network and drug regulatory network can only provide static interaction information. In the function analysis of drug targets and pathogenetic genes, the dynamic characteristics of molecular interactions are more significant than static characteristics for understanding the MOA and propagation features of drug intervention in the disease networks. In order to analyze and understand the propagation characteristics of drugs in the disease network more effectively, this study proposed an important monitor which named as propagation coefficient to characterize the drug response network-propagation characteristics by integrating the data of botanical drug targets, PPI, and pathogenic genes. The propagation coefficient contains propagation modes and effector proteins, which could be used to indicate the propagation power of drug. Based on the novel calculate method, the propagation coefficient of single botanical drug in HJD is analyzed, and the scientific basis of the compatibility rule of “Jun-Chen-Zuo-Shi” is revealed from the perspective of propagation characteristics.
The propagation coefficient value of each botanical drug in HJD is calculated and showed in Figure 7. According to the calculation results, for DM and AD, the Huanglian with a propagation coefficient of 72.62 and 67.05, the Huangbo with a propagation coefficient of 63.69 and 59.30, the Huangqin with a propagation coefficient of 59.55 and 55.54, and the Zhizi with a propagation coefficient of 59.10 and 54.87, respectively. From the above analysis, Huanglian has highest propagation coefficient both in DM and AD, the propagation coefficient of Haungqin and Huangbo is lower than Huanglian and Zhizi has the lowest propagation coefficient, which indicate that Huanglian plays a major role in disease treatment by spreading the intervention effect at a more powerful level, and Chen botanical drugs and Zuo botanical drugs play a role in assisting Huanglian. This once again confirmed the compatibility rules of “Jun-Chen-Zuo-Shi” in HJD at quantitative level.
[image: Figure 7]FIGURE 7 | The propagation coefficient of HJD botanical drugs in diabetes mellitus (DM) and alzheimer’s disease (AD).
Experimental Evaluation
In order to further explore the accuracy and reliability of the above strategies for analyzing the compatibility rules of HJD “Jun-Chen-Zuo-Shi,” components absorbed into blood were used to validate our strategy. In the study of complex components system of TCM, it is generally believed that the components which can be absorbed into blood are the active components with therapeutic effect. Analysis of the components in blood after oral administration of TCM is an effective and accurate way to study the substance basis of drug effect of TCM. The absorbed components in rat plasma after oral administration of HJD were collected from the previous reports (Zuo et al., 2014). A total of 22 prototype components were obtained, the detailed information was shown in Supplementary Table S2.
For the components obtained by functional communities structure prediction and active components screening in the above strategy, 26.67% of the predicted components in the Jun botanical drug of Huanglian overlap with the components were absorbed into blood; 10.26 and 7.5% of the predicted components in the Chen botanical drugs Huangqin and Huangbo overlap with the components were absorbed into blood. There is no overlap between the predicted components and the components were absorbed into blood in the Zuo botanical drug Zhizi. The above results indicate that the proportion of components in Jun botanical drug were absorbed into blood is higher, followed by Chen botanical drugs, which confirm the accuracy and reliable of our analysis strategy. Meanwhile, the results once again confirm the important role of the Jun botanical drug Huanglian through a higher absorbed into blood rate, the auxiliary effects of the Chen botanical drugs Huangqin and Huangbo, and the supplementary effects of the Zuo botanical drug Zhizi.
DISCUSSION
TCM usually exerts its efficacy in the form of formula, which is not only a simple combination of botanical drugs, but follows reasonable compatibility principles to treat complex diseases (Sucher, 2013). The main purpose of these compatibility principles is to enhance efficacy or reduce toxicity, so that different chemical components in botanical drugs can promote, coordinate, and restrict each other, thus ensuring the safety and effectiveness of clinical medication (Sucher, 2013). “Jun-Chen-Zuo-Shi” is one of the most common used rules in the compatibility principles of TCM (Yao et al., 2013; Wu et al., 2014). The botanical drugs in a formula can be divided into “Jun”, “Chen”, “Zuo” and “Shi” botanical drugs according to their functions. Based on the compatibility principles of “Jun-Chen-Zuo-Shi”, the function of each botanical drug and its relationship with other botanical drugs are revealed. For example, Yujinfang is based on the compatibility rules of “Jun-Chen-Zuo-Shi” in the treatment of cardiovascular and cerebrovascular diseases (Li et al., 2014). The “Jun” botanical drug Curcuma wenyujin Y.H.Chen and C. Ling accounts for the largest proportion of active ingredients and action targets, and treats diseases by acting on the main targets of cardiovascular and cerebrovascular diseases. “Chen” botanical drug Gardenia jasminoides J. Ellis can enhance the effect of Curcuma wenyujin Y.H.Chen and C. Ling. The “Zuo” and “Shi” botanical drugs can achieve their auxiliary effects by reducing the toxicity of Curcuma wenyujin Y.H.Chen and C. Ling and Gardenia jasminoides J. Ellis. Many botanical drugs in TCM have both unique effects and strong toxicity in clinical application. According to the needs of clinical treatment, the effectiveness of these botanical drugs should be utilized as much as possible and the toxic and side effects should be reduced at the greatest extent. Based on the compatibility rules of “Jun-Chen-Zuo-Shi”, botanical drugs with toxicity usually are compatible with other botanical drugs to inhibit their toxicity and side effects and to play unique curative effects. This is an important aspect of improving the efficacy of TCM. For example, Pinellia cordata N.E.Br. in Xiaobanxia decoction is a commonly used medicine for resolving phlegm and arresting vomiting, but it is toxic. Compatibility with Zingiber officinale Roscoe can not only relieve the toxicity of Pinellia cordata N.E.Br. but also enhance the anti-vomiting effect of Pinellia cordata N.E.Br. to achieve synergistic effect (Gong-Chang et al., 2015).
Recently, more and more attention has been paid to the practice of verifying and explaining the compatibility theory of TCM by using different modern technologies, such as component combination and computer modeling (Wu et al., 2014). However, most of these analysis of compatibility rules of “Jun-Chen-Zuo-Shi” in TCM only focuses on one or several aspects. There is a lack of systematic and multi-dimensional analysis of the compatibility rules of “Jun-Chen-Zuo-Shi.” Network pharmacology mainly focus on problems from the perspective of mutual connection, which is exactly consistent with the core idea of TCM (Li and Zhang, 2013). Therefore, the application of network pharmacology in Chinese medicine research has unique advantages and great development potentiality. However, most of the current network pharmacology research focuses on the interpretation of the functional mechanism of formula in the treatment of specific diseases, and does not interpret the compatibility rules of “Jun-Chen-Zuo-Shi” at a systematic level.
In this study, the compatibility rules and possible mechanisms of TCM in treating complex diseases are analyzed through six detail properties, include the physical and chemical properties of each component in single botanical drug of HJD, ADME properties and functional enrichment analysis of component targets, the characterization of degree and key communities in C-T-P network, the characterization of intervention propagation properties in the treatment of different complex diseases. The pharmacological action of drugs depends on the physical and chemical properties of drugs, which can reflect ADMET characteristics of drugs in the body and is also a basic attribute to be considered in interpreting the compatibility rules of TCM. Complex networks are made up of a large number of nodes, of which the important nodes are a few special parts that can deeply influence on the structure and function of the whole network. Node degree in the topological structure can reflect the importance of nodes, and is a key topological parameter to characterize the most influential nodes in the network (Lv et al., 2014). For example, in order to evaluate the influence of components in ZZW on FD treatment, Wang et al. constructed a contribution index model based on the topological parameter degree in the network. By using this algorithm, they selected key component groups for FD treatment and clarified possible cooperative mechanisms (Wang et al., 2018).
Modularity is a very important characteristic of complex networks and a common phenomenon in biological systems (Yang and Leskovec, 2012). Studying the response network modules of different chemical components in different botanical drugs is very important to analyze the drug mechanism. It is also an important way to systematically validate the rules of “Jun-Chen-Zuo-Shi.” The intervention effect of compounds in herbal medicine could propagate through PPI (Comola and Prina, 2013). The propagation of this intervention in the network has specific propagation modes and paths. The propagation coefficient defined based on the propagation method and path is also different in the principle of “Jun-Chen-Zuo-Shi.” Enrichment analysis of gene function is a routine method for gene group function analysis, which is of great significance for revealing the molecular mechanism of different Chinese medicines in formula, and is a further explanation for the correlation between compatibility rules and mechanisms of Chinese medicines based on “Jun-Chen-Zuo-Shi”. Based on the above-mentioned features, we designed a new system pharmacology strategy, which can systematically interpret the compatibility rule of “Jun-Chen-Zuo-Shi” from structure to function and then to propagation mode at a multi-level perspective.
Taking HJD as an example, we deeply decoded the compatibility rules of TCM. Jun botanical drugs play a leading role in formula, and exert the strongest effect in treating diseases through the best chemical properties, the highest occupancy rate of active components, the highest topological structure of drug action network, the highest occupancy rate of functional communities of drug response network and the highest drug intervention coefficient and potential molecular pathways of action. The Chen botanical drugs can enhance the pharmacological effects of Jun botanical drugs and reduce the dosage required by Jun botanical drugs through slightly lower functional targets. Zuo and Shi botanical drugs could be improved the bioavailability and active component of Jun and Chen botanical drugs. In addition, the C-T-P network proves the multidirectional pharmacological treatment mechanism of TCM, i.e. multiple components, multiple targets and multiple therapeutic effects. The prescription principle of different botanical drugs provides a unique opportunity to explore multiple therapeutic mechanisms according to the efficacy of botanical drugs. The combination of different botanical drugs can not only treat diseases by increasing bioavailability or promoting the synergistic effect of different botanical drugs, but also reduce the toxicity of some botanical drugs. The synergistic mechanism and toxicity-reduced effect embodied by these compatibility rules also indicate that the botanical drug combination is more effective than the use of single botanical drug.
Additionally, HJD was widely used in the treatment of AD and PD, thus, the study of brain tissue distribution of HJD is particularly important. Passing through the blood-brain barrier (BBB) is crucial for drugs to enter the central nervous system and play therapeutic roles. Through the analysis of components absorbed into blood in HJD, we found the components that can be absorbed into blood in the Jun botanical drug of Huanglian have strong permeability of BBB (>0.3), including berberine, palmatine, coptisine, and epiberberine. However, specific components wogonin and oroxylin a absorbed into blood in the Chen botanical drug of Huangqin only have moderate permeability of BBB. This proves once again that Jun botanical drugs are the core of the formulas, and they play a major role in treating diseases.
In this study, the compatibility rule of “Jun-Chen-Zuo-Shi” of HJD was in-depth decoded from multi-scale perspective. At the components and targets level, the Jun botanical drug huanglian plays a leading role at the functional level and has good performance in most physical and chemical properties, ADME properties and functional enrichment analysis of component targets. At the C-T-P interaction level, the leading role of the Jun botanical drug huanglian is also confirmed by having the highest average degree in C-T-P network and targets coverage rate of functional communities. At the intervention propagation level, the Jun botanical drug Huanglian has highest propagation coefficient both in DM and AD, this once again confirmed the Jun botanical drug plays a leading role in a formula for treating diseases. Finally, the results of experimental validation showed that the proportion of components in Jun botanical drug were absorbed into blood is higher than Chen and Zuo botanical drugs, including berberine, palmatine, and coptisine etc. Our approach confirmed the compatibility rules of “Jun-Chen-Zuo-Shi” in HJD at multiple quantitative level. This research shows the scientific basis of “Jun-Chen-Zuo-Shi” from a multi-dimensional perspective, which providing a good methodological reference for the subsequent interpretation of key components and speculation mechanism of the formula.
 However, there are still some limitations of this study. This research is a computational pharmacological work based on pharmacological experiment data and public data. Pharmacological calculation is the forerunner and basis of the experiment, which provides a feasible scheme to reduce the verification scale for the experiment. Evidence from pharmacological experiments should be added in future research.
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Hydroxysafflower yellow A (HSYA), as a principal natural ingredient extracted from safflower (Carthamus tinctorius L.), has significant pharmacological activities, such as antioxidant, anti-inflammatory, anticoagulant, and anticancer effects. However, chemical instability and low bioavailability have been severely hampering the clinical applications of HSYA during the treatment of cardiovascular and cerebrovascular disease. Therefore, this present review systematically summarized the materials about HSYA, including acquisition methods, extraction and detection methods, pharmacokinetics, pharmacological effects and molecular mechanism, especially focus on the possible causes and resolutions about the chemical instability and low bioavailability of HSYA, in order to provide relatively comprehensive basic data for the related research of HSYA.
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INTRODUCTION
Cardiovascular and cerebrovascular disease (CCD), as one of the leading causes of mortality worldwide, has been increased rapidly and presented younger trend, with high mortality all of the world (Collins et al., 2017; Donahue and Hendrikse, 2017). Although many types of therapeutic strategies were used to treat patients with CCD, such as angiotensin converting enzyme inhibitor (ACEI), ß-receptor blocker, and statins, the outcome remains not satisfactory due to the inevitable side effects and high treatment expenditure. To address the problem, more and more studies are trying to seek treatment strategy from Traditional Chinese Medicine (TCM). Characterized by minor side effects, TCM has become an important source of natural product, such as Aspirin, Digoxin, Hydroxysafflor yellow A, which exhibit substantially protective effects against CCD (Eichhorn and Gheorghiade, 2002; Dai and Ge, 2012; Desborough and Keeling 2017; Hu et al., 2020).
Hydroxysafflor yellow A (HSYA) is a primary active product derived from safflower (Carthamus tinctorius L.), a plant of the Compositae (Asteraceae) family, which was used to improve blood circulation, eliminate blood stasis, and relieve menstrual pain as early as recorded in Kaibao Bencao. HSYA, as an indicator component to characterize the medical value of safflower recorded in The Pharmacopoeia of the People’s Republic of China from 2005 edition, possesses a broad spectrum of pharmacological activities, such as antioxidant, anti-inflammatory and anticoagulant effects, which play an important role acting on cardiovascular and cerebrovascular disease (Sun et al., 2010; Wu et al., 2012; Ma et al., 2019a; Zhou et al., 2019; Bacchetti et al., 2020). However, chemical instability and low bioavailability of HSYA severely hamper the clinical applications. It can be easily oxidized, hydrolyzed, polymerized by light, high temperature, and alkaline conditions due to its structural characteristics. The high polarity directly leads to difficulty of transmembrane transport, resulting in low bioavailability. To address these problems, new drug delivery systems were developed to improve the therapeutic efficacies of HSYA based on lipid-based carriers, such as microemulsions, self-emulsifying systems, nanoparticles, chitosan, and the combination of HSYA with other drugs, which may have a good application prospect.
The present review systematically summarized the literatures about HSYA, including botanical resources, extraction and detection methods, pharmacokinetics, pharmacological effects and molecular mechanism, especially focus on the possible causes and resolutions about the chemical instability and low bioavailability of HSYA, in order to provide relatively comprehensive basic data for the related research of HSYA.
ACQUISITION OF HYDROXYSAFFLOWER YELLOW A
HSYA is mainly extracted from safflower, but the amount is not enough to support current clinical applications. Therefore, it is urgent find other ways to obtain HSYA. At present, chemical synthesis and biosynthesis are two promising ways to obtain HSYA. The information was detailed as follows.
Acquisition From Safflower
Safflower, as the natural source of HSYA, is widely planted worldwide. It is said that safflower originated in West Asia (Iran, Nicaragua and Turkey), and were later introduced for cultivation on almost every continent except Antarctica, such as America, Australia, China, Ethiopia, India, Italy, Mexico, Spain, and so on (Figure 1). India has developed into the most productive country with the planting areas of over 760,000 hm2, and the yield of about 460,000 t, accounting for 50% of the total area and yield in the world (Liang et al., 2015).
[image: Figure 1]FIGURE 1 | The distribution of safflower in the world (The global planting area is about 1.1 million hm2). According to http://www.plantsoftheworldonline.org/taxon/urn:lsid:ipni.org:names:324467-2
Safflower is also widely cultivated in China with planting area of about 30,000–58,000 hm2, and dried flowers yield of about 1,500–2000 t every year. Xinjiang province has become the major safflower production area, covering an area of 16,700–40,000 hm2, which accounts for more than 3/4 of the total planting areas and provides more than 80% dried flowers and seeds in China. Henan province (Weihonghua, 卫红花), Zhejiang province (Duhonghua, 杜红花) and Sichuan province (Chuanhonghua, 川红花) are described as the authentic product areas of safflower in the history of China.
The content of HSYA containing in safflower were affected by many factors, including geographical origins, color and harvest time. The content of HSYA ranged from 0.05 to 14.99 mg/g by comparing 80 safflower cultivars collected from Africa, America, Asia, and Europe. HSYA in Africa cultivars was higher than that in Asia and Europe, and China cultivars is higher than that in Turkey, India and Kenya. Moreover, color is another factor to influence the content of HSYA. The darker the color of safflower, the higher the content of HSYA (red > orange > yellow > white according to PANEONE) (Tong et al., 2011; Xu et al., 2018). For example, Hebei safflower (red) was richer in HSYA (26.943 mg/g) than that in Wei safflower (white flowers, 0.472 mg/g) in China (Zhao, 2015). The most appropriate time to pick safflower is the morning of the third or fourth day after flowering (Tian et al., 2007).
Oxidation Synthesis Pathway
Chemical synthesis is an efficient way to obtain the natural or unnatural products within a short time period. Oxidation synthesis for HSYA is a rapid and highly efficient chemical synthesis method, and the synthetic pathway was shown in Figure 2A.
[image: Figure 2]FIGURE 2 | (A) Oxidative synthesis pathway of HSYA; (B) The possible biosynthetic pathway of HSYA in phytosomal.
According to a retrosynthetic analysis of HSYA, di-C-glucosyl chloroacetophenone ⑶ transformed into di-C-(per-O-acetylglucosyl) phloroacetophenone ⑷ with BF3.2AcOH at room temperature for 5 h. A further oxidation afforded the phenolic hydroxyl-free glycoside ⑸ with the quinol. Moreover, the two enantiomers of 4-(S)-2-acetyl- 4,5-dihydroxy-4,6-di-C-β-D-glucosyl-3-methoxycyclohexa-2,5-dienone ⑹ was obtained after diazomethane added to acetic acid solution of product 4 at 0°C. Finally, compound 6 transformed into HSYA ⑺. Compared the oxidant synthesis pathway mentioned above, di-C-glucosyl chloroacetophenoneoxidation ⑴ was converted into di-C-glycosylquinol⑵ via an oxidation, and then was directly transformed into HSYA ⑺ with the yield at 18%, suggesting it is worthy promoting in the future (Suzuki et al., 2017).
Biosynthetic Pathway
Biosynthesis is a multi-step enzymatic process, in which a simple product is converted into a more complex desired product in a living organism. Biosynthesis is characterized by continuous and effective production, low-carbon and friendly environment, which provides a great support to the development of natural products (Pang et al., 2015). This production model will be the main source of HSYA in the future. However, the biosynthetic pathway of HSYA in plant remains unclear. According to the vital reaction of chalcone biosynthetic pathway, one molecular of 4-coumaroyl-CoA and three molecules of malonyl-CoA are converted into naringenin chalcone (4,2′,4′,6′-tetrahydroxychalcone) via the intervention of chalcone synthase, and it was transformed into HSYA after glycosylated (Heller and Hahlbrock, 1980; Knogge et al., 1986). The possible biosynthetic pathway of HSYA in phytosomal was shown in Figure 2B.
The content of HSYA is controlled by a nuclear gene with two alleles, HSya and hsya gene. HSya gene dominates completely over hsya gene to promote HSYA biosynthesis (Zhang et al., 2009; Yang et al., 2011). sHSP is a small heat shock protein and encoded by CTL-hsyapr, which might be directly or indirectly disturb HSYA biosynthetic pathway (Tang et al., 2010). When safflower is under external pressure, CT-wpr (TDF-11) was activated, which might arouse sHSP and inhibit the expression of HSya to some extent, finally leading to the inhibition of biosynthetic pathway of HSYA (Li et al., 2010b).
EXTRACTION AND DETECTION
Extraction Methods
HSYA is highly soluble in water, while hardly dissolve in lipophilic solvents such as ethyl-acetate, ether, benzene, and chloroform. So, the most general and traditional extraction method to get HSYA is water immersion. However, water immersion has the characteristic of low yield and high consumption of raw materials (e.g., the yield of 0.023%, 800 g of safflower; the yield of 0.066%, 2000 g of safflower) (Bai et al., 2012; Li et al., 2013a). Simultaneously, high temperature, alkaline conditions, and illumination all accelerate the degradation of HSYA in the traditional procedure.
As shown in Table1, many other extraction systems were developed. Smashing tissue extraction holds an absolute advantage in time consumption compared with other extraction systems, with a yield of 1.359% in two minutes (Wang et al., 2012). MAS-I microwave extraction system with a solid and liquid ratio of 100 maintained at 70°C for 3 cycles in 20 min could obtain HSYA with higher yield of 6.96% (Yang et al., 2008). Hong et al. (2015) compared the effectiveness of MSPD, ultrasound extraction, and Soxhlet extraction methods. MSPD system obtained the highest yield at 14.89% compared with ultrasonic (12.25%) and Soxhlet extraction (13.09%), and also achieved the lowest consumption of raw materials.
TABLE 1 | Representative examples of the extraction and purification methods of HSYA.
[image: Table 1]Solvents also affect the extraction efficiency. Li et al. (2016) developed the DMSO extraction method as follows: Soak 2.0 g safflower with 14 volumes DMSO and stir for 30 min to remove impurities at room temperature in dark environment. Then soak the filter residue with 14 volumes of DMSO at 80°C for 1 h before heating for 50 min in the same environment. Soak the filter residue with another 12 volumes DMSO and repeat the steps above. Then add 3 volumes butyl acetate to the filtrate and centrifuge to obtain crimson precipitates. Finally, wash the precipitates with an appropriate amount of ethanol before drying to obtain light yellow powder with yield at 14.56%. DMSO is a “universal solvent” in areas of pharmaceutical sciences and cell biology, so it is inevitable to dissolve a lot of impurities during the extraction process, and the toxicity of DMSO is difficult to remove. Therefore, this method is not recommended to be extensively promoted.
Detection Methods
Several detectors coupled with a liquid chromatography (LC) system have already been used for HSYA detection, including diode (DAD) (Qi et al., 2007), electrochemical (ECD), mass spectrometer (MS), and ultraviolet (UV). In addition, the novel multilayer porous silicon-based immunosensor has also been applied for HSYA detection. Detailed information is provided in Table 2.
TABLE 2 | Summary of the detection methods of HSYA.
[image: Table 2]MS is the most effective detector for qualitative analysis of HSYA with a high detection sensitivity, selectivity and low-interference. HSYA and its metabolites can be accurately identified, based on mass-to-charge ratio (m/z) and fragmentation patterns.
The content of HSYA in human plasma was determined after oral administration of safflower. LC-MS/MS method with isocratic elution system composing of methanol and 5 mM ammonium acetate (80:20, v/v) was proved with a linear range of 1–1,000 ng/ml, a correlation coefficient ≥0.999 (Wen et al., 2008). Li et al. (2014) optimized the sensitivity and selectivity of this method to be more simplified and effective. The researchers replaced the Thermo syncronis C8 with Agilent ZORBAXSB C18, added ammonium acetate to the mobile phase and increased concentration dilution ratio. The modified method reduced the injection volume, improved the response intensity and peak shape, and shortened the retention time.
UPLC-DAD-MS method had the advantages of fast detection speed, good peak shape and less solvent consumption. Twenty-eight compounds were identified only in 30 min, including HSYA from Xue Fu Zhu Yu decoction, a classic prescription of TCM (Zhang et al., 2012).
UPLC-TOF-MS is the most powerful tool with accurate activity measurement and full spectral sensitivity to determine HSYA using gradient elution with acetonitrile and 0.1% (v/v) formic acid aqueous solution in ESI+. This method showed good linearity (r2 ≥ 0.9992) and precision (RSD ≤3.4%) with the limits of detection (LOD) at 35.2 ng/ml (Hong et al., 2015). Jin et al. (2016b) successfully developed a UFLC-Q-TOF-MS method to detect HSYA and its multiple metabolites in the plasma, bile, urine and feces of SD rats after oral administration with HSYA using the mobile phase consisting of methanol and 0.5‰ acetic acid in water.
The analysis speed of UV detector for HSYA is very fast, but its sensitivity and selectivity are slightly weaker than that of MS system (Chen et al., 2010). Novel multilayer porous silicon-based immunosensor is an easy way to alter the etching current periodically, which fabricated of pSi photonic crystal. The linear relationship was ranging from 1 to 3 g/ml and detection limit at 0.78 ng/ml for HSYA detection (Lv et al., 2011).
PHYSICOCHEMICAL PROPERTIES
Physical Properties
HSYA, a C-glucosyl quinochalcone, is a yellow amorphous powder with a molecular formula of C27H32O16 (Meselhy et al., 1993). It is usually used as a dye owing to its attractive color. It shows maximum absorption at 403 nm due to p-conjugated system coupled with several hydroxyl groups (Ma et al., 2014). The C-glycoside bond, located between the 1,3-diketone on the ring A, is unstable in HSYA. The hydroxyl group located at the C-2 position in the glycoside is easily condensed with the adjacent enol due to the strain effect. The pyranose ring is opened, and then forms an oxyfuran [3,2 days] benzofuran ring by a cyclization reaction (Suzuki et al., 2017). HSYA is easily degraded by light, high temperature, and alkaline conditions. HSYA emits weak fluorescence at 450 nm in aqueous solution owing to the lack of rigid planar configuration in the molecular structure, and borax can significantly increase the HSYA fluorescence intensity by 20 times (Cao et al., 2020). Due to the existence of phenolic hydroxyl groups, HSYA exists in protonated form in natural or alkaline aqueous solutions, which seriously affects its transmembrane ability and leads to low bioavailability.
Chemical Stability
Effect of pH
HSYA is easy to degrade under alkaline conditions. Pu et al. (2017) had illustrated the pH profile (1–14) of HSYA stability in aqueous solution follows an inverted V curve, and it was most unstable at pH 9. When HSYA was transferred from the aqueous solution to the buffer solution at pH 9.16, the UV absorbance was red-shifted from 404 nm to 426 nm, with the gradually increased absorbance of degradation products at 300 and 380 nm, which indicated that the electron cloud density of the conjugate system increased after rapid ionization under alkaline conditions.
As shown in Figure 3, there were two degradation products proposed in HSYA aqueous solution. The hydroxyl group at C-2ʹ was ionized under the moderate solution (pH 7–9). Intramolecular nucleophilic attacks Cβ and add O2 to the α, ß-unsaturated double bond. The two products are isomers, which obtained after hydrogen migration. There were chalcone, flavones, and carbanion intermediates detected in HSYA acidic neutral and aqueous solution. However, only flavones were found under strong alkaline conditions (pH 13).
[image: Figure 3]FIGURE 3 | The pathway of HSYA degradation (Pu et al., 2017).
Effect of Temperature
When HSYA was incubated in boiling water under dark conditions for 0, 0.5, 1, 2, and 4 h, the degradation rate of HSYA was increased gradually detected by HPLC system. The possible mechanism of HSYA degradation was that the colorless glycoside of HSYA bonded with H2O to form conjugate system, which reacted with the adjacent enol to transform the chromophore structure under the high temperature (Yue et al., 2003; Li et al., 2009). HSYA can be directly hydrolyzed and transformed into p-coumaric acid. And the hydroxyl group at the 2-position of C-glycoside of HSYA can be also condensed with the adjacent enol on A ring, and oxidized by O2 at pH 8 under the high-temperature condition, then obtained the degradations (Figure 4). Due to the instability of the degradations as enols, a mixture of the two degradations were obtained (Fan et al., 2011).
[image: Figure 4]FIGURE 4 | Proposed degradation pathways of HSYA in the buffer solution at pH 8.0 at 100°C.
Effect of Light
HSYA degrades when exposed to light, so it is generally stored in dark conditions. When distilled water solution of HSYA was exposed under sunlight, ultraviolet, incandescent light, and the dark environment respectively, the content of HSYA decreased in turn analyzed by HPLC (Li et al., 2011). The content of HSYA in aqueous solution decreased when stored under natural light at room temperature for 20 days (Wang, 2017).
Effect of Fe3+/Fe2+
When HSYA was incubated with Fe3+ (0.1 μg/ml) or Fe2+ (0.05 μg/ml) at 60°C for 10 h, the multiple nucleophilic hydroxyl groups and carbonyl groups of HSYA combined with Fe3+ and Fe2+ to form chelate compounds, leading to accelerate degradation of HSYA. Ethylenediaminetetraacetic acid (EDTA) competes with Fe3+ or Fe2+ to reduce HSYA degradation (Wang, 2017).
DRUG DELIVERY SYSTEM
A drug delivery system is responsible to control the release rate, extend the duration of drug action, and eliminate side effects, which can be divided into 4 types, including lipid-based carriers, polymer nanoparticles, inclusion complexes, and capsulations. At present, the studies on the HYSA drug delivery systems mainly focuses on lipid-based carriers, which can improve the bioavailability by reducing the high-water solubility of HSYA. Moreover, microemulsions, self-emulsifying systems, and nanoparticles can also enhance the transmembrane capacity of HSYA. In this review, we also summarized other drug deliveries, such as chitosan, and the combination of HSYA with other drugs. A detailed description is provided in Ahmed and Aljaeid, 2016, Figure 5.
[image: Figure 5]FIGURE 5 | Scheme of the pharmacokinetics of HSYA.
Microemulsions
Microemulsions are stable liquid solution consisted of water, oil, surfactant, and co-surfactant, with the characteristic of isotropic and thermodynamics. They are transparent or translucent with small droplet size, typically up to 150 nm (Lopes et al., 2014; Lv et al., 2018). Microemulsions are used to increase the permeability of hydrophilic peptides by enhancing the fluidity of cell membranes and opening tight connections between cells, which is a potential tool for hydrophilic drug molecules. Qi et al. (2011) investigated the bioavailability of HSYA microemulsion by intraduodenally administration. The microemulsion of HSYA was prepared by mixing Cremophor RH40 (surfactant), ethanol (cosurfactant), and PG (oil phase) together. Compared with HSYA aqueous solution, the bioavailability of HSYA microemulsion was increased by almost 1937%. It is worth noting that bile has a significant effect on the absorptive capacity of microemulsions. The microemulsion showed lower enhanced bioavailability of only 181% in bile duct-ligated rats. Microemulsion digested by pancreatic lipase increased 5.56 times permeability than the diluted microemulsion. The lipids and surfactants in the HSYA microemulsion might increase the fluidity of cell membranes and open the tight junctions between cells, thereby improving the permeability of hydrophilic drug molecules.
Self-emulsifying drug delivery system (SDEDDS) is a kind of the microemulsions. It could rapidly and spontaneously form a microemulsion in the gastrointestinal tract, where the peristalsis of the gastrointestinal tract and small intestine provides the necessary agitation for emulsification. SDEDDS have multiple advantages, including 100% drug entrapment capacity, physically stable formulations, no dissolution required, and submicron droplet sizes (Ghasemiyeh and Mohammadi, 2018). SDEDDS of HSYA were synthesized by inner water phase of 0.5% gelatin solution, and the external oil phase of bean phospholipids, medium chain triglycerides, Tween 80, oleic acid, and labrasol (20/65/7.4/2.5/0.1, in wt%). The study demonstrated that SDEDDS significantly improved the permeability of HSYA through Caco-2 cells monolayers, and plasma concentration increased by 2.17 times. The apparent permeability coefficient (Papp) of HSYA and HSYA-SDEDDS were (3.52 ± 1.41) × 10−6 cm/s and (6.62 ± 2.61) × 10−6 cm/s at the same concentrate (0.4 mg/ml), which improved to 1.88-fold by SDEDDS (Lv et al., 2012).
Labrafac lipophilic WL1349 (WL1349) is a medium-chain triglyceride that can be digested, absorbed, and hydrolyzed by pancreatic lipase after being emulsified by an endogenous emulsifier (such as bile). Preparation of HSYA-phospholipid complex increased lipophilicity, and dissolved in WL1349 to form a stable oil solution (a lipid-based preparation). Compared with HSYA aqueous solution, the oral bioavailability of HSYA-phospholipid complex WL 1349 oil solution in rats increased by about 37 times (Cmax of 2.79 μg/ml vs. 0.08 μg/ml within 24 h) and reduced the excretion of the drugs (8.80 ± 2.30% vs. 44.66 ± 8.00% in feces within 24 h) (Wang et al., 2008; Li et al., 2010a).
Nanoparticles
Solid lipid nanoparticles (SLN) is the earliest lipid-based nanocarriers formulated from lipids with a submicron size less than 1,000 nm, which are solid at body temperature and stabilized by emulsifiers (Koga et al., 2010). They can protect drugs against harsh environmental and are easy to mass-produce. However, owing to the crystalline structure existed in SLN, the drug-loading efficiency is poor. Some of the main lipids that have been used so far are monostearic acid, stearyl alcohol, stearic acid, glyceryl monostearate, cetyl palmitate, poloxamer 188, Tween 80, and dimethyl octadecyl ammonium bromide (DDAB) (Lee et al., 2016; Tapeinos et al., 2017; Ghasemiyeh and Mohammadi, 2018). As reported by Zhao et al. (2017), 1% Tween 80 was used as an emulsifier. HSYA-SLN with w/o/w structure prepared by micro emulsification procedure significantly improved oral bioavailability. HSYA SLNs is spherical with an average diameter of 174 ± 20 nm, zeta potential of −12.4 ± 1.2 mV, and the encapsulation efficiency is 55%. The SLNs of HSYA were stable within ten days at 4 or 30°C. SLNs of HSYA increased the oral bioavailability of HSYA in rats about 3.97-fold. It also significantly enhanced the Cmax and AUC by 7.76 and 3.99 folds. The pharmacodynamic evaluation showed that HSYA-SLNs had a better therapeutic effect on the cerebral ischemia rats compared to HSYA aqueous solutions (Zhao et al., 2018).
Others Delivery System
The combination of Ligusticum chuanxiong volatile oil (CVO) and HSYA also improved the bioavailability in rats. When HSYA co-administered with CVO of 0.02 mg/ml, the bioavailability of HSYA in rats was increased by 6.48 folds. The emulsification of CVO increased Papp of HSYA and the paracellular transport by opening the integral tight junction of Caco-2 cells.
Chitosan, a kind of biological polysaccharide, is a molecule usually obtained by deacetylation of chitin with the carbohydrate backbone structure similar to cellulose, which is composed of two kinds of repeating units, N-acetyl-D-glucosamine and D-glucosamine, combined with (1–4)-β-glucoside linkage. It is characterized by the presence of a lot of amino groups on the chain (Ahmed and Aljaeid, 2016; Hong et al., 2017). HSYA-Chitosan complex effectively improved the oral absorption of HSYA, and the bioavailability increased to 476% (Ma et al., 2015).
Drug delivery system has great potential to improve the bioavailability and chemical instability of HSYA. However, there are also some several challenges, such as high preparation cost and poor promotional effect, which need further improvement.
PHARMACOKINETICS
HSYA is one of the representative chemical compounds of biopharmaceutics classification system (BCS) class III drugs. Pharmacokinetic studies showed that HSYA had low bioavailability. The oral bioavailability of HSYA is only 1.2%, and 48% of the prototype drug is excreted in urine, 2.9% in feces, and only 0.062% ± 0.011% in bile (Zhang, 2006). Similarly, 88.6% was directly excreted through urine after intravenous administration (Sun et al., 2009) (Ahmed and Aljaeid 2016, Figure 6).
[image: Figure 6]FIGURE 6 | Proposed metabolic pathways of HSYA (Jin et al., 2016; Wu et al., 2018).
Caco-2 cell monolayer model was usually used to study the transmembrane characteristic of HSYA, and the result prompted that the absorption of HSYA is basically in line with the passive diffusion. P-gp inhibitors (verapamil) and energy metabolism inhibitors (sodium azide) failed to block the intake of HSYA, which demonstrated that the absorption of HSYA is irrelevant to the P-gp protein (Zhou et al., 2014). However, this conclusion needed more evidence to verify owing to the opposite result in another study (Wang et al., 2009). The peak concentration of HSYA generally appeared at 10 min after oral administration (Li et al., 2007). A study has shown that healthy volunteers received intravenous injections of 35, 70, and 140 mg of HSYA, the elimination half-life values (t1/2) of HSYA was 3.32 h, and the Cmax was (2.02 ± 0.18), (7.47 ± 0.67), (14.48 ± 4.70) mg L−1, respectively, (Qiao et al., 2009). HSYA has a low plasma protein binding rate (48%–54.6%, 72 h, i. v.), and it has no competitive binding to other drugs. So, HSYA is highly safe in vivo (Chu et al., 2006). Yang et al. (2009) suggested that the therapeutic effect of the single-dose HSYA indicated proportional to the dose ranging from 35 to 140 mg/kg, which conformed to first-order kinetics in healthy Chinese female volunteer. The t1/2 corresponded to the median of the range from 2.23 to 4.63 h (the average value of 3.17 h) at each dose. But this research had some potential limitations, such as a low-volume sample and only female volunteers, which lack of universality. Moreover, the combination therapy of HSYA and protocatechuic aldehyde greatly promoted the intake of HSYA (Ao et al., 2018).
HYSA is reduced and hydrolyzed, such as hydroxylation, hydroxylation and methylation, dehydration, hydrogenation and hydration, to obtain phase I metabolites under the action of hepatic microsomal drug-metabolizing enzyme in the liver. Phase II metabolism included acetylation and glucuronidation, dehydration, hydrogenation, hydration, hydroxylation with glucuronidation, deglycosylation, methylation and glucuronic acid conjugation reactions (Jin et al., 2016b; Wu et al., 2018). The possible metabolic pathways were summarized in Ahmed and Aljaeid, 2016, Figure 7. HSYA and its metabolites are distributed in the heart, liver, spleen, lung, kidney, brain and intestines. In addition, it is almost impossible to cross the healthy blood-brain-barrier (BBB), but easily to penetrate damaged BBB (Sheng et al., 2019).
[image: Figure 7]FIGURE 7 | Schematic representation of the different kinds of colloidal delivery systems.
The low bioavailability of HSYA directly blocks its therapeutic efficiency. It is difficult for HSYA to pass through phospholipid bilayer because of its strong polarity and poor membrane permeability, which is also an important reason for its low bioavailability. Therefore, the design of HSYA delivery systems mainly focused on improving its lipsolubility. Despite, HSYA exists as an undivided molecule in the strong acid environment of the stomach, it cannot be absorbed by the stomach due to its high molecular weight and strong hydrophilicity (Zhang, 2006). Besides, the small intestine actually is the main absorption site of HSYA. However, gastrointestinal metabolism in a weak alkaline environment is not conducive to the absorption of HSYA, on the contrary, it promotes degradation (Wu et al., 2018).
PHARMACOLOGICAL EFFECTS AND MOLECULAR MECHANISM
HSYA shows excellent therapeutic effects on various diseases, such as cardiovascular and cerebrovascular diseases, cancer, and so on. This part provided the biological activity of HSYA in detail (Table 3, Figure 8).
TABLE 3 | Pharmacological effects of HSYA.
[image: Table 3][image: Figure 8]FIGURE 8 | Schematic showing multiple signaling pathways of HSYA. The four crucial signaling pathways were displayed above, including NF-κB signaling pathway, PI3K-Akt signaling pathway, MAPK signaling pathway (Erk1/2, JNK, p38 signaling pathway), and Nrf2/HO-1 signaling pathway.
Cardioprotective Effects
HSYA has been proved to be a superior agent on the cardioprotective system in vivo and in vitro. HSYA (5 mg/kg, 30 min before ischemia, i. p.) was found to improve ischemia/reperfusion (I/R) injury by reducing the releases of cTnI, IL-6. LDH and the myocardial infarction size (Zhou et al., 2019). Similarly, HSYA (4 or 8 mg/kg) could reduce the expression of MIS, CK-MB, and MDA in experimental acute myocardial ischemic model, which induced by left anterior descending coronary artery (LAD) ligation (Tu et al., 2009). Furthermore, HSYA combined with nitroglycerin showed a better therapeutic action on acute myocardial infarction than HSYA alone, which produced a marked increase in SOD, eNOS, and NO content.
The mechanisms of HSYA on cardioprotective effects are related to antioxidant, free radical scavenging abilities, and anti-inflammatory activity. The nuclear factor erythroid 2-related factor 2 (Nrf2) is a transcription factor responsible for the regulation of cellular redox balance and protective antioxidant and phase II detoxification responses in mammals. On basal condition, Nrf2 binding with the chaperon protein Kelch like-ECH-associated protein 1 (Keap1) located in cytoplasm with inhibition abilities. When facing oxidant stress, Nrf2-Keap1 combination is separated. Nrf2 transports to the nucleus and activates the transcription of genes encoding. Heme oxygenase-1 (HO-1), as one of Nrf2-dependent gene, protects against oxidant stress (Loboda et al., 2016; Reuland et al., 2013). Hu et al. (2016) reported that the combination of HSYA and DSS exerted the markedly antioxidant capacity on increasing the expression of HO-1, the phosphorylation of Akt, and the translocation of Nrf2 (Figure 8). Similarly, HSYA attenuated the expression of IL-1β, TNF-α, iNOS, COX-2, MCP-1 on BV2 cells of oxygen and glucose deprivation models (OGD). HSYA also inhibited NF-κB signaling pathway, TLR4 signaling pathway and phosphorylation of p38 (Han et al., 2016; Li et al., 2013). In addition, HSYA decreased the formulation of mitochondrial permeability transition pore in hypoxic cardiac myocytes, thereby inhibiting cardiomyocytes from damage during cardiomyocyte reoxygenation (Huber et al., 2018). In summary, oxidative stress and inflammation related signaling pathways (e.g., Nrf2/OH-1, p38 MAPK, NF-κB signaling pathway and TLR4 signaling pathway all play an important role during the treatment of cardiovascular disease with HSYA.
Neuroprotective Effect
HSYA showed excellent neuroprotective effect. HSYA injection (50 mg/d and 75 mg/d) in patients with acute ischemic stroke of blood stasis syndrome might be to undergo for a phase III clinical trial (Zhu et al., 2020). HSYA (2 mg/kg, tail vein injection) protected the C57BL/6J mice against middle cerebral artery occlusion (MCAO) by decreasing the expression of inflammatory genes factors, including TNF-α, IL-1β, and NO (Lv et al., 2015). HSYA (0.6 mg/100 g, tail vein injection) could also improve spatial learning and memory ability of vascular dementia model rat by promoting angiogenesis and increasing synaptic plasticity (Zhang et al., 2014). Moreover, HSYA (6 mg/kg per day, 2 weeks, i. v.) could reduce the accumulation of amyloid precursor protein, improve synaptic function and reverse homocysteine (Hcy) induced cognitive impairment in Alzheimer’s disease mice (Lu et al., 2013).
The neuroprotective effect of HSYA might be related to the regulation of TLR4, NF-κB, p-p65, MAPK, PI3K/Akt and Nrf2/HO-1 signaling pathways (Wei et al., 2005; Lv et al., 2015; Deng et al., 2018). NF-κB is a family of dimeric transcription factors central to regulate immune development, immune responses, inflammation, cancer, and other diseases. HSYA inhibited NF-κB to exert neuroprotective effect (Yu et al., 2020). Similarly, HSYA (20 mg/kg for 28 days) could improve motor dysfunction in C57/BL6 mice model of Parkinson by promoting the expression of BDNF, p-TrkB/TrkB, DRD3, p-PI3K/PI3K and p-AKT/AKT (Wang et al., 2017).
Anticancer Effect
Some studies have found that HSYA exerted anticancer activity in several cancer cells, such as human umbilical vein endothelial cells (HUVEC), HepG2 cells, Skov3 cells, as well as some in vivo studies. HSYA could eliminate reactive oxygen species (ROS), prevent apoptosis from membrane permeability, and inhibit proliferation and migration (Ma et al., 2019a; Chen et al., 2019; Zhang et al., 2019). HSYA also increased the thymus index, and effectively down-regulate the mRNA levels of forkhead box P3-positive (Foxp3) and retinoic acid receptor-related orphan receptor-gamma-t (RORγt), which contributed to improve the tumor immune microenvironment-the key points of tumor cell proliferation and invasion (Ma et al., 2019b). What is particularly noteworthy is the anticancer abilities of HSYA might related to the excellent antioxidant effect.
Anticoagulant Effect
PAF, as the most effective platelet activator known so far, has a wide range of biological activities, and can be synthesized by a variety of cells such as platelets, leukocytes, endothelial cells. Anticoagulant effect of HSYA plays a significant mediating role in many pathological processes, such as tissue IR injury, coronary heart disease, atherosclerosis, cerebrovascular disease and many other cardiovascular diseases. HSYA dose-dependently inhibited the specific binding between [3H] PAF and washed rabbit platelet, which is considered as a new generation PAF receptor antagonist in the future (Zang et al., 2002). PAF-activated human small airway epithelial cells model was pretreated with HSYA. Guo et al. (2018) proposed that HSYA could attenuate the PAF-induced inflammatory factors, destruct cell-barrier function, and inhibit the expression of protein kinase C, MAPK, activator protein-1, and NF-κB activation to show anticoagulant effect.
Other Pharmacological Effects
In addition to the biological activities discussed above, HSYA also has other diverse pharmacological effects, such as immunodeficiency, anaphylactoid, hepatic fibrosis, pulmonary arterial hypertension, skin photosensitivity, Type 1 diabetes, vascular dementia, and so on.
HSYA is an immunomodulator that regulates the inflammatory response induced by lipopolysaccharide in various cells, including human non-small lung cancer cell line (A549 cells), H1299 and Eahy926 human endothelium cells. It could inhibit many kinase activities related to inflammatory factors, such as TNFα, IL-1β, and IL-6. HSYA could also inhibit the pro-inflammatory proteins expression, such as NF-κB p65, PI3K/Akt/mTOR, MAPK TLR-4, Myd88 and ICAM-1 (Han and Zhao, 2010; Jin et al., 2016; Jiang et al., 2019. HSYA was also proved to relieve certain respiratory conditions by decreasing mRNA levels of ICAM-1 and E-selectin elevation (Liu et al., 2014; Zhang et al., 2017). Moreover, another study implemented by Zheng et al. (2019) showed that HSYA could attenuate ovalbumin-induced allergic asthma in guinea pigs.
HSYA possesses a strong vascular relaxation effect on pulmonary arterial hypertension (PAH). It reduced the vascular tension by activating the Kv channel in pulmonary vascular smooth muscle cells (PVSMCs) (Bai et al., 2012). HSYA (6 mg/kg for 11 days) promoted angiogenesis in ischemic mice. The therapeutic mechanisms of HSYA might be associated to significantly increase the capillary-like tube formation and migration of HUVEC, enhance the expression of angiopoietin 1 and Tie-2, phosphorylations of Tie2, Akt and extracellular signal-regulated kinase 1/2 (Chen T. et al., 2016).
It is also reported that HSYA could exert protection on macroscopic skin lesions induced by ultraviolet rays (UV). It could promote the skin to regain its initial shape, elevate the activities of skin anti-oxidant enzymes, increase skin collagen content and maintain the structural integrity of the skin (Kong et al., 2013).
The combination of HSYA and deferoxamine (DFO) was discovered to improve type 1 diabetes by accelerating diabetic wound healing, promoting angiogenesis, reducing the inflammatory response, and up-regulating the expression of hypoxia-inducible factor-1 a (HIF-1 α) (Gao et al., 2018).
DISCUSSION AND CONCLUSION
In the present review, we systematically summarized the materials about HSYA, including acquisition methods, extraction and detection methods, pharmacokinetics, pharmacological effects and molecular mechanism. HSYA is proved to be an excellent antioxidant, anti-inflammatory and anticoagulant agent, so it plays an exceptional role in the treatment of cardiovascular and cerebrovascular diseases by down-regulating NF-κB signaling pathways, inhibiting MAPK signaling pathways, and attenuating the activation of Nrf-2/HO-1 signaling pathways. However, it is easily to degrade in the process of storage, extraction and separation procedure due to its chemical instability, which brings great challenges to the application of HSYA. Another major challenge is the low bioavailability caused by strong polarity. A large number of studies have been carried out to improve the chemical instability and bioavailability. Microemulsions, self-emulsifying systems, nanoparticles and other drug delivery systems have gradually improved the bioavailability, chemical stability, cellular uptake and biological activity of HSYA, which will be evaluated in clinical trials later.
Although great progress has been made in the research and application of HSYA in the past few decades, there are still many problems and challenges. First of all, chemical instability and low bioavailability of HSYA are still far from being resolved, which is still a key issue of the future research. It is important to continue the development of viable drug delivery systems for HSYA. The crucial aspects will involve in the enhancement of the solubility and bioavailability, as well as methods for selectively targeting these delivery systems to disease sites. Secondly, HSYA has been used to treat cardiovascular and cerebrovascular diseases clinically in China, but the drug target has not been completely revealed at present, which needs in-depth study later. Finally, the approach of obtaining HSYA from plants is cumbersome and complicated, and the yield is unsatisfactory. Chemical synthesis might pollute the environment, so it does not recommend to popularize. Biosynthesis is characterized by high efficiency, energy saving, and environmental protection, and it will transform into the major source of HSYA in the near future.
In short, it is the first time to systematically summarize the basic information about HSYA, which might provide relatively comprehensive basic data for the related research of HSYA.
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AUMC the plasma concentration-time curve
BBB the blood-brain barrier
DAD diode
DDAB dimethyl octadecyl ammonium bromide
ECD electrochemical
EDTA ethylenediaminetetraacetic acid
HIF-1 α hypoxia-inducible factor-1 α
HO-1 hemeoxygenase-1
HSYA Hydroxysafflor yellow A
I/R ischemia/reperfusion
LAD left anterior descending coronary artery
LOD the limits of detection
LOQ the limit of quantification
MCAO middle cerebral artery occlusion
MIS myocardial infarction size
Nrf2 nuclear factor erythroid 2-related factor 2
MSPD Matrix solid-phase dispersion
OGD oxygen and glucose deprivation models
PAH pulmonary arterial hypertension
Papp the apparent permeability coefficient
P-gp P-glycoprotein
SDEDDS Self-emulsifying drug delivery system
SLN Solid lipid nanoparticles
SY safflower yellow
TBI traumatic brain injury
UAE ultrasound-assisted treatment.
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Skeletal muscle dysfunction, a striking systemic comorbidity of chronic obstructive pulmonary disease (COPD), is associated with declines in activities of daily living, reductions in health status and prognosis, and increases in mortality. Bufei Jianpi formula (BJF), a traditional Chinese herbal formulation, has been shown to improve skeletal muscle tension and tolerance via inhibition of cellular apoptosis in COPD rat models. This study aimed to investigate the mechanisms by which BJF regulates the adenosine monophosphate-activated protein kinase (AMPK) pathway to improve mitochondrial function and to suppress mitophagy in skeletal muscle cells. Our study showed that BJF repaired lung function and ameliorated pathological impairment in rat lung and skeletal muscle tissues. BJF also improved mitochondrial function and reduced mitophagy via the AMPK signaling pathway in rat skeletal muscle tissue. In vitro, BJF significantly improved cigarette smoke extract-induced mitochondrial functional impairment in L6 skeletal muscle cells through effects on mitochondrial membrane potential, mitochondrial permeability transition pores, adenosine triphosphate production, and mitochondrial respiration. In addition, BJF led to upregulated expression of mitochondrial biogenesis markers, including AMPK-α, PGC-1α, and TFAM and downregulation of mitophagy markers, including LC3B, ULK1, PINK1, and Parkin, with increased expression of downstream markers of the AMPK pathway, including mTOR, PPARγ, and SIRT1. In conclusion, BJF significantly improved skeletal muscle and mitochondrial function in COPD rats and L6 cells by promoting mitochondrial biogenesis and suppressing mitophagy via the AMPK pathway. This study suggests that BJF may have therapeutic potential for prophylaxis and treatment of skeletal muscle dysfunction in patients with COPD.
Keywords: mitophagy, mitochondrial biogenesis, chronic obstructive pulmonary disease, Bufei Jianpi formula, skeletal muscle dysfunction
INTRODUCTION
Chronic obstructive pulmonary disease (COPD), a common and preventable disease, is characterized by persistent airflow limitations caused by chronic inflammatory responses to noxious particles and gases (Patel et al., 2019). In China, COPD has become the third leading cause of death and the third most prevalent chronic disease (Collaborators, 2015), with an estimated 99.9 million individuals aged 20 years or older with spirometry-defined COPD (Wang et al., 2018a). Skeletal muscle dysfunction (SMD), a serious systemic comorbidity of COPD (Ceco et al., 2017), has been recognized as an early disease feature and an important causative factor in the limited mobility and mortality of patients with this disease (Maltais et al., 2014; Barreiro, 2016). Studies have shown that muscle wasting is experienced in up to 30%–40% of COPD patients, with significant impairments in activities of daily living, health status, and prognosis (Mowery, 2017).
Development of SMD is likely multifactorial, with inflammation and mitochondrial dysfunction playing predominant roles. Other pathophysiological factors, including oxidative stress, imbalance of protein synthesis/degradation, hypoxia, and cellular apoptosis have also been postulated to contribute to the muscle wasting experienced by COPD patients (Barreiro and Gea, 2016). Recent studies have identified major mitochondrial abnormalities in COPD skeletal muscle cells, including decreases in mitochondrial density and biogenesis, reductions in oxidative capacity, impairments in activity and coupling of mitochondrial respiratory chain complexes, increases in production of mitochondrial reactive oxygen species (ROS), and enhancements in autophagy and apoptosis (Meyer et al., 2013; Taivassalo and Hussain, 2016).
Decreased mitochondrial biogenesis and enhanced mitophagy play particularly important roles in mitochondrial impairment. Peroxisome proliferator-activated receptor gamma coactivator (PGC)-1α has been shown to be a master regulator of mitochondrial biogenesis (Tadaishi et al., 2011). PGC-1α acts as a cotranscriptional regulatory factor that induces mitochondrial biogenesis by activating nuclear respiratory factors (NRF) 1 and 2, which then activate mitochondrial transcription factor A (TFAM), an essential factor for replication, maintenance, and transcription of mitochondrial DNA (Grabacka et al., 2016; Yu et al., 2017).
Mitophagy, on the other hand, is closely associated with the AMPK pathway. AMPK directly facilitates phosphorylation of UNC-51-like kinase (ULK1), which stimulates the mitophagic activity of ULK1 (Allavena et al., 2016). The PTEN-induced putative kinase 1 (PINK1)/Parkin pathway has also been implicated as an important molecular mechanism mediating mitophagy. While PINK1 is a protein kinase primarily located in the mitochondrial outer membrane, Parkin is an E3 ubiquitin ligase generally located in the cytoplasm. When mitochondrial damage occurs, PINK1 phosphorylates the Parkin ubiquitin ligase at S65 and initiates its recruitment to the mitochondria. Once activated, Parkin ubiquitinates substrates on the outer mitochondria for two divergent processes, autophagosome recruitment and proteasomal degradation of ubiquitinated mitochondrial substrates. Mitochondrial fission-1 protein (Fis1), a receptor on the outer membrane, governs the developing light chain (LC) 3 isolation membrane to generate an autophagosome around the damaged mitochondria. The autophagosome is then delivered to the lysosome for degradation (Hardie, 2011; Wei et al., 2017).
Traditional Chinese medicine (TCM) has been successfully used to treat COPD for thousands of years. Lung-spleen qi deficiency syndrome is believed to be the main underlying pathologic mechanism for the SMD observed in patients with COPD (Medicine, 2012). Bufei Jianpi formula (BJF), which is composed of 12 medicinal herbs, has been proven to have efficacy in patients with COPD by improving respiratory function, reducing the frequency of acute exacerbations, and enhancing exercise tolerance (Li et al., 2012a). In previous experimental studies, we also found that BJF significantly improved skeletal muscle tension and tolerance in COPD rats, reduced cellular apoptosis, and improved mitochondrial function (Dong et al., 2015; Mao et al., 2019). It remains unclear, however, if mitochondrial dysregulation underlies the SMD observed in COPD.
In this study, we aimed to explore the mechanism by which BJF affects mitochondrial regulation via the AMPK pathway in an in vivo COPD rat model and an in vitro cigarette smoke extract (CSE)-induced skeletal muscle cell line to identify potential underlying mechanisms and to provide a basis for further research.
MATERIALS AND METHODS
Reagents and Animals
Klebsiella pneumoniae (strain: 46114) was obtained from the National Center for Medical Culture Collections (Beijing, China). HongqiQu® filter cigarettes (tobacco-type of tar: 10 mg, nicotine content: 1.0 mg, carbon monoxide fumes: 12 mg) were purchased from Henan Tobacco Industry (Zhengzhou, China). Aminophylline (APL) tablets were obtained from Shandong Xinhua Pharmaceutical Co., LTD. (lot H37020630) (Shandong, China). 5-Aminoimidazole-4-carboxamide ribonucleotide (AICAR) was purchased from Selleck Chemicals (lot 2627-69-2) (Houston, TX, USA). Dorsomorphin dihydrochloride (BML-275 dihydrochloride) was purchased from MedChemExpress (lot 1219168-18-9) (Shanghai, China).
Thirty-six male and 36 female Sprague-Dawley (SD) rats with an average body weight of 200 ± 20 g were purchased from the Experimental Animal Center of Henan Province (Zhengzhou, China). The rats were housed in specific pathogen-free cages under standard temperature (25 ± 2°C) and light conditions, with a 12-h light/dark cycle, and free access to food and water. All animal studies were conducted in accordance with the Institute’s Guide for the Care and Use of Laboratory Animals and were approved by the Experimental Animal Care and Ethics Committee of the First Affiliated Hospital of the Henan University of Chinese Medicine.
Preparation of Herbal Medicines
BJF, consisting of 12 herbs (Table 1), was prepared by the Laboratory of Pharmacology in Henan University of Chinese Medicine. All herbs were prepared in a fluid extract in accordance with the standard operating procedures. The high performance liquid chromatography (HPLC) fingerprint was performed to identify the main chemical constituents in BYF. A highresolution HPLC column (Venusil XBP C18, 4.6 × 250 mm, 5 μm) (Thermo Scientific, United States) were used at a flow rate of 1.0 ml/min at 30°C. Mobile phase A was 0.1% formic acid in water and mobile phase B was acetonitrile. The gradient elution program was 5–30 min, 5–100% B. The UV spectrophotometer detector was set at 270 nm.
TABLE 1 | Components of BJF.
[image: Table 1]Preparation of BJF-Containing Serum
Sixty Sprague-Dawley rats were randomized into control and Bufei Jianpi groups. Rats in the Bufei Jianpi group were administered BJF (4.5 1g/kg/d) intragastrically 10 times once per day for 7 days. Rats in control group were administrated distilled water (2 ml per animal). On day 7, all rats were narcotized with 4% chloral hydrate and blood samples were collected, centrifugated at 3,500 rpm for 15 min, inactivated at 56°C, and stored in a −80°C freezer for further study.
Preparation of COPD Rat Model and Drug Administration
Seventy-two rats were randomly assigned to the following groups: control, model, Bufei Jianpi Formula (BJF), 5-Aminoimidazole-4-carboxamide ribonucleotide (AICAR), Bufei Jianpi Formula + 5-Aminoimidazole-4-carboxamide ribonucleotide (BJF + AICAR), and Aminophylline (APL), with 12 animals in each group. The detailed procedures for creation of the COPD rat model have been described in a previous report (Li et al., 2012b); however, in brief, rats were exposed to cigarette smoke (concentration: 3,000 ± 500 ppm) for 30 min twice per day from week 1 through week 12. In addition, 0.1 ml of Klebsiella pneumonia suspension (6 × 108 CFU/mL, 100 μL) was slowly dropped into the nasal cavities of rats every 5 days for the first 8 weeks. The successful generation of a COPD rat model was evaluated based on symptoms, lung function, and pulmonary pathology (Li et al., 2012a).
Starting from week 9, rats in the control and model groups were intragastrically administered normal saline (2 mL/animal). BJF (4.51 g/kg/d) was administered to rats in the BJF and BJF + AICAR groups, while APL (2.7 mg/kg/d) was administered to rats in the APL group twice per day for 12 weeks. AICAR (25 mg/kg/d) was intraperitoneally administered to rats in the AICAR and BJF + AICAR groups once a day during week 20. The equivalent dosages of BJF and APL were calculated using the equation:
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in which D represents dose, I represents body shape index, and W represents body weight.
All rats underwent necropsy after intraperitoneal injection of 10% chloral hydrate at 100 mg/kg of body weight at the end of week 20, and lung and quadriceps muscle tissues were collected for further analysis.
Respiratory Function Analysis in Rat Model
Lung function was measured by a whole-body plethysmography system (Buxco Inc., Wilmington, NC, USA) at weeks 0, 4, 8, 12, 16, and 20. Tidal volume (TV), peak expiratory flow (PEF), and 50% tidal volume expiratory flow (EF50) were evaluated.
Lung and Skeletal Muscle Histopathology in Rat Model
After being fixed in 10% formalin for 72 h, left lung and quadriceps muscle tissues were embedded with paraffin, cut into 4-μm thick sections, and stained with hematoxylin and eosin (HE) for light microscopy.
Skeletal Muscle Ultrastructure Morphology in Rat Model
After being cut into sections with 1-mm thicknesses, fresh quadriceps muscle tissue was fixed in 2.5% glutaraldehyde for 2 h followed by 1% osmium tetroxide. Sections were then stained with uranyl acetate, dehydrated in a methanol series and propylene oxide, and embedded with Epon-812. Ultrathin sections were obtained, and ultrastructural changes and mitophagy of skeletal muscle cells were examined using a JEM-1400 transmission electron microscope (OLYMPUS, Japan).
Measurement of Mitochondrial Function in Skeletal Muscle
Mitochondrial characteristics, including mitochondrial membrane potentials (MMP), ATP production, and opening of mitochondrial permeability transition pores (MPTPs) were measured with a JC-1 kit (Beyotime Biotech Co., Ltd., Shanghai, China), an ATP assay kit (Beyotime Biotech Co., Ltd., Shanghai, China), and an MPTP assay (Genmed Scientifics Inc., DE, USA), respectively, according to the manufacturer’s instruction and as previously described (Mao et al., 2019).
Cell Culture and Transfection
Rat L6 myoblasts (obtained from the Cell Bank of Chinese Academy of Sciences, Shanghai) were cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Solarbio Tech Co., Ltd., Beijing, China) supplemented with 10% fetal bovine serum (FBS) in a 5% CO2-humidified atmosphere at 37°C. When cells had grown by 70–90%, they were plated on dishes at a density of 1 × 105 cells/mL and incubated in 5% CO2-95% air for 24 h. On the next day, cells were treated with 10% cigarette smoke extract (CSE), 10% CSE + AICAR (2.5 ng/mL), or 10% CSE +10% BJF-containing serum in DMEM and harvested 24 h later.
Preparation of Cigarette Smoke Extract
CSE was prepared using a modified version of Sheridan’s method (Sheridan et al., 2015). Briefly, a filterless HongqiQu cigarette was combusted through a modified 50-ml syringe apparatus, and the smoke was dissolved in 20 ml of DMEM. The pH was adjusted to 7.4 with 1 mol/L sodium hydroxide and 37.5%-concentrated hydrochloric acid, and then diluted with DMEM until the optical density was measured to be 2.0 ± 0.05 using an ultraviolet spectrophotometer (Thermo Fisher Scientific, MA, USA). This solution represented “100%” strength. Smoked medium was then passed through a 0.22-µm filter to sterilize the solution. Finally, smoked medium was diluted in DMEM to the required strength and used for the experiment within 30 min.
Measurement of Mitochondrial Respiration in L6 Cells
Mitochondrial respiration was measured with a Seahorse XF Cell Mito Stress Test Kit (Agilent Technologies, CA, United States) on a Seahorse XF24 Extracellular Flux Analyzer (Seahorse Bioscience, MA, United States) according to the manufacturer’s instruction. L6 cells were seeded (10,000 cells/per well) onto Seahorse assay plates in DMEM media and treated with 10% CSE for 24 h. During the experiment, cells were switched to an XF assay medium (HCO3-free modified DMEM) supplemented with 10 mM of L-glutamine, 10 mM of glucose, and 10 mM of pyruvate, while a pH of 7.4 was maintained at 37 °C. After baseline measurement of oxygen combustion rate (OCR), a mitochondrial respiration test was performed by sequential additions of 1.0 μM oligomycin, 2.0 μM carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone, and 0.5 μM rotenone/antimycin A. Several mitochondrial parameters were determined, including basal respiration, maximal respiratory capacity, proton leak, and non-mitochondrial respiration. The results were expressed as OCRs (pmol/min/lg protein).
Measurement of Mitochondrial Membrane Potentials in L6 Cells
For measurement of mitochondrial membrane potentials, L6 cells were seeded in 6-well plates with a density of 1 ×105 cells per well and treated with 10% CSE, 10% CSE + AICAR, or 10% CSE +10% BJF-containing serum for 24 h. Before the experiment, cells were treated with carbonyl cyanide m-chlorophenyl hydrazone (CCCP) (100 μM, Sigma) for 1 h as a positive control. Changes in mitochondrial membrane potentials of L6 cells in different groups were then assessed using the JC-1 mitochondrial membrane potential detection kit according to the manufacturer's instruction. Red fluorescence represented JC-1 aggregates, whereas green fluorescence represented the monomeric form of JC-1. Fluorescence intensity was analyzed by a Varioskan® Flash Microplate Reader (Thermo Fisher Scientific, MA, USA). MMPs in each group were calculated as the ratio of red/green fluorescence. In addition, cells were visualized using confocal laser scanning microscopy at a 514-nm excitation and a 529-nm emission for green and a 585-nm excitation and a 590-nm emission for red.
Measurement of ATP Levels in L6 Cells
For measurement of ATP levels, L6 cells were seeded in 6-well plates with a density of 1 ×105 cells per well for 24 h. After treatment with study drugs, cells were lyzed using a cell lysis reagent, and the ATP content in cell lysates was measured using an ATP assay kit (Beyotime Biotech Co., Ltd., Shanghai, China) following the manufacturer’s protocol. The total and mitochondrial protein concentrations were determined using a bicinchoninic acid (BCA) protein assay kit (Beyotime Biotech Co., Ltd., Shanghai, China).
RNA Isolation and Real-Time PCR Analysis
Expression levels of mRNA in quadriceps muscle tissuewere analyzed by semiquantitative polymerase chain reactions (qPCR). Total RNA was extracted from the quadriceps muscle using a total RNA isolation kit (Solarbio Tech Co., Ltd., Beijing, China) according to the manufacturer's protocol. Real-time (RT)-qPCR was performed using a reverse transcriptase kit (Solarbio Tech Co., Ltd., Beijing, China) and a SYBR Green Master Mix (Vazyme Biotech Co., Ltd. Nanjing, China). To normalize the amount of total RNA in each reaction, a reference gene (GAPDH) was used as an internal standard.
Western Blotting
Total proteins from cells or tissue samples were lyzed in a lysis buffer and quantified using a BCA assay. Ten-cell lysates were loaded into each well in 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gels and transferred to a polyvinylidene difluoride (PVDF) membrane. Membranes were blocked in 5% nonfat milk in tris-buffered saline and polysorbate 20 (TBST) for 2 h at room temperature and incubated with the indicated primary antibodies, including anti-AMPK-α, anti-p-AMPK-α, anti-PGC-1α, anti-TFAM, anti-LC3B, anti-ULK1, anti-PINK1, anti-Parkin, anti-mammalian target of rapamycin (mTOR), anti-sirtuin 1 (SIRT1), anti-peroxisome proliferator-activated receptor (PPAR)γ (Abcam, Cambridge, United Kingdom), or anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (Proteintech, Wuhan, China) at 4°C overnight. After incubation with the HRP-coupled secondary antibody (Proteintech, Wuhan, China) at room temperature for 2 h, signals were detected using a super-enhanced chemiluminescence plus reagent and scanned and quantified by a ChemiDoc MP imaging system (Bio-Rad, CA, USA).
Statistical Analysis
Data are expressed as mean ± SD. Statistical differences between the groups were identified by one-way analysis of variance (ANOVA). Differences were considered to be significant at P-values of < 0.05.
RESULTS
Fingerprint of BJF The retention time values of the identified compounds were compared with that of the reference substances. A representative chromatogram of BJF was shown in Figure 1. 7 compounds including Bergenin (1.3456 mg/g), Calycosin-7-glucoside (0.5616 mg/g), Hesperidin (1.1755 mg/g), Epimedium A (0.6869 mg/g), Icariin (1.1195 mg/g), Nobiletin (0.0951 mg/g), BaohuosidⅠ (0.0806 mg/g) were identified and their structures had also been shown.
[image: Figure 1]FIGURE 1 | Chromatogram fingerprint of Bufei Jianpi formula (BJF). The 7 compounds were identified in BJF: 1, Bergenin; 2, Calycosin-7-glucoside; 3, Hesperidin; 4, Icariin; 5, Epimedium A; 6, Nobiletin; 7, Baohuoside Ⅰ.
BJF Attenuated the Severity of Respiratory and Skeletal Muscle Dysfunction in COPD Rats
To assess potential effects on skeletal and lung tissues, BJF was orally administered to COPD rats for 12 weeks using APL as a positive control. We found that BJF attenuated declines in body weight and respiratory function in COPD rats. As shown in Figure 2A, the body weight of rats in the model group increased slowly and was significantly lower than the control group at week 8. This decrease in body weight was markedly inhibited by treatment with BJF, APL, and AICAR, with no significant differences between the effects of these substances.
[image: Figure 2]FIGURE 2 | Effects of Bufei Jianpi formula (BJF) on COPD rats. (A) Body weight and pulmonary function [data are presented as mean ± SD (n = 6 per group)], (B) lung histomorphology, with red arrow indicating airway wall thickening, yellow arrow indicating pulmonary alveoli wall rupture, and blue arrow indicating inflammatory cell infiltration [hematoxylin and eosin (HE) staining, magnification ×100, scale bar = 100 μm], (C) skeletal muscle histomorphology, with red arrow indicating the increased intervals between muscle fibers, yellow arrow indicating muscle fiber atrophy and blue arrow indicating muscle fibers disarrangement (HE staining, magnification ×200, scale bar = 200 μm), and (D) skeletal muscle ultrastructure, with red arrow indicating mitochondrial autophagosomes fusing with lysosomes and yellow arrow indicating mitochondria complicated with vacuoles (magnification ×50,000). AICAR, 5-aminoimidazole-4-carboxamide ribonucleotide; APL, aminophylline.
As shown in Tables 2–4, respiratory function analysis revealed that the PEF was significantly decreased in the model group at week 4 and that the VT and EF50 declined in the model group at week 8. Treatment with BJF, APL, and AICAR resulted in increased VT, PEF, and EF50.
TABLE 2 | Tidal volume analysis.
[image: Table 2]TABLE 3 | Peak expiratory flow analysis.
[image: Table 3]TABLE 4 | 50% tidal volume expiratory flow analysis.
[image: Table 4]We also found that BJF obviously reduced lung injury identified on histopathological examination. As shown in Figure 2B, the structure of the pulmonary alveoli and airways were fully intact in control rats, while marked airway wall thickening, alveolar wall rupture and inflammatory cell infiltration were observed in the lungs of COPD rats. These pulmonary histopathological impairments were significantly improved in rats treated with BJF, APL, and AICAR, with reductions in inflammatory cell infiltration, especially in the BJF and BJF + AICAR groups.
BJF also obviously improved morphological and ultrastructural changes in skeletal muscle of COPD rats. As shown in Figures 2C,D, marked morphological changes, including muscle fiber atrophy and disarrangement, increased intervals between muscle fibers, uneven myocyte cytoplasmic staining, and differently sized nuclei were observed in the skeletal muscle of model rats. These changes were improved after treatment with BJF, APL, and AICAR, particularly in the BJF and BJF + AICAR groups. While the model, APL, and AICAR groups showed marked ultrastructural changes, including an abundance of swollen mitochondria with increased number of vacuoles, a fracturecrest of the mitochondria, and increased mitophagy, BJF ameliorated these abnormal mitochondrial findings.
BJF Ameliorated Mitochondrial Function in COPD Rats
To confirm the effect of BJF on mitochondrial function, we measured the levels of mitochondrial functional indicators. As shown in Figures 3A–C, MMPs, MPTP openings, and ATP levels in model rats were significantly lower than in control rats, with BJF administration significantly increasing MMPs, MPTP openings, and ATP levels. Meanwhile, AICAR and APL increased levels of MMPs and ATP but had no effect on MPTP openings.
[image: Figure 3]FIGURE 3 | Effects of Bufei Jianpi formula (BJF) on mitochondrial function of COPD rats. (A) Mitochondrial membrane potential (B) mitochondrial permeability transition pore openings (MPTPs); and (C) adenosine triphosphate (ATP) levels. Data are presented as mean ± SD (n = 6 per group). ∗∗p < 0.01, ∗p < 0.05 vs. control group; ##p < 0.01, #p < 0.05 vs. model group; ΔΔP < 0.01, ΔP < 0.05 vs. BJF group; ▲▲p < 0.01, ▲p < 0.05 vs. 5-aminoimidazole-4-carboxamide ribonucleotide (AICAR) group; and □□p < 0.01, □p < 0.05 vs. BJF + AICAR group. APL, aminophylline.
BJF Promoted Expression of Mitochondrial Biogenesis Factors via Regulation of the AMPK Signaling Pathway in COPD Rats
To explore the mitochondrial biogenesis-related mechanisms of BJF, we measured mRNA and protein levels of AMPK-α, PGC-α, and TFAM in skeletal muscle tissues of COPD rats. As shown in Figures 4A–C, mRNA levels of AMPK-α, PGC-α, and TFAM were markedly decreased in model rats. While treatment with BJF and APL significantly promoted expression of AMPK-α, PGC-α, and TFAM mRNA, AICAR upregulated levels of AMPK-α and PGC-α but not TFAM. As shown in Figures 4D–H, protein expression of AMPK-α, p-AMPK-α, PGC-α, and TFAM were lowered in model rats compared with control rats. BJF, AICAR, and APL treatment resulted in dramatic increases in AMPK-α, p-AMPK-α, PGC-α, and TFAM protein expression.
[image: Figure 4]FIGURE 4 | Effects of Bufei Jianpi formula (BJF) on expression of mitochondrial biogenesis factors in COPD rats. (A–C) Real-time polymerase chain reaction validation of adenosine monophosphate-activated protein kinase (AMPK-α), peroxisome proliferator-activated receptor gamma coactivator (PGC-α), and mitochondrial transcription factor A (TFAM) mRNA expression changes and (D–H) representative Western blot analysis of AMPK-α, p-AMPK-α, PGC-α, and TFAM protein expression levels. Data are shown as mean ± SD (n = 6 per group). ∗∗p < 0.01, ∗p < 0.05 vs. control group; ##p < 0.01, #p < 0.05 vs. model group; ΔΔP < 0.01, ΔP < 0.05 vs. BJF group; ▲▲p < 0.01, ▲p < 0.05 vs. 5-aminoimidazole-4-carboxamide ribonucleotide (AICAR) group; □□p < 0.01, □p < 0.05 vs. BJF + GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
BJF Downregulated Expression of Mitophagic Factors via Regulation of the AMPK Signaling Pathway in COPD Rats
To identify the mitophagy-related mechanisms of BJF, we measured mRNA and protein levels of LC3B, ULK1, PINK1, and Parkin in skeletal muscle tissues of COPD rats. As shown in Figures 5A–D, we found that LC3B, ULK1, PINK1, and Parkin mRNA levels were significantly upregulated in COPD rats in comparison to control rats. While treatment with BJF, AICAR, and APL downregulated expression of LC3B, ULK1, PINK1, and Parkin mRNA, AICAR upregulated levels of all the above-mentioned indicators. Additionally, protein expression of LC3B, ULK1, PINK1, and Parkin were markedly decreased in COPD rats compared with control rats. While BJF and APL treatment upregulated protein expression of LC3B, ULK1, PINK1, and Parkin, AICAR showed no effect on the level of LC3B (Figures 5E–J).
[image: Figure 5]FIGURE 5 | Effects of Bufei Jianpi formula (BJF) on expression of mitophagic factors in COPD rats. (A–D) Real-time polymerase chain reaction validation of light chain 3B (LC3B), UNC-51-like kinase (ULK1), PTEN-induced putative kinase 1 (PINK1), and Parkin mRNA expression levels. (E–J) Representative Western blot analysis of LC3B, ULK1, PINK1, and Parkin protein expression. Data are presented as mean ± SD (n = 6 per group). ∗∗p < 0.01, ∗p < 0.05 vs. control group; ##p < 0.01, #p < 0.05 vs. model group; ΔΔP < 0.01, ΔP < 0.05 vs. BJF group; ▲▲p < 0.01, ▲p < 0.05 vs. 5-aminoimidazole-4-carboxamide ribonucleotide (AICAR) group; □□p < 0.01, □p < 0.05 vs. BJF + AICAR group. GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
BJF Improved CSE-Induced Mitochondrial Injury in L6 Cells
To explore the effects of BJF treatment on mitochondrial membrane potentials, a JC-1 fluorescent probe was measured in rat L6 cells under CSE conditions. The ratio of JC-1 red to green fluorescence was significantly decreased in CSE-exposed L6 cells; however, treatment with BJF and AICAR significantly increased MMPs in L6 cells (Figures 6A,B). As shown in Figures 6C,D, BJF also markedly improved opening of MPTPs and ATP levels in CSE-exposed L6 cells.
[image: Figure 6]FIGURE 6 | Bufei Jianpi formula (BJF) improved cigarette smoke extract (CSE)-induced mitochondrial injury in L6 cells. (A) Effect of BJF on mitochondrial membrane potential. Red fluorescence represents the mitochondrial aggregate form of JC-1, indicating an intact mitochondrial membrane potential. Green fluorescence represents the monomeric form of JC-1, indicating dissipation of ΔΨm (confocal laser scanning microscope, magnification ×200, scale bar = 50 μm), (B) mitochondrial membrane potential, (C) ATP, and (D) mitochondrial permeability transition pore (MPTP) openings. Data are presented as mean ± SD. ∗∗p < 0.01, ∗p < 0.05 vs. control group; ##p < 0.01, #p < 0.05 vs. model group; ΔΔP < 0.01, ΔP < 0.05 vs. BJF group. AICAR, aminoimidazole-4-carboxamide ribonucleotide; CCCP, carbonyl cyanide m-chlorophenyl hydrazone.
BJF Restored Mitochondrial Respiration in CSE-Exposed L6 Cells
To determine the effects of BJF on mitochondrial respiration, L6 cells were treated with a 10% CSE, 10% CSE +10% BJF-containing serum, or a 10% CSE + AICAR for 24 h, and OCRs were measured. As demonstrated in Figures 7B–F, significant reductions in basal respiration, ATP production, proton leak, and maximal respiratory capacity were observed in L6 cells after exposure to CSE. BJF treatment markedly reversed these CSE-induced changes.
[image: Figure 7]FIGURE 7 | Bufei Jianpi formula (BJF) restored mitochondrial respiration in cigarette smoke extract (CSE)-exposed L6 cells. (A) Schematic representation of the mitochondrial functional assay, and (B) mitochondrial respiration under CSE conditions. L6 cells were treated with 10% CSE, 10% CSE +10% BJF-containing serum, or 10% CSE + 5-aminoimidazole-4-carboxamide ribonucleotide (AICAR) for 24 h. The cells were then switched to unbuffered Dulbecco’s modified Eagle’s medium supplemented with pyruvate, followed by real-time analysis of oxygen consumption rate (OCR). Analysis of (C) basal respiration, (D) adenosine triphosphate (ATP) production, (E) proton leak, and (F) maximal respiration. Data are presented as mean ± SD. ∗∗p < 0.01, ∗p < 0.05 vs. control group; ##p < 0.01, #p < 0.05 vs. model group; ΔΔP < 0.01, ΔP < 0.05 vs. BJF group.
BJF Regulated Expression of Mitochondrial Biogenesis Factor in CSE-Exposed L6 Cells
To explore the effects of BJF on mitochondrial biogenesis, mRNA and protein levels of AMPK-α, PGC-α, and TFAM were measured in L6 cells exposed to CSE. As shown in Figures 8A–C, mRNA expression levels of AMPK-α, PGC-α, and TFAM were markedly lower in L6 cells exposed to CSE than in control cells, and BJF administration markedly reversed these changes. Meanwhile, AICAR upregulated levels of AMPK-α and PGC-α but had no effect on levels of TFAM. As shown in Figures 8D–H, protein expression of AMPK-α, p-AMPK-α, PGC-α, and TFAM were lowered in L6 cells exposed to CSE compared with control cells. BJF treatment resulted in dramatic increases in these changes,while AICAR upregulated levels of AMPK-α, p-AMPK-α and TFAM.
[image: Figure 8]FIGURE 8 | Bufei Jianpi formula (BJF) regulated expression of mitochondrial biogenesis factors in cigarette smoke extract (CSE)-exposed L6 cells. (A–C) Real-time polymerase chain reaction validation of adenosine monophosphate-activated protein kinase (AMPK-α), peroxisome proliferator-activated receptor gamma coactivator (PGC-α), and mitochondrial transcription factor A (TFAM) mRNA expression levels and (D-H) Representative Western blot analysis of AMPK-α, p-AMPK-α, PGC-α, and TFAM protein expression levels. Data are presented as mean ± SD. ∗∗p < 0.01, ∗p < 0.05 vs. control group; ##p < 0.01, #p < 0.05 vs. model group; ΔΔP < 0.01, ΔP < 0.05 vs. BJF group. GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
BJF Downregulated Expression of Mitophagic Factor in CSE-Exposed L6 Cells
We measured mRNA and protein levels of ULK1, PINK1, and Parkin in L6 cells under CSE conditions. As shown in Figures 9A–G, ULK1, PINK1, and Parkin mRNA levels were significantly upregulated in CSE-induced L6 cells in comparison to control cells. Meanwhile, BJF treatment downregulated ULK1, PINK1, and Parkin mRNA and protein expression levels. Similarly, AICAR increased Parkin protein expression.
[image: Figure 9]FIGURE 9 | Bufei Jianpi formula (BJF) downregulated expression of mitochondrial autophagic factors in cigarette smoke extract (CSE)-exposed L6 cells. (A–C) Real-time polymerase chain reaction validation of UNC-51-like kinase (ULK1), PTEN-induced putative kinase 1 (PINK1), and Parkin mRNA expression levels and (D–G) Representative Western blot analysis of ULK1, PINK1, and Parkin protein expression levels. Data are presented as mean ± SD. ∗∗p < 0.01, ∗p < 0.05 vs. control group; ##p < 0.01, #p < 0.05 vs. model group; ΔΔP < 0.01, ΔP < 0.05 vs. BJF group. GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
BJF Regulated the AMPK Signaling Pathway in CSE-Exposed L6 Cells
To further explore the effects of BJF treatment on the AMPK signaling pathway, mRNA and protein levels of factors downstream of AMPK, including mTOR, PPARγ, and SIRT1 were analyzed. As shown in Figures 10A–G, mRNA levels of mTOR, PPARγ, and SIRT1 were significantly decreased after administration of CSE for 24 h, and treatment with BJF and AICAR inhibited these changes. Similarly, BJF increased protein expression of mTOR, PPARγ, and SIRT1, while AICAR upregulated levels of PPARγ and SIRT1 but had no effect on mTOR levels. BML increased mRNA expression of PPARγ , SIRT1and protein expression of PPARγ.
[image: Figure 10]FIGURE 10 | Bufei Jianpi formula (BJF) regulated the adenosine monophosphate-activated protein kinase (AMPK) signaling pathway in cigarette smoke extract (CSE)-exposed L6 cells. (A–C) Real-time polymerase chain reaction validation of mammalian target of rapamycin (mTOR), PPARγ, and SIRT1 mRNA expression levels and (D–G) Representative Western blot analysis of mTOR, peroxisome proliferator-activated receptor (PPAR)-γ, and sirtuin 1 (SIRT1) protein expression levels. Data are presented as mean ± SD. ∗∗p < 0.01, ∗p < 0.05 vs. control group; ##p < 0.01, #p < 0.05 vs. model group; ΔΔP < 0.01, ΔP < 0.05 vs. BJF group; ▲▲p < 0.01, ▲p < 0.05 vs. AICAR group. GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
DISCUSSION
TCM has been widely used for treatment of COPD for thousands of years. BJF, a traditional Chinese herbal formula for lung-spleen qi deficiency syndrome, has been shown to have reproducible efficacy for treatment of COPD in previous clinical and experimental studies (Li et al., 2012a; Dong et al., 2015; Mao et al., 2019). In this study, we showed that BJF significantly improved SMD in rats with COPD via regulation of the AMPK pathway which is shown in Figure 11. It also improved mitochondrial function and decreased mitophagy in model rats and a myocyte cell line exposed to cigarette smoke extract.
[image: Figure 11]FIGURE 11 | The Proposed Pathway of BJF for the Treatment of Skeletal Muscle Dysfunction in COPD. BJF improves skeletal muscle and mitochondrial function in COPD rats and L6 cells by promoting mitochondrial biogenesis and suppressing mitophagy via the AMPK pathway.
Mitochondria, an important and essential organelle in the skeletal muscle, is involved in metabolic regulation and ATP production, which are two key elements of muscle contractibility and plasticity (Abrigo, 2019). Many evidence has accumulated to support the notion that mitochondrial dysfunction contribute to the poor endurance capacity and atrophy that characterize locomotor muscle dysfunction in patients with COPD (Allaire, 2004). There are several potential therapeutic agents targeted at reducing mitochondrial impairment in skeletal muscle of patients with COPD, including polyunsaturated fatty acids (PUFA), exercise rehabilitation, and mitochondria-targeting antioxidant therapies (Taivassalo and Hussain, 2016). TCM has also been shown to have clinically beneficial effects on mitochondrial impairment. For example, Astragalus polysaccharide has been shown to improve mitochondrial dysfunction via inhibiting the opening of a mitochondrial permeability transition pore, improving synergistic interactions between mitophagy and mitochondrial fusion. (Huang et al., 2016; Sun et al., 2014.). Our previous study also showed that BJF reversed the reductions in mitochondrial density observed in COPD rats and improved skeletal muscle tension and tolerance (Dong et al., 2015). In the present study, we demonstrated that BJF treatment elevated indicators of effective mitochondrial functioning, including ATP, MMP, and MPTP openings in COPD rats, as well as restored levels of mitochondrial respiration in CSE-exposed L6 cells.
Mitochondria use oxidative phosphorylation to synthesize ATP, which provides 90% of the energy required for all cellular activities (Zhang L. et al., 2017). Thus, damage to the mitochondria reduces ATP synthesis; this not only directly leads to mitochondrial swelling, disruption of cristae, and uncoupling of oxidative phosphorylation but also exacerbates ion metabolism disorders (Formentini et al., 2017). Repeated vicious cycles ultimately lead to myocyte damage and cause impairment. Several studies have found that the skeletal muscle cells of patients with COPD hold features of mitochondrial dysfunction, such as increased synthesis of ROS and decreased ATP production (Puente-Maestu et al., 2009). A normal mitochondrial membrane potential is a prerequisite for maintaining oxidative phosphorylation and ATP synthesis, to ensure normal mitochondrial activity. The MPTP is located between the outer and inner mitochondrial membranes and is a nonselective complex pore composed of several proteins. The MPTP cyclical opening maintains the calcium ion flow, pH, and charge equilibrium in the mitochondrial matrix, ensuring a stable membrane potential while maintaining mitochondrial homeostasis. Pathological or other factors can stimulate the MPTP and induce its excessive opening, which results in the influx of a large number of protons from the inner membrane to the matrix and, hence, in the loss of mitochondrial membrane potential, uncoupling of oxidative phosphorylation, and ATP synthesis failure. In addition, aberrant opening of the MPTP may allow solute molecules to freely pass through the mitochondrial matrix and trigger significant mitochondrial swelling. Ultimately, mitochondrial swelling can lead to the disruption of the mitochondrial outer membrane and the release of cytochrome C and other pro-apoptotic factors, thereby activating apoptosis or necrosis pathways (Bernardi et al., 2015; Ong et al., 2015; Teixeira et al., 2018). One study found that MPTP opening is aberrant in the skeletal muscles of COPD patients (Puente-Maestu et al., 2009). In contrast, another study reported that COPD patients were less prone to aberrant MPTP opening in the skeletal muscles compared with healthy individuals (Picard et al., 2008). To date, relatively few studies have explored the MMP and MPTP opening in the skeletal muscles of COPD patients; therefore, further research on these factors is warranted. This study showed that ATP synthesis, MMP levels, and MPTP opening were significantly increased in BJF and BJF+AICAR group. These results suggest that “the spleen is the source of qi and blood” and is closely associated with mitochondrial function. In addition, BJF can significantly improve mitochondrial function, thereby ameliorating skeletal muscle atrophy.
The mitochondria are essential for cellular aerobic respiration, partaking in stages 2 and 3 (i.e., Krebs cycle and oxidative phosphorylation). Our study measured the respiratory characteristics of mitochondria under cellular baseline and stress conditions. there is evidence indicated that mitochondrial aerobic respiration was inhibited in L6 skeletal muscle cells exposed to high-dose fructose, with significantly reduced oxygen consumption rate, basal and maximal respiration, and ATP synthesis (Jaiswal et al., 2015). Nevertheless, another study found that resveratrol could partially overcome dexamethasone-induced impaired mitochondrial respiration in C2C12 myoblasts, thereby preventing mitochondrial dysfunction. The results of this study showed that treatment with CSE could decrease basal mitochondrial oxygen consumption rate, ATP synthesis, and proton leakage in L6 cells (Liu et al., 2016). Taken together, these results suggest that CSE-induced mitochondrial dysfunction and BJF can significantly increase aerobic respiration in mitochondria.
Different factors related to mitochondrial dysfunction, including abnormalities in mitochondrial biogenesis and mitophagy, may contribute to the loss of skeletal muscle strength that leads to functional declines in patients with COPD (Wiegman et al., 2015). AMPK, a vital regulator of bioenergetic metabolism, is critical for mitochondrial biogenesis and mitophagy in muscle cells (Zhang et al., 2018). AMPK activates TFAM via regulation of PGC-1α and NRF, which contributes to mitochondrial biogenesis when activated by hypoxia and oxidative stress. PGC-1α has been shown to play a central role in enhancing mitochondrial biogenesis (Islam et al., 2018). TFAM is another key molecule in the regulation of mtDNA copy numbers and mitochondrial function (Kang et al., 2018). Emerging evidence indicates that levels of PGC-1α and TFAM are decreased in COPD rats (Remels et al., 2007; Lu et al., 2017; Zhang M. et al., 2017). Meanwhile, other studies have demonstrated that protein expression of PGC-1α is significantly lower in patients with COPD due to decreased numbers of type I fibers (van den Borst et al., 2013; Puente-Maestu et al., 2013). These studies suggest that these factors may serve important regulatory functions in COPD-related mitochondrial dysfunction. In the present study, BJF was shown to effectively upregulate mitochondria biogenesis by increasing expression levels of AMPK-α, PGC-1α, and TFAM.
The PINK1/Parkin pathway is one of the main molecular mechanisms mediating the mitophagic process. A previous study showed that the number of autophagosomes was clearly increased in skeletal muscles of patients with COPD, which was associated with functional impairments in lungs and muscular atrophy. Increased expressions of LC3BII/I and p-ULK have also been observed in COPD patients (Kneppers et al., 2017), indicating abnormalities in autophagy. In the present study, we found that the levels of ULK1, PINK1, Parkin, and LC3B were significantly increased in the skeletal muscle of COPD rats, while treatment with BJF or APL could inhibit mitophagy to different degrees. MTOR is a 289-kDa serine/threonine protein involved in multiple cellular processes, including autophagy (Maiese, 2016). AMPK plays an important role in the signaling cascade of mTOR by inhibiting mTORC1 activity, which results in induction of autophagy (Duan et al., 2016). SIRT1 is a downstream target of AMPK and is therefore downregulated when p-AMPK is downregulated (Qi et al., 2014). In the present study, we found that BJF upregulated expression of mTOR, PPARγ, and SIRT1 via regulation of the AMPK signaling pathway in CSE-exposed L6 cells. Therefore, these results suggest that BJF can improve mitochondrial dysfunction by suppressing mitophagy and enhancing mitochondrial biogenesis via regulation of the AMPK signaling pathway.
Nevertheless, further study is needed to figure out which chemical components in BJF are responsible for suppressing mitophagy and enhancing mitochondrial biogenesis, maybe other mechanism involve in this process.
CONCLUSION
In conclusion, this study demonstrated that BJF can improve the SMD observed in COPD both in vitro and in vivo by promotion of mitochondrial biogenesis and by suppression of mitophagy via regulation of the AMPK pathway. The results of this study indicate potential mechanisms for future therapeutic agents and provide a basis for further study of SMD in COPD patients.
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GLOSSARY
AICAR 5-aminoimidazole-4-carboxamide ribonucleotide
AMPK adenosine monophosphate-activated protein kinase
APL aminophylline
ATP adenosine triphosphate
BCA bicinchoninic acid
BFJ Bufei Jianpi formula
CCCP carbonyl cyanide m-chlorophenyl hydrazone
COPD chronic obstructive pulmonary disease
CSE cigarette smoke extract
DMEM Dulbecco’s modified Eagle’s medium
EF-50 mid-tidal expiratory flow
FBS fetal bovine serum
FCCP carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone
Fis-1 mitochondrial fission-1 protein
GAPDH glyceraldehyde 3-phosphate dehydrogenase
HE hematoxylin and eosin
LC3B light chain 3B
MMP mitochondrial membrane potential
MPTP mitochondrial permeability transition pores;
mTOR mammalian target of rapamycin
NRF nuclear respiratory factor
OCR oxygen combustion rate
PEF peak expiratory flow
PGC-1α peroxisome proliferator-activated receptor gamma coactivator
PINK-1 PTEN-induced putative kinase 1
PPAR peroxisome proliferator-activated receptor
PVDF polyvinylidene difluoride
ROS reactive oxygen species
SD Sprague–Dawley
SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis
SIRT1 (sirtuin 1)
SMD skeletal muscle dysfunction
TCM traditional Chinese medicine
TFAM mitochondrial transcription factor A
TV tidal volume
ULK-1 UNC-51-like kinase
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Due to the complex nature of traditional medicines, quality control methods need to cover two aspects: compliance of raw materials with quality standards and process control. Astragali radix (AR), the roots of Astragalus mongholicus Bunge, was selected in this study as an example of a widely used traditional medicine in various formulations. Astragaloside IV (AG IV) and calycosin 7-O-β-D-glucoside (CG) are used as the markers for the quality control of AR and its products in the Chinese Pharmacopoeia. However, in the raw materials, malic acid esters of the CG and acetate esters of the astragaloside are easily decomposed into CG and AG IV during storage and processing of AR to make extracts for various preparations. The thermal stability of the isoflavonoids and astragalosides in decoction was studied. The level of CG and astragalosides (AG I/AG II/AG IV) was strongly affected by prolonged heat during processing, while calycosin was stable in the conditions. Also the major astragalosides in AR could fully converted into AG IV which eventually reaches a stable level under certain conditions. With calycosin and AG IV as marker components, practical, reproducible, and precise methods were established and applied to the quality analysis of AR from its raw materials to its intermediates and products. This study demonstrates that a full chemical profiles analysis of the whole manufacturing process (from “raw materials—intermediates/extracts—final product”) is important to identify quality markers (Q-markers) and even to establish proper analysis methods for traditional Chinese medicine products.
Keywords: astragali radix, quality control, process analysis, quality markers, fingerprint analysis
INTRODUCTION
Astragali radix (AR) (Huang Qi in Chinese) is derived from the dried roots of Astragalus mongholicus or A. membranaceus (Fisch.) Bge (National Commission of Chinese Pharmacopoeia, 2015). For more than 2,000 years it is one of the most widely used Chinese herbal medicines and also functional food for reinforcing “Qi” (vital energy). It’s traditionally used for revitalizing, tonifying, skin reinforcement diuretic, abscess-draining, and tissue-generative purpose (National Commission of Chinese Pharmacopoeia, 2015). Modern pharmacological studies have demonstrated that AR possesses a variety of biological activities, such as immunomodulating (Jin et al., 1994), anti-oxidative (Lee et al., 2005), and cardiovascular protective function in diabetic nephropathy (Fu et al., 2014). AR is widely used in different complex formulations, and there are almost 150 traditional Chinese patent medicines (TCPMs) containing AR described in the Chinese Pharmacopoeia (2015 version) (National Commission of Chinese Pharmacopoeia, 2015).
The TCPMs that contain AR include granules, capsules, tablets, syrups, plasters/concentrated decoctions, and so on. The manufacturing processes of these products must at least include the extraction of AR pieces with hot water, followed by concentration of the decoction (National Commission of Chinese Pharmacopoeia, 2015). During the processing, from raw materials to concentrated extract, conversions of constituents may occur due to e.g., high temperature, and prolonged contact with air, pH and water (Lin et al., 2000; Chu et al., 2014). For a proper quality control ensuring reproducible end products, Q-markers are required that have a stable level during the whole production process. The Q-markers should be chemically stable and its levels can be followed during the whole manufacturing process. So whole process (i.e., from “raw materials—intermediates/extracts—final product”) analysis is very necessary to identify Q-markers.
Isoflavonoids and triterpene saponins are important active compounds in AR. Astragaloside IV (AG IV) and calycosin 7-O-β-D-glucoside (CG) are used as the marker substances for the quality control of AR and its products in the Chinese Pharmacopoeia (National Commission of Chinese Pharmacopoeia, 2015). However, it has been reported that calycosin 7-O-β-D-(6″-malonyl) glucoside (CGM) is unstable during sample preparation and may degrade into CG (Lin et al., 2000). Astragaloside I (AG I), isoastragaloside I (iAG I), astragaloside II (AG II), and acetylastragaloside I (acetyl AG I) were also shown to be unstable and to be converted into AG IV under basic conditions (Chu et al., 2014). These observations imply that the CG and AG IV contents detected in AR are the results of chemical transformations during manufacturing process and sample preparation, and thus their levels are affected by the degree of transformation. Therefore, the present quality analysis methods based on AG IV and CG as Q-markers of AR and its products should be reconsidered. Previous studies on AR, have identified the major small molecules and different quantification methods have been developed for AR and its products (Qi et al., 2006; Song et al., 2007; Qi et al., 2008; Song et al., 2008; Zhao et al., 2018). However, the stability of the levels of Q-makers during the whole manufacturing process and sample preparations were neglected. Specific studies on the stability of the levels of these constituents and their possible chemical conversions during manufacturing processes and sample preparation are essential to guarantee the accuracy of the quality control methods.
This study aims to analyze the stability of the major components of AR during the manufacturing process to identify proper Q-markers for AR, and then develop a practical analytical method for the quality control of AR and its preparations based on these markers. The analysis of the stability of the levels of major components of AR was done by following the changes of chemical profiles throughout the manufacturing process (i.e., from “pieces—freeze-dried powders of extracts—granules”) (Figure 1). To achieve a proper quality control protocol, fingerprint analysis of isoflavonoids including quantitation of calycosin content was established, as well as an optimized method for the determination of AG IV content in AR and its products. This study demonstrates how to develop quality control methods for TCPMs that are independent of processing in the whole production chain from raw materials to its final products. The Q-markers can be accurately detected in raw materials to terminal products, which provides methods for the whole chain analysis of traditional Chinese medicine (TCM) and facilitates the traceability analysis of the quality of TCM.
[image: Figure 1]FIGURE 1 | Flow chart of integrated strategy for screening process independent markers and establishing quality control methods for raw materials and its products with Astragali Radix.
MATERIALS AND METHODS
Chemicals, Materials and Reagents
Pieces, freeze-dried powders of extracts, and formula particles (the final formulated product in the form of granules, batch NO. 406209L, 1406002, 1506027, 1601057, 6101141, 5090891) of AR were obtained from Tianjiang Yifang Company, China. A voucher specimen (RA-YP-1∼RA-YP-12; RA-DGF-1∼RA-DGF-12; RA-PFKL-1∼RA-PFKL-6) were deposited in the herbarium of the Institute of Chinese Materia Medica, China Academy of Chinese Medical Sciences. The dosage forms and batch numbers used are listed in Table 1. Reference compounds, including astragaloside IV (AG IV, S1, CHB170727), calycosin 7-O-β-D-glucoside (CG, F1, CHB161105), and calycosin (C, F7, CHB161104) were obtained from the National Institute for the Control of Pharmaceutical and Biological Products. Their purity, as determined by HPLC, was above 98%. The structures of these compounds are shown in Supplementary Figure S1. The quality of the AR pieces used met the requirement of the Chinese Pharmacopoeia (2015 version) (National Commission of Chinese Pharmacopoeia, 2015).
TABLE 1 | The batch numbers, correlation coefficients to the mean chromatogram of pieces of Astragali Radix, and mean content of quality marker (calycosin and astragaloside IV) for pieces (YP-1–YP-12), freeze-dried powders (DGF-1–DGF-12), and formula granules (PFKL-1–PFKL-6) of Astragali Radix in this study. The mean content was calculated with the weight of target compounds divided by the weight of the samples.
[image: Table 1]HPLC-grade acetonitrile (Fisher Scientific, United States), Optima liquid chromatography–mass spectrometry (LC-MS)-grade formic acid (Fisher Scientific, Czech Republic), and pure water (Wahaha, China) were used as mobile phases. UniElut C18EC column (500 mg/6 ml) were bought from Acchrom Instrument (Beijing) Technologies Co., Ltd. Other reagents and chemicals were of analytical grade. All solvents and samples were filtered through 0.45-μm membrane filters (Jinteng, Tianjin, China) before being injected into the HPLC system.
Preparation of Solutions
Preparation of Standards Solution
Reference compounds, including AG IV, CG, and C, were accurately weighed and dissolved in methanol to form 1 mg/ml stock solutions, and stored at 4°C for further use.
Sample Preparation for Isoflavonoid Analysis
Dried pieces of AR were milled to a homogeneous powder and then sieved through a No. 65 mesh listed in Chinese pharmacopeia. Samples of the powder were accurately weighed to a mass of 1 g, placed in a 50 ml centrifuge tube, and ultrasonicated (40 kHz, 500 W) with 15 ml of methanol for 30 min. After being centrifuged (at 3,000 × g) for 5 min, the methanol solution was collected and filtered. The residue was washed twice with 7.5 ml of methanol, ultrasonicated (40 kHz, 500 W) for 5 min, centrifuged (at 3,000 × g) for 5 min, and filtered again. The filtrates were combined, passed through a membrane filter (0.45 µm), and then a sample was injected into the HPLC system.
Freeze-dried powder and granule sample were accurately weighed to a mass of 0.3 and 0.8 g, respectively, and then placed in a 50 ml centrifuge tube and ultrasonicated (40 kHz, 500 W) with 20 ml of an aqueous solution containing 5% methanol for 10 min. After being allowed to cool, the methanol solution was filtered through a membrane filter (0.45 µm) and injected into the HPLC system for analysis.
Sample Preparation for Astragaloside IV Content Determination
Extraction and preparation of AR pieces was carried out as described in our previous study (Zhao et al., 2018).
Each sample of freeze-dried powder and formula granules was accurately weighed, 0.3 and 0.5 g, respectively, placed in a 50 ml centrifuge tube. After addition of 20 ml of aqueous solution containing 60% methanol, the sample was ultrasonicated (40 kHz, 500 W) 30 min. After adding 10 ml of ammonia, the aqueous methanol solution was centrifuged (at 3,000 × g) for 30 min and filtered. The residue was washed with a mixture of 2 ml of a 60% methanol solution and 1 ml of ammonia, and then centrifuged (at 3,000 × g) for 30 min. The filtrates were combined and loaded onto a solid-phase extraction column (SPE column, UniElut C18EC column, 500 mg/6 ml), which had been activated with 5.0 ml methanol. The SPE column was washed with 5.0 ml of water, and then eluted with 5.0 ml methanol. The methanol eluent was collected and filtered through a membrane filter (0.45 µm), and finally injected into the HPLC system for analysis.
HPLC and MS Analysis Conditions
HPLC-DAD Conditions for Isoflavonoid Analysis
HPLC-DAD analyses were performed using a 1200 Series HPLC (Agilent)-DAD system. A YMC-Triart C18 column (250 × 4.6 mm. 5 µm) was used for the chromatographic separations. The mobile phase consisted of 0.1% formic acid in acetonitrile (A) and water with 0.1% formic acid (B), using a gradient elution of 5–20% A at 0–8 min, 20–25% A at 8–15 min, 25% A at 15–20 min, 25–40% A at 20–30 min, and 40–60% A at 30–40 min. The wavelength was set at 260 nm. The injection volume was 20 μl, and the flow rate was 1 ml/min.
HPLC-ELSD Conditions for Astragaloside Content Determination
HPLC with evaporative light scattering detector (HPLC-ELSD) analyses were performed using a 1200 Series HPLC (Agilent)-ELSD system (Alltech 2000 ES). A YMC-Triart C18 column (250 × 4.6 mm. 5 µm) was used for chromatographic separations. The mobile phase consisted of 0.1% formic acetonitrile (A) and water with 0.1% formic acid (B), using a gradient elution of 5–10% A at 0–5 min, 10–32% A at 5–10 min, 32–45% A at 10–30 min, 45–95% A at 30–35 min, and 95–5% A at 35–40 min. The injection volume was 20 μl, and the flow rate was 1 ml/min. ELSD was performed with nitrogen as the carrier gas at a flow rate of 2.5 L/min, and the nebuliser temperature was set to 100°C.
HPLC-Linear Trap Quadrupole-MS Analysis
To identify the major peaks in the HPLC-UV/ELSD chromatograms, the high-performance liquid chromatography system coupled with a high-resolution linear trap quadrupole Orbitrap mass spectrometry (Thermo Scientific, United States) was used. A full-scan model was employed, and the m/z range was set to 150–1,000. Electrospray ionization was done with the following conditions: a source heater temperature of 400°C, capillary temperature of 350°C, ion spray voltage of 3.5 kV, capillary voltage of 35 eV, gas flow rate of 35 arb, and auxiliary gas flow rate of 10 L/h. A data-dependent scan was used for tandem mass spectrometry (MS/MS).
Method Validation
Calibration Curves and Linearity Range
A series of analyses were conducted to validate the performance of the methods, including determinations of their linearity, precision, repeatability, stability, and accuracy. The relative standard deviation (RSD) was used to evaluate the precision of the developed method. Methanol stock solutions of AG IV and C were prepared and diluted to appropriate concentration ranges for the construction of calibration curves. The calibration curve of C was constructed using its peak areas and its calculated concentrations. The calibration curve of AG IV was constructed by plotting the logarithm of the peak areas vs. the logarithm of its concentrations.
Precision, Repeatability, Stability, and Accuracy
Analyses of intra-day variations among six successive injections were chosen to determine the precision of the developed method. To confirm its repeatability, six different working solutions from the same sample were prepared and analyzed. The sample stability was determined by examining one sample at different times during one day, at 0, 1, 2, 4, 12, and 24 h. Over this period, the solution was stored at room temperature.
The recovery of the marker components was determined by spiking the same amount of reference standards into samples with known contents, and these were then extracted and analyzed as described in Preparation of Solutions and HPLC and MS Analysis Conditions sections. The recoveries were calculated with the following formulas: recovery (%) = (detected amount − original amount)/added amount × 100%; and RSD (%) = (SD/Mean) × 100.
Stability Test of AR Decoction During Processing
Preparation of AR Decoction
Pieces of AR (100 g) were placed in 800 ml of water for 30 min at room temperature, and then refluxed for 1 h (at 100°C). Each decoction was filtered, and the residue was refluxed for another 30 min in 600 ml of water (at 100°C). The filtrates were combined and evaporated to a final volume of <500 ml under reduced pressure at a temperature not exceeding 50°C, and then the volume of the concentrated solution was adjusted to 500.0 ml in a volumetric flask using water. The solution was centrifuged at 12,000 rpm for 20 min prior to analysis of the supernatant.
Stability Test of AR Decoction in the Heating Process
The final AR decoction was separated into nine Eppendorf (EP) tubes, which were then closed and sealed with sealing film. Three of them were heated for 0, 0.5, and 2 h at 100°C, respectively, and the processed solutions were then cooled to room temperature, centrifuged at 12,000 rpm for 20 min, and analyzed by HPLC with DAD/ELSD.
Stability Tests of Aqueous Solution of Standards
Stability tests were conducted using pure compounds (AG II and AG IV) as representative of astragalosides and an aqueous solution of a mixture of main astragalosides (AG II, iAG II, AG I, and iAG I) in AR. Known amounts (10–50 μl) of the solutions of the target compounds were added to water prior to vortex mixing and centrifugation. The supernatant was divided into six tubes, which were closed and heated at 100°C for 2 h. The samples were then cooled to room temperature, filtered, and analyzed using HPLC-ELSD. These analyses were conducted as described in HPLC and MS Analysis Conditions section, and the peaks were identified using pure standard compounds and a high-resolution linear trap quadrupole Orbitrap, as described in HPLC-Linear Trap Quadrupole-MS Analysis section.
Data Analysis
The software “Similarity Evaluation System for Chromatographic Fingerprint of TCM” published by GPC (Version 2004A) was employed. This software was used to generate the mean chromatogram as a representative standard fingerprint chromatogram for a group of chromatograms, calculate the correlation coefficients among these, and carry out a similarity analysis to compare the samples with the mean chromatogram based on the peak areas. The relative retention time (RRT) and relative peak area (RPA) of each common peak in the mean chromatogram were calculated, using calycosin (C) as reference within each preparation, respectively, to semi-quantitatively express the different chemical properties in the chromatographic profiles of the samples.
RESULTS AND DISCUSSION
Method Optimization for the Analysis of Isoflavonoids
Optimization of Sample Preparation Methods for AR Pieces
The Chinese Pharmacopeia (National Commission of Chinese Pharmacopoeia, 2015) uses reflux heating for 4 h in methanol for the sample preparation method for the determination of CG and AG IV contents in AR roots. However, such a method is not convenient for analysis of a large number of samples. To shorten the time of sample preparation, we developed an ultrasonic extraction method. Different parameters were investigated, including the amount of MeOH, ultrasonication times, and extraction time, to reach a complete extraction of C. The reason why C instead of the CG was selected as the Q-marker of AR was demonstrated in The Stability of Isoflavonoids in AR During Manufacturing Process section. The amount of sample was kept the same as used in the Chinese Pharmacopeia (version 2015) (National Commission of Chinese Pharmacopoeia, 2015). The results indicated that the most efficient dissolution was sonication with methanol for three times (Supplementary Table S1), as described in Sample Preparation for Isoflavonoid Analysis section.
Optimization of the Sample Preparation Methods for Freeze-Dried Powder and Formula Granules of AR
Different sample preparation methods for freeze-dried powder and formula granules of AR were investigated. The amount of sample was calculated in accordance with the extraction rate (∼33.0%) and the proportion of its excipients in granules to ensure that the amount in the sample was consistent with that in the AR pieces. The extraction ability of different solvents (water, 5% methanol, and 50% methanol) and extraction times (10, 30, and 60 min) to extract C were tested. The results indicated that the most efficient solvent was the one using 5% methanol as solvent with sonication for 10 min (Supplementary Table S1), as described in Preparation of Solutions section.
Optimization of HPLC Separation
An HPLC-DAD fingerprint analysis of the isoflavonoids in AR was established based on the literature (Qi et al., 2008). The chromatographic conditions were further optimized based on the following principles: 1) to be suitable for the analysis of both the alcohol and the aqueous extract of AR; and 2) to be able to detect the main isoflavonoids in the extracts of AR with baseline separation. After optimizing different chromatographic parameters, including the elution gradient, column temperature, and injection volume, were set as described in HPLC and MS Analysis Conditions section.
The Stability of Isoflavonoids in AR During Manufacturing Process
Fingerprint Analysis of Isoflavonoids
The fingerprints of 12 batches of AR pieces, 12 batches of freeze-dried AR powders, and six batches of AR formula granules, from the same manufacturer, were analyzed using the established conditions of fingerprint analysis. The mean chromatograms of AR pieces, freeze-dried powders, and formula granules were generated as described in Data Analysis section (Figure 2), and 10 common peaks were observed for AR among raw materials, intermediates, and final preparations. The common peaks were identified with high-resolution MS by comparisons with our in-house database, and confirmed with analyses of standard compounds. These common constituents included isoflavones [calycosin 7-O-β-D-glucoside (CG, F1), calycosin (C, F7), calycosin 7-O-β-D-(6″-malonyl)-glucoside (CGM, F2), formononetin-7-O-glucoside (FG, F3), formononetin (F, F8), and 6″-O-malonylononin (FGM, F6)], pterocarpans [(6αR, 11αR)-3-hydroxy-9,10-dimethoxypterocarpan-3-O-β-D-glucoside (F4) and (6αR, 11αR)-3-hydroxy-9,10-dimethoxypterocarpan (F9)], and isoflavans [(3R)-7,2′-dihydroxy-3′,4′-dimethoxyisoflavan-7-O-β-D-glucoside (F5) and (3R)-7,2′-dihydroxy-3′,4′-dimethoxyisoflavan (F10)] (Qi et al., 2008; Qi et al., 2009) (Table 2). The RRT and RPA of these 10 common peaks were calculated using C (F7) as the reference peak in the mean chromatogram of each respective preparation (Table 3).
[image: Figure 2]FIGURE 2 | The mean chromatograms of isoflavonoids used as representative fingerprint chromatograms in analyses of the extracts of Astragali radix pieces (S1), freeze-dried powders (S2), and formula granules (S3) by HPLC-DAD at 260 nm [F1: calycosin 7-O-β-D-glucoside; F2: calycosin 7-O-β-D-glucoside-6″-O-malonate; F3: formononetin-7-O-glucoside; F4: (6αR, 11αR)-3-hydroxy-9,10-dimethoxypterocarpan-3-O-β-D-glucoside; F5: (3R)-7,2′-dihydroxy-3′,4′-dimethoxyisoflavan-7-O-β-D-glucoside; F6: 6″-O-malonylononin; F7: calycosin; F8: formononetin; F9: (6αR, 11αR)-3-hydroxy-9,10-dimethoxypterocarpan; F10: (3R)-7,2′-dihydroxy-3′,4′-dimethoxyisoflavan].
TABLE 2 | Assignment of identities to isoflavonoids and saponins detected in the HPLC chemical profiles of Astragali radix by high-resolution LC-MS.
[image: Table 2]TABLE 3 | Relative retention time and relative peak area of common peaks in the mean chromatograms of pieces, freeze-dried powders, and formula granules of Astragali Radix with peak F7 in each chromatogram as reference.
[image: Table 3]Difference Between the Fingerprint of Isoflavonoids in Pieces, Freeze-Dried Powder, and Formula Granules of AR
The correlation coefficients between the mean chromatograms of the pieces, freeze-dried powder, and formula granules of AR showed that there were differences in the chemical compositions of the raw materials, intermediates, and final preparations of AR (Supplementary Table S2). Compared with AR pieces, the RPA of CG in freeze-dried powder and formula granules was significantly higher, while that of CGM was much lower. In formula granules, the content of CG was four times higher than that in other forms of AR, while the peak of CGM (F2) was almost absent. The same phenomenon was observed for FG and FGM. The chromatographic profiles of the aglycones (F8–F10) in the different preparations were similar.
The Thermal Stability of Isoflavonoids in the Water Decoction of AR
The remarkable increase in the RPA of CG and FG and the significant decrease in the RPA of CGM and FGM from raw materials to granules may be related to the instability of CGM and FGM. For further study, a decoction of AR was prepared and its thermal stability was investigated at 100°C. The results showed that the RPA of CGM and FGM decreased significantly after heating for 30 min, and after 4 h heating these peaks were not detectable anymore. Meanwhile, the RPA of CG and FG increased significantly with heating (Supplementary Figure S2). The duration of heating seems to be a major reason for the degradation of CGM and FGM into CG and FG in the aqueous decoction of AR. The levels of CG and FG in the final preparations of AR are thus dependent on the exposure time to heat in the manufacturing process. A previous study on FGM and CGM showed that these esters were almost completely converted into their related glycosides when the decoction was refluxed for 16 h in an 80% ethanol extract or stored in an 80% methanol extract at room temperature for 4 weeks (Lin et al., 2000). Apparently the levels of FGM and CGM seems to be good indicators for the processing of the aqueous and alcoholic preparations of AR roots, low levels of these compounds means that the material has been exposed to heat for prolonged time or has been stored for long periods.
At present, CG is used as the index for isoflavonoids in the quality evaluation of AR in the Chinese Pharmacopoeia (version 2015) (National Commission of Chinese Pharmacopoeia, 2015). However, due to the thermal instability of CGM, the content of CG will increase during sample preparation and storage. Therefore, although CG itself is stable during sample preparation, it is not suitable as a Q-marker of AR and its preparations. Our data show that C remains stable during the manufacturing process. A similar observation was reported for F in Hedysari radix (Liu et al., 2006). Calycosin has a variety of pharmacological properties, such as vascular endothelial cell protection, anti-osteoporosis, antioxidant, anti-tumor, and immunomodulating properties (Zhang et al., 2015). In addition, it is a typical phytoestrogen, with estrogen-like effects. Our previous studies found that the estrogen receptor activity of C is greater than that of CG. Therefore, C can be considered as a marker compound for AR because of its chemical properties as well as its activity. The sample preparation and determination methods of C were optimized as descried in Method Optimization for the Analysis of Isoflavonoids section and the final established methods were described in Preparation of Solutions and HPLC and MS Analysis Conditions sections.
The Stability of Saponins in AR During Manufacturing Process
The Chemical Profile of Saponins in AR and Its Preparations
We first analyzed the saponins’ profile in AR by HPLC-ELSD (Figure 3A). A total of more than seven peaks were found to be in common for the different materials analyzed. By high-resolution MS they were identified as Astragaloside IV (AG IV), astragaloside III (AG III), astragaloside II (AG II), isoastragaloside II (iAG II), astragaloside I (AG I), isoastragaloside I (iAG I), and acetylAG I. A method for the simultaneous determination of the content of different saponins (AG IV, AG II, iAG II, AG I, iAG I, and acetyl AG I) was established using UPLC time-of-flight MS (UPLC-TOF-MS) (Qi et al., 2008). Analyzing the content of astragalosides in different preparations, the following observations were made: 1) in AR pieces, the content of AG I was significantly higher than that of other astragalosides; 2) in formula granules of AR, the content of AG II was significantly higher than that of other astragalosides; and 3) in the oral liquids of AR, AG IV was the main components. The astragalosides (AG I, iAG I, AG II, iAG II, and acetyl AG I) are acetylated derivatives of astragaloside IV, which differ only in the number and positions of the acetyl groups in their β-D-xylose attached at position C-3 (Supplementary Figure S1). The differences in the astragalosides’ profiles in the different preparations seem to be related to the loss of the acetyl groups of the xylose group during the manufacturing process. Loss of all acetyl groups results in AG IV as final product.
[image: Figure 3]FIGURE 3 | Chromatographic profiles of aqueous extracts of Astragali radix before (A) and after (B) the addition of ammonia, as determined by HPLC–ELSD. [S1: astragaloside IV (AG IV); S2: astragaloside III (AG III) and formononetin; S3: astragaloside II (AG II); S4: isoastragaloside II (iAG II); S5: astragaloside I (AG I); S6: isoastragaloside I (iAG I); S7: acetylastragaloside I.]
The Stability of Astragalosides in Aqueous Solution at High Temperature
A decoction of AR was prepared and its thermal stability was investigated at 100°C. The results showed that the RPA of AG I, iAG I and iAG II decreased significantly with heating, while the RPA of AG IV increased significantly (data not shown). This result indicates that AG I, iAG I and iAG II in the decoction of AR were unstable and they may be transformed into AG IV during heating. Then, the stability of an aqueous solution of a mixture of astragalosides (AG II, iAG II, AG I, and iAG I) was tested. The HPLC chromatograms of the samples heated for 2 h at 100°C showed that the levels of AG II, iAG II, AG I, and iAG I decreased while the content of AG IV increased (data not shown). Further investigations of the stability of two single standard compounds (AG II and AG IV) showed that in an aqueous solution, at room temperature, AG II was partly transformed into AG IV, and heating at 100°C further promoted the conversion of AG II into AG IV, while AG IV was stable in this condition (Supplementary Figure S3). Thus, heating is a major factor promoting the deacetylation reaction, leading to the transformation of astragalosides. The proposed chemical degradations of astragalosides were summarized in Supplementary Figure S4. This explains the different saponin profiles of AR preparations. Heat and long term storage lead to preparations with only AG IV, as found in oral liquid samples of AR (Qi et al., 2008). This implies that the saponins’ fingerprint for AR gives information about the manufacturing process and storage.
Method Optimization for the Analysis of Astragaloside IV
The sample preparation for the AG IV determination in the Chinese Pharmacopoeia (National Commission of Chinese Pharmacopoeia, 2015) (version 2015) involves reflux extraction, liquid-liquid separation with n-butanol, and liquid-liquid separation with ammonia, which may take more than 2 days to complete per sample. Therefore, we optimized and established practical method for the determination of AG IV content in raw materials and pieces of AR (Zhao et al., 2018). This method replaces all of the time-consuming preparation steps with sonication extraction and ammonia hydrolysis, shortening the preparation time from around 2 days to less than 2 h. Sample preparation methods and analysis methods were optimized in this study for freeze-dried powder and formula granules of AR as described below.
Optimization of Extraction Methods for Freeze-Dried Powder and Formula Granules of AR
The sample preparation methods for freeze-dried powder and formula granules of AR were investigated. The extract ability of different solvents [5% methanol (v/v), 60% methanol (v/v), and methanol] and extraction times (10, 30, and 60 min) to extract AG IV were tested. The results indicated that extraction with 60% (v/v) methanol and sonication for 30 min showed the best performance in sample preparation (Supplementary Table S1), as described in Sample Preparation for Isoflavonoid Analysis section.
Optimization of the Amount of Ammonia
One critical step for the sample preparation of AR in Chinese Pharmacopoeia was reverse extraction with ammonia (National Commission of Chinese Pharmacopoeia, 2015). The purpose of this step was to transform other saponins into AG IV (Zhao et al., 2018). As an important parameter, the amount of ammonia solution needed for the transformation of astragalosides into AG IV was investigated. The fingerprint profiles of the astragalosides of AR extracts before and after adding 10 ml of ammonia solution ammonia were analyzed by HPLC-ELSD and compared (Figure 3). The results show that, under the specific conditions, the content of AG IV increased, while the peaks of all other astragalosides disappeared. The peak area of AG IV increased with the increased amount of ammonia solution, reaching its highest amount with 10 ml or more of ammonia solution. This implies that AG II, iAG II, AG I, iAG I, and acetyl AG I can be completely converted into AG IV which was stable under this alkaline conditions. Therefore, 10 ml of ammonia solution was used in this study.
Optimization of the Enrichment Methods of Astragaloside IV
The most practical method for the determination of AG IV content is the HPLC-ELSD. ELSD is a universal detector that gives very strong signals of primary compounds in the water extracts of herbal materials. Therefore it is necessary to remove the major primary metabolites from the aqueous AR extracts and the AR preparations, before the analysis of the saponins. Especially in case of formulated granules, the various excipients may interfere with the analysis. An SPE column separation method was applied to enrich AG IV in samples and remove the primary compounds. The following parameters were investigated in a step-by-step approach: the amount of ammonia added (1, 5, 10, 12, and 15 ml), the size of the SPE column (1,000 mg/6 ml and 500 mg/3 ml), the volume used in the water elution (3, 5, and 6 ml), and the volume used in the methanol elution (3, 5, and 6 ml). Finally, the content of AG IV was compared among procedures and the optimized methods were described in HPLC-ELSD Conditions for Astragaloside Content Determination section.
Optimization of ELSD Conditions for the Determination of Astragaloside IV
The effects of the elution gradient, carrier gas velocity (2.3, 2.4, 2.5, 2.7, and 2.8 L/min), and temperature of the drift tube (100, 105, and 110°C) of ELSD were investigated simultaneously. The largest peak area of AG IV was obtained at the flow rate of 2.4 L/min and the drift tube temperature of 110°C. The analytical method to determine AG IV content was described in HPLC-ELSD Conditions for Astragaloside Content Determination section.
Method Validation and Sample Analysis
Method Validation
The calibration curve of C was successfully constructed as follows: Y = 90,909X − 19.877, where Y is the peak area and X is the concentration of C (mg/ml). The calibration curve of AG IV was also constructed, as: ln(Y) = 1.6723ln(X) − 1.8336, where ln(Y) is the natural logarithm of the peak area and ln(X) is the logarithm of the concentration of AG IV (mg/L). The LOD, LOQ, precision, stability, repeatability, and accuracy of the established methods for the determination of C and AG IV content are summarized in Supplementary Table S3. All results for the precision, stability, repeatability, and accuracy of these methods confirmed their validity and acceptability.
Sample Analysis
Samples of 12 batches of AR pieces, 12 batches of AR freeze-dried powders, and six batches of AR formula granules from the same manufacturer were analyzed by applying the specific extraction procedure for each type of material and the chromatographic methods for isoflavonoids and saponins. All analyses were repeated three times, and the data were recorded and expressed as the mean contents of C and AG IV (Table 1). The results demonstrated that this developed method was suitable for the determination of C and AG IV content in AR, from its raw materials to its final preparations.
CONCLUSION
This study demonstrates that investigating the manufacturing process of traditional medicines from their raw materials to final preparations/products by chemical profile analysis is useful and effective for both the selection of suitable marker components and establishment of proper analytical methods for the quality control of traditional medicines. The quality control of the whole manufacturing process needs the process independent markers from the original raw plant material. For AR roots that is calycosin in case of the isoflavonoids and astragaloside IV in case of saponins. The established fingerprint methods for isoflavonoids and quantification methods for calycosin and AG IV were further validated by the analysis of a large number of samples, ranging from raw materials to final products. The developed methods were found to be simple, robust and reproducible, and thus suited as reliable quality control procedures for AR and its derived products. This work provides a demonstration study on the whole-process quality control of TCM and provides reference for improving the quality control methods of AR in Chinese Pharmacopoeia. The results suggest that it is necessary to reanalyze the quality control methods of other Chinese herbal medicines and their products derived from their water decoctions.
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Several clinical therapies such as tissue repair by replacing injured tissues with functional ones have been reported; however, there is great potential for exploring traditional herbal-induced regeneration with good safety. Tongqiao Huoxue Decoction (TQHXD), a well-known classical traditional Chinese medicinal formula, has been widely used for clinical treatment of stroke. However, biological activity and mechanisms of action of its constituents toward conferring protection against cerebral ischemia-reperfusion (I/R) injury remain unclear. In this present study, we evaluated TQHXD quality using HPLC; then, it was screened for its potential active ingredients using a series of indices, such as their drug-likeness and oral bioavailability. Subsequently, we analyzed the potential mechanisms of TQHXD anti-I/R using gene ontology functional enrichment analyses. The network pharmacological approach enabled us to screen 265 common targets associated with I/R, indicating that TQHXD had remarkable protective effects on infarction volume, neurological function scores, and blood-brain barrier (BBB) injury. In addition, TQHXD significantly promoted the recovery of regional cerebral blood flow (rCBF) 7 days after reperfusion compared to rats in the vehicle group. Immunofluorescence results revealed a significantly higher CD34 expression in TQHXD-treated rats 7 days after reperfusion. TQHXD is not merely effective but eventually develops a secretory profile composed of VEGF and cerebral blood flow, a typical signature termed the angiogenesis-associated phenotype. Mechanistically, our data revealed that TQHXD (6 g/kg) treatment resulted in a marked increase in expression of p-focal adhesion kinase (FAK) and p-Paxillin proteins. However, Ki8751-mediated inhibition of VEGFR2 activity repealed its angiogenesis and protective effects and decreased both p-FAK and p-Paxillin protein levels. Taken together, these findings affirmed the potential of TQHXD as a drug for the management of stroke, which might be exerted by increasing the angiogenesis via the VEGF pathway. Therefore, these results provide proof-of-concept evidence that angiogenesis is a major contributor to TQHXD-treated I/R and that TQHXD is a promising traditional ethnic medicine for the management of this condition.
Keywords: Tongqiao Huoxue Decoction, cerebral ischemia reperfusion injury, angiogenesis, vascular endothelial growth factor, network pharmacology
INTRODUCTION
Stroke is the second leading cause of death in the world owing to its high morbidity, mortality, and disability rates (Benjamin et al., 2018). Approximately four-fifths of all patients with stroke suffer from ischemia stroke, and most of them live with disabilities for a long time (Mozaffarian et al., 2015). One of the principles of clinical treatment of ischemic stroke is to restore blood flow in time. Although this approach is an effective protection measure, long-term accumulation of reperfusion can lead to cerebral ischemia-reperfusion (I/R) injury. Treatment of I/R injury-induced ischemic stroke is challenging. To date, recombinant plasminogen activator is still the only drug approved by the Food and Drug Administration (FDA) for treating stroke. Therefore, the development of novel drugs is necessary to aid in the management of patients with stroke.
Angiogenesis, a basic biological process that aids in the development of new blood vessels from existing capillaries, has been implicated in multiple pathological and physiological processes (Beck and Plate, 2009). Although the connection between the brain and blood is a new focus in scientific researches, theories have linked this connection to traditional Chinese medicine. For example, many studies have shown that angiogenesis plays a pivotal role in many pathological conditions, such as cerebrovascular and cardiovascular diseases and cancer (Ferrara and Kerbel, 2005). These diseases involve actions of multiple growth factors, receptors, and molecules, resulting in diverse signaling pathways that affect the pathogenicity of angiogenesis across different diseases (Carmeliet, 2000). In addition, angiogenesis mediates the production of new blood vessels, thereby contributing to patient recovery after ischemic injury (Liu et al., 2017). Although angiogenesis is elevated during ischemia and hypoxia, this process is too slow to meet the needs of body recovery (Krupinski et al., 1994). Therefore, accelerating angiogenesis during the establishment of collateral circulation has been proposed as an attractive approach for treating cerebral ischemia injury (Liu et al., 2014).
Traditional Chinese medicine (TCM), which has been used for more than 2000 years with the characteristics of multiple pathways and multiple targets, is likely to represent novel therapeutic targets for developing effective treatment against I/R (Wu et al., 2019; Peng et al., 2019). In fact, numerous TCM-based remedies for stroke have been introduced into the market, owing to their unique advantages (Wu et al., 2019; Chen et al., 2009; She et al., 2019). For example, Tongqiao Huoxue Decoction (TQHXD), a classic traditional Chinese herbal formula, has been used to treat stroke. It had subsequently been embodied in Corrections on the Errors of Medical Works prescribed by Qingren Wang, comprising eight Chinese herbs (Table 1). Currently, TQHXD is widely used to treat patients with ischemic stroke (Yang and Fan, 2009; Liu et al., 2003). The key active components for this drug include paeoniflorin, ferulic acid, and muscone (Xu et al., 2008; Wu et al., 2018). Collectively, TQHXD controls stroke via various mechanisms. For instance, the drug can module permeability of the blood-brain barrier (BBB) and activity of plasminogen activator inhibitor-1 (Li et al., 2017; Wang et al., 2012; Kim et al., 2016; Wu et al., 2019). However, the mechanisms involved in TQHXD have only partially been unraveled. There is still a thought-provoking question of whether TQHXD can protect against the I/R injury by targeting angiogenesis.
TABLE 1 | The composition of TQHXD.
[image: Table 1]The present study sought to provide new insights into TQHXD’s anti-I/R effects in rats. Summarily, we employed network pharmacology, an approach by using high-throughput data from public databases to identify interactions among “compound-target-disease,” and gave a holistic cognition of the relationship between formula and diseases (Hopkins, 2008). This approach’s systemic and holistic traits are in line with the concept of TCM (Pan et al., 2020; Mou et al., 2020). In this work, the network pharmacology approach was used to provide a new understanding of TQHXD that exert anti-I/R effects, and TQHXD was intragastrically administered to rats with MCAO for 7 days to explore the mechanism.
METHODS AND MATERIALS
Animals
Male healthy Sprague Dawley rats weighing 240–260 g were purchased from the Laboratory Animal Center of Anhui Medical University (Hefei, certificate of quality: No. SXCK 2011-002, China). All rats had free access to standard diet and water. All experimental rats were approved by the Institutional Animal Care and Use Committee at Anhui University of Chinese Medicine. In addition, rats had undergone treatments according to “3 Rs” rules (Reduction, Refinement, and Replacement) in all experiments.
Herbs and Reagents
Herbs of TQHXD were purchased from Xin He Traditional Chinese Medicines Group Corporation (Hefei, China). Furthermore, each herb was authenticated by the herbal medicinal botanist, Professor Shoujin Liu, at the Anhui University of Chinese Medicine. Nimodipine Tablets (NMDP) were purchased from Bayer (Batch Number: H20003010), and 2% triphenyltetrazolium chloride (TTC) dye solution was purchased from Sigma Chemical. Ki8751 (VEGFR2 special inhibitor) was selected from Selleck Chemicals Co., Ltd. Rabbit primary antibodies for VEGF-A, p-FAK (Tyr576), p-Paxillin (Tyr118), and β-actin were bought from CST (Boston, United States). The mouse antibodies against FAK and Paxillin were bought from Abcam (Cambridge, MA, United States). The secondary horseradish peroxidase- (HRP-) labeled antibodies were acquired from Santa Cruz Biotechnology (Santa Cruz, CA, United States). All of the reagents or herbs were standard and commercially available.
Network Pharmacology
In this section, the intersect target enrichment analysis and protein-protein interaction (PPI) network were utilized to reveal the multitarget, multifunction, and multipathway therapeutic advantages of TQHXD in protecting I/R.
Collection of Potential Active Ingredients and Disease Targets in TQHXD
Three TCM databases were used to collect the active ingredients of TQHXD, including the traditional Chinese medicine systems pharmacology database (TCMSP) (Ru et al., 2014), (TCMSP™, http://lsp.nwsuaf.edu.cn/tcmsp.php), the Traditional Chinese Medicine Integrated Database (Xue et al., 2013) (TCMID, http://www.megabionet.org/tcmid/), and the TCM Database @Taiwan (Chen et al., 2014) (http://tcm.cmu.edu.tw/). Importantly, the interrelated scientific literature databases (PubMed, MEDLINE, and China National Knowledge Infrastructure) were also employed in this work. Subsequently, we set an OB (oral bioavailability) value of ≥30% and DL (drug-like quality) value of ≥0.18 as standard to screen out the potential ingredients of TQHXD. Secondly, the 2D structure of components was transformed into SDF structure format through the PubChem database (https://Pubchem.ncbi.nlm.nih.gov/). Subsequently, the targets were obtained using SwissTargetPrediction (http://new.swisstargetprediction.ch/index.php) and TCMSP, an online tool for predicting targets. In addition, related targets belonging to Homo sapiens were renamed retrieved from the UniProt database (https://www.uniprot.org/uniprot/). Finally, the NIMNT database (http://www.idrug.net.cn/NIMNT/) was used to enrich the possible indications of TQHXD.
Disease Target
The keyword “cerebral ischemia reperfusion injury” was used in GeneCards (https://www.genecards.org/), OMIM (Online Mendelian Inheritance in Man, https://omim.org/) and DrugBank databases (https://www.drugbank.ca/) to search for I/R-related targets. These databases (Wishart et al., 2018) are free bioinformatics resources that combine disease data with comprehensive targets. Finally, these targets were intersected with related targets of TQHXD by the online tool (http://bioinfogp.cnb.csic.es/tools/venny/index.html).
Gene Ontology Functional Enrichment Analysis
The Database for Annotation, Visualization, and Integrated Discovery (DAVID; http://david.abcc.ncifcrf.gov/home.jsp, version 6.8), together with pathway data obtained from the KEGG database, was used to find the identification of characteristic biological attributes of the potential target for I/R in TQHXD. Finally, FunRich tool (http://www.funrich.org/) was used to analyze more biological characteristics of a common target.
Protein-Protein Interaction Network
Generally speaking, it is difficult for a single protein to complete a series of complex biological processes. Hence, it is important to find the PPI network. The overlapped components-targets belonging to Homo sapiens were imported to the STRING database (https://string-db.org/, version 11.0), and an organism entry was set with the minimum required interaction score = 0.900. Finally, the PPI network was visualized in Cytoscape (https://cytoscape.org/, version 3.7.2). A higher degree value node represented putative crucial targets of herbs in the PPI network.
Experimental Verification of the Protective Effect of Tongqiao Huoxue Decoction Against Ischemia-Reperfusion
Establishment of Ischemia-Reperfusion Model
The cerebral I/R injury model in vivo was performed according to Longa’s method (E. Z. Longa et al., 1989). Firstly, rats were anesthetized with 4% isoflurane (4% for anesthesia induction; 2% for anesthesia maintenance, 3 ml/kg). Then, the internal carotid artery (ICA), external carotid artery (ECA), and left common carotid artery (CCA) were carefully separated by tweezers. Subsequently, the left CCA and ECA were blocked by microvascular aneurysm clips, followed by occluding the middle cerebral artery (MCA) through inserting a filament (Doccol, United States) coated through the ECA (18 ± 2 mm). Two hours later, the filament was removed to achieve reperfusion. Sham group received the same procedures, but no filament was inserted into the MCA. The temperature of the operation chamber was maintained at 37 ± 0.5 °C throughout the whole surgery. After waking up, the rats were put back into the cages and had free access to water and food.
Preparation of Tongqiao Huoxue Decoction Sample
The ethanol extract of TQHXD was prepared as previously described in (Chao-Liang et al., 2015). Prunus persica (L.) Batsch 90 g (Xin He Traditional Chinese Medicines Co., Ltd., Hefei, China, product batch number: 1702181), Paeonia anomala subsp. veitchii (Lynch) D.Y.Hong and K.Y.Pan [Paeoniaceae] 30 g (Xin He Traditional Chinese Medicines Co., Ltd., Hefei, China, product batch number: 1709201), Conioselinum anthriscoides “Chuanxiong” [Apiaceae] 30 g (Xin He Traditional Chinese Medicines Co., Ltd., Hefei, China, product batch number: 1701033), Carthamus tinctorius L. 90 g (Xin He Traditional Chinese Medicines Co., Ltd., Hefei, China product batch number:1707213) 90 g, Ziziphus jujuba Mill. 50 g (Huidu Traditional Chinese Medicines Co., Ltd., Bozhou, China, product batch number: 1707223), Zingiber officinale Roscoe 90 g (Zhejiang Chinese Medical University prepared pieces Co., Ltd., Hangzhou, Zhejiang, China, product batch number: 190601), and fresh Allium fistulosum L [Amaryllidaceae] 30 g (WalMart Inc. Hefei, China) were extracted in 3200 ml 75% ethanol for 2 h and filtered. After the confluent solutions pump vacuum, 1,600 ml 75% ethanol was added to it and then pump-vacuumed again until there is no alcoholic taste. Finally, 1.5 g Moschus (Lasa Chinese Medicines Co., Ltd., Lasa, China, product batch number: 62523635662) was added to the solutions to form the extract solutions with a concentration of 2 g/ml (equivalent to the dry weight of raw materials). The medicinal plant scientific names have been unified using the Kew Science database (https://mpns.science.kew.org/mpns-portal/?_ga=1.111763972.1427522246.1459077346%20or%20http://www.plantsoftheworldonline.org/%20or%20www.theplantlist.org).
High-Performance Liquid Chromatography (HPLC)
The quality control reproducible experiments of TQHXD were conducted using HPLC. The quality control of TQHXD was completed by paeoniflorin (a characteristic pharmaceutically active component of TQHXD) in our work. Firstly, TQHXD solutions were put into the HPLC facilities (Agilent 1100 HPLC system, United States). The separations were carried out on a Phenomenex C18 column (4.6 mm × 250 mm, 5 μm) with the following conditions: temperature, 30 °C; flow rate, 1.0 ml min−1. The mobile phase consisted of methanol (A)-H2O (0.05% V/V phosphoric acid), and gradient elution was set as follows: 0–15 min, 10% A−28% A; 15–30 min, 28% A−40% A; 30–55 min, 40% A−48% A; 55–70 min, 48% A−54% A. Finally, the detection wavelength and the injection volume were 254 nm and 20 μL, respectively.
Experimental Groups and Drug Administration
Firstly, to investigate whether the protective effects of TQHXD were involved in angiogenesis (experiment 1), rats were randomly divided into six groups: the sham group, vehicle group, TQHXD group (3 g/kg, 6 g/kg, and 12 g/kg), and positive group (NMDP, 0.02 g/kg). Dosages of TQHXD (3, 6, and 12 g/kg) and NMDP (0.02 g/kg) groups were equivalent to the dose of clinical adult patients. Rats in the TQHXD and NMDP groups were treated with respective doses by intragastric administration once a day for 7 days after reperfusion. Rats in sham or vehicle groups were given normal saline.
Secondly, to explore the mechanisms of TQHXD-associated angiogenesis (experiment 2), rats were randomly divided into five groups: the sham group, vehicle group, TQHXD group (6 g/kg), Ki8751 (0.5 mg/kg) group, and combine group (TQHXD + Ki8751). As mentioned in experiment 1, TQHXD and TQHXD + Ki8751 combine groups were treated with TQHXD by intragastric administration for 7 days. Rats in sham, vehicle, and Ki8751 groups were given the same volume of normal saline for 7 days. Tail vein injection Ki8751 (final dose: 0.5 mg/kg (Hou et al., 2015)) was administered to rats 30 min prior to operation (Figure 1).
[image: Figure 1]FIGURE 1 | Experimental design and schedules. MCAO: middle cerebral artery occlusion; TQHXD: Tongqiao Huoxue Decoction; EB: Evans blue; ELISA: enzyme-linked immunosorbent assay; HE: hematoxylin-eosin staining; VEGF: vascular endothelial growth factor; FAK: focal adhesion kinase.
Neurological Score
Neurological recovery was examined at day 1 and day 7 after 24 h reperfusion using Longa’s method (Longa et al., 1989): 0, no neurologic deficit; 1, failure to extend forepaw fully; 2, circling to the left; 3, falling to the left or no spontaneous motor activity; 4, not walking spontaneously and experiencing a lowered stage of consciousness. Rats with scores of 0 and 4 were excluded from the experiment.
Monitoring Local Blood Flow Changes by Laser Doppler Flow
The rCBF of the left brain was measured by laser Doppler flow (LDF). Rats were anesthetized with 4% isoflurane; the skin and subcutaneous tissue were cut slowly. The fascia on the skull of rats was separated by nipper to fully expose the area of the skull. The position of assessment was recorded in the following coordinates relative to Bregma: ML: +2.0 mm, AP: +1.0 mm (Schmid-Elsaesser et al., 1998). Routine zero-calibration with front probe and monitoring the blood flow during the operation were performed. Finally, the blood flow was detected through LDF at days 1 and 7.
Triphenyltetrazolium Chloride Staining
Rats were sacrificed at 30 min after the last drug administration; then frozen brains were sliced into coronal sections of 2 mm thickness. The slices were stained with 2% TTC (pH = 7.4, Sigma Chemical Co., United States) at room temperature. The change of cerebral infarct volume in all groups was analyzed by ImageJ. The infarct volume was calculated by infarct size * average slice thickness (2 mm).
Immunofluorescence
Rats were sacrificed after the last drug treatment; brain tissues were isolated after being perfused with 0.9% normal saline followed by 4% cold paraformaldehyde. The brains were quickly frozen after gradient elution with sucrose and cut into 5 µm coronal thick slices. The sections were transparent with 0.5% Triton X-100 for 5 min and then blocked with 10% BSA for 1 h. Slices were incubated with primary anti-CD34 antibody (1:100, Abcam, United States) at 4 °C overnight. Then, the slices were washed with PBST 3 times. Slices were incubated with anti-rabbit secondary antibody (1:1,000, Cell Signal, United States) for 50 min at 37 °C. After counterstaining with 4, 6-diamidino-2-phenylindole (DAPI) and covering slices with anti-fluorescent quenching, the slices were observed and photographed under fluorescent microscopy (Leica, Germany) and then analyzed by Image-Pro 6.0 software.
Blood-Brain Barrier Permeability
The BBB permeability was determined by measuring the amount of Evans blue (EB). EB dye (2%, 4 ml/kg body weight) was slowly injected by tail vein injection intravenously 30 min after last drug treatment and allowed to circulate for 2 h. Rats were anesthetized with 4% isoflurane and then transcardially perfused with 0.9% normal saline to wash away any remaining dye in the blood vessels. The brain was incubated in 3 ml formamide at 45 °C for 72 h. The solutions were centrifuged for 40 min at 25,000 g. Finally, the absorption of each well was measured at 632 nm with a microplate reader (Thermo Scientific, United States). The content of EB in all groups was expressed as μg/g of the brain according to the standardized curve (Ren et al., 2015).
Hematoxylin and Eosin Staining
At 24 h after reperfusion, rats were anesthetized with 4% isoflurane and perfused transcardially with 0.9% saline and then reperfused with pre-ice cold 4% paraformaldehyde. The brain was embedded in paraffin after being dehydrated in graded ethanol and cleared in xylene. Finally, the slices of 4 µm sections were stained with hematoxylin and eosin (HE) staining following histochemical procedures.
Ultrastructural of Tight Junction Detection Through Transmission Electron Microscopy
In brief, rats were anesthetized with 4% isoflurane and then perfused with 0.9% normal saline, followed by precold 4% paraformaldehyde. The frontoparietal cortex of the ischemia brain was separated into pieces of 1 mm3 and then blended with 2.5% glutaraldehyde at 4 °C. Then, these pieces were dunked in 2% OsO4 for 2 h. The pieces were embedded in Epon 812 after being incubated with OsO4. Finally, ultrathin pieces of cortex were stained with citramalic acid and acetic acid uranium and then scanned by transmission electron microscopy (TEM).
Detection of Vascular Endothelial Growth Factor in Serum by Enzyme-Linked Immunosorbent Assay
At 30 min after the last drug treatment, rats were anesthetized with 4% isoflurane. Blood was collected from the abdominal aorta by a one-time negative pressure tube without anticoagulant. Blood was stood at room temperature for 3 h and then centrifuged at 2000 rpm for 20 min to collected serum. The expression of vascular endothelial growth factors (VEGF) in rats was detected using a VEGF ELSIA kit (RRV00. R&D Systems, Minneapolis, MN, USA). The absorbance of each well was measured at 450 nm through a microplate reader (Thermo Scientific, United States). The content of VEGF-A in the samples was calculated according to the standardized curve.
Western Blot
The protein levels of VEGF-A, FAK, Paxillin, and β-actin were detected using Western blot. Cortex tissues were lyzed with precold RIPA lysis buffer and immediately mixed with phenylmethanesulfonyl fluoride (PMSF, Beyotime, Nanjing, China) centrifuged at 12,000 rpm at 4 °C for 15 min. The concentration of protein was quantified by bicinchoninic acid (BCA) (Beyotime, Nanjing, China). All proteins were run on 12% (w/v) or 10% SDS-PAGE gel and then transferred to polyvinylidene difluoride (PVDF) membrane with Bio-Rad electrophoretic transfer system. The membrane was blocked with 5% (w/v) nonfat milk for 2 h at 37 °C and incubated with the primary antibody to VEGF-A (1: 800), p-FAK (1: 1,000), Paxillin (1: 1,000), and β-actin (1: 1,000) at 4 °C overnight, respectively. After washing with Tris-Hcl Buffered Saline containing 0.1% Tween-20 (TBS-T) 3 times, the membrane was incubated with coherent secondary (1:5,000) antibody for 2 h at 37 °C. β-Actin was used as an internal reference. The protein bands were developed using enhanced chemiluminescence (ECL) reagents (Thermo, United States). Finally, images were scanned by an Amersham Imager 600 (GE, United States).
Quantitative Real-Time PCR
In brief, RNA was isolated using a tissue RNA kit (Omega Bio-Tek, GA) and then was reverse-transcribed using a TAKARA reverse transcription kit. Real-time quantitative PCR (qRT-PCR) was performed on the Mx3000P qPCR System (Agilent Technologies, Santa Clara, CA, United States) using SYBR Premix Ex Taq TM (TAKARA). Primer sequences used to amplify fragments were synthesized by Sangon Biotech, Shanghai. The relative mRNA expression was normalized to GAPDH using the relative quantification method 2−ΔΔCt. The sequences of primers in this experiment were as follows: GAPDH Forward, 5-GGG​TGT​GAA​CCA​TGA​GAA​GTA​TG-3, GAPDH Reverse, 5-GAT​GGC​ATG​GAC​TGT​GGT​CAT-3; VEGF Forward, 5-CTG​CCA​TCC​AAT​CGA​GAC​CC-3, VEGF Reverse, 5-TGC​ATT​CAC​ATT​TGT​TGT​GCT​G-3.
Statistical Analysis
The Shapiro–Wilk normality test was used to analyze whether the data were normally distributed. Then, the t-test was utilized to analyze the significance of differences. Statistical significance between groups was evaluated by one-way analysis of variance (ANOVA). All data were presented as mean ± standard deviation (SD). Statistical analysis was performed using SPSS (SPSS, Inc., version20.0). A significant difference was accepted at p values lower than 0.05.
RESULTS
Genes Associated with Ischemia-Reperfusion
A total of 929 significant genes were obtained from the GeneCards, OMIM, and DrugBank databases after screening out some targets with low credibility (Supplementary Table S1).
Drug Targeting
According to the ADME thresholds of OB ≥ 30% and DL ≥ 0.18, 94 compounds of TQHXD were obtained from the three following databases: TCMSP, TCM Database@Taiwan, and TCMID after eliminating the common compounds, as listed in Supplementary Table S2. In addition, we also achieved quality control, that is, the HPLC system of herbs in TQHXD, such as precision, stability, repeatability, and wavelength, as shown in Supplementary Table S3. More importantly, some compounds with low OB or HL values but with significant protective effects on I/R injury, such as ligustrazine, muscone, and hydroxysafflor yellow A, were also explored in our work (Wu et al., 2018; Li et al., 2017).
Functional Enrichment Analysis of Intersection Targets of Tongqiao Huoxue Decoction
A total of 265 matching targets as the related targets of I/R and TQHXD are shown in Figure 2A. The multiple biological senses of TQHXD on I/R from a systematic level were assessed using the GO enrichment analysis (Figure 2C). For biological processes, potential targets of TQHXD were remarkably enriched in “response to hypoxia” (GO: 0001666), protein phosphorylation (GO: 0006468), and inflammatory response (GO: 0006954). For cellular components, mainly, plasma membrane (GO: 0005886), cytosol (GO: 0005829), and extracellular exosome (GO: 0070062) were enriched. Subsequently, the crucial pathways among the 265 potential targets in TQHXD treatment were also elucidated in this work. The threshold of FDR <0.01 was used as an enrichment screening criterion, and the top 24 pathways were screened out (Figure 2B), including the VEGF signaling pathway (hsa04370) and TNF signaling pathway (hsa04668).
[image: Figure 2]FIGURE 2 | Network pharmacology analysis of the ingredients of TQHXD. (A) Common targets between TQHXD and targets associated with I/R. (B,C) GO enrichment analysis of 265 common targets.
PPI Network and Disease Analysis of Intersection Targets of Tongqiao Huoxue Decoction
Furthermore, the PPI network of those common targets was found in Figure 3 (Figure 3A). Ultimately, TNF, AKT1, IL-6, VEGF-A, JUN, EGFR, IL1B, IGF1, MMP9, and TGFB1 were identified as major nodes. Similarly, we analyzed the diseases of these targets. For the site of expression, the targets were enriched in the central nervous system and skin, etc. Finally, we used the disease analysis function of the NIMNT database and entered 265 intersection targets of TQHXD to enrich the possible indications of TQHXD. After setting p.adjust <0.001, the top 10 diseases were observed, as shown in Figure 3, which mainly include ischemia, urinary system disease, and arteriosclerotic cardiovascular disease (Figure 3C).
[image: Figure 3]FIGURE 3 | PPI network and disease analysis of intersecting target of TQHXD. (A) PPI network of 265 common targets. (B,C) Clinical synopsis phenotypic terms.
The Quality Control of Tongqiao Huoxue Decoction by HPLC
As shown in Figure 4A, the retention time of paeoniflorin of TQHXD was about 24.2 min. Subsequently, the HPLC method was validated by reproducibility, stability, and precision. It is worth noticing that there was an identical chromatographic pattern in six batches of TQHXD solutions. This suggested a good reproducibility for the HPLC system or TQHXD solutions. Finally, the relative standard deviation (RSD) of the instrument was less than 3%, indicating that the precision of the instrument was good. Similarly, the RSDs of relative retention time and relative peak area of each characteristic peak were less than 5%, indicating that it has good repeatability. The RSDs of relative retention time and relative peak area of characteristic peaks were less than 5% after 0, 2, 4, 8, 12, and 24 h injection, respectively, indicating that the solution of the test sample was stable within 24 h (Figure 4B–D, Supplementary Table S3).
[image: Figure 4]FIGURE 4 | The fingerprints of TQHXD for quality control by HPLC. Conditions: column, C18 column (250 × 4.6 mm, 5 μm); mobile phase, methanol. (A) H2O (0.05% V/V phosphoric acid). Flow rate: 1 ml min−1; column temperature: 25 °C; injection volume: 10 μL. (A) Representative HPLC chromatogram of TQHXD. 7, Paeoniflorin. (B–D) The quality control of six batches of TQHXD evaluated by HPLC. The TQHXD solution from six separated raw crude extractions was analyzed by the HPLC method. Colors represent different groups of TQHXD test solutions. The X-axis represents acquisition time (Min) and the Y-axis indicates intensity (mAU).
Tongqiao Huoxue Decoction Ameliorated Ischemia-Reperfusion Injury and Attenuated Blood-Brain Barrier Damage
Neurological scores remarkably increased in the vehicle group compared with the sham group at 7 days. After reperfusion, treatment with TQHXD or NMDP showed significant neurological recovery, characterized by a decrease in neurological scores, compared with that in the vehicle group; however, TQHXD (6 g/kg) reduced the score compared to NMDP. These data showed that TQHXD might exert an effect on improving the neural function of MCAO rats (Figure 5A).
[image: Figure 5]FIGURE 5 | TQHXD ameliorated I/R injury and attenuated blood-brain barrier damage. (A) The neurological scores were evaluated by Longa’s methods. (B) Representative TTC staining (top) and quantitative analysis (bottom) of brain infarct volumes, n = 6. (C) Quantitative analysis of the content of EB, n = 6. (D) Representative TEM images of ultrastructural changes in I/R-induced tight junction (n = 3). Arrows imply electronically dense bands; the electronically dense bands represent TJ; the open state of electronically dense bands represents the injury degrees of TJ; scale bar = 200 μm (×20,000 magnification). Data are presented as means ± SD. ##p < 0.01 vs. sham group; *p < 0.05, **p < 0.01 vs. vehicle group.
Infarct volume was not observed in brain slices of the sham group, whereas a large area of infarct volume (41.10%) was seen in the vehicle group. The infarct volumes in the TQHXD groups were 29.3, 14.83, and 22.20%, respectively. Furthermore, infarct volume in the NMDP group (11.79%) was close to that observed in the TQHXD group at the dose of 6 g/kg, compared with the vehicle group (Figure 5B).
The protective effect of TQHXD on the permeability of BBB was quantified by EB dye (Figure 5C). On the dye solution, we found that there was a remarkable (p < 0.01) increase in BBB permeability in rats from the vehicle group compared to that in sham rats. TQHXD (3, 6, and 12 g/kg) or NMDP (0.02 g/kg) reduced the content of EB under I/R. The treatment of TQHXD (6 g/kg) and NMDP made a significant difference to the BBB permeability when compared with the vehicle group (p < 0.01). Subsequently, we also detected the situation of tight junctions (TJ) by TEM. The TJ were normal in the sham group, whereas they were in an open state in the vehicle group (Figure 5D). However, different degrees of TJ reduction were observed in the TQHXD or NMDP group, indicating that TQHXD might repair the poststroke TJ completeness.
Tongqiao Huoxue Decoction Strengthened Angiogenesis in MCAO/R Rats
The data of Western blot and ELISA demonstrated that an increased expression of VEGF exposed to I/R as compared to the sham group. Then, the TQHXD or NMDP treatment further upregulated the expressions of VEGF-A in both serum and cortex tissue, as compared with the vehicle group, which showed that TQHXD could be involved in angiogenesis. Finally, qPCR analysis of VEGF mRNA expression provided further proof of the effects of TQHXD on angiogenesis (Figure 6).
[image: Figure 6]FIGURE 6 | TQHXD strengthened angiogenesis in MCAO rats. (A) Representative band image (top) and quantitative analysis (bottom) of VEGF-A (n = 3). (B) The mRNA expression of VEGF in cortex detected by qPCR. (C) Quantitative analysis for ELISA results of VEGF at 7 days. (D) The changes of rCBF for all groups at 1 and 7 d after reperfusion, n = 3. (E) Immunofluorescence of brain section. Angiogenesis was visualized by CD34 staining (red), and DNA was stained by 4′6,-diamidino-2-phenylindole (DAPI; blue). Red box implies zoom-in fluorescence. Right, the histograms indicate the percentages of CD34-expressing cells that were positive for indicated markers. Scale bar = 50 μm (×200 magnification). Data are presented as means ± SD. ##p < 0.01 vs. sham group; *p < 0.05, **p < 0.01 vs. vehicle group.
The cerebral blood flow was reduced rapidly to 30% during ischemia after 2 h and then was restored to 80% of the baseline after reperfusion. The rCBF showed that blood flow had no significant difference in the sham group between the time points of 1 and 7 days. The rCBF of the vehicle group or drug groups was lower than that of the sham group at day 1 (p < 0.01). Similarly, the rCBF of the vehicle group rats had no significant difference at 7 days, as compared to the sham group. Instead, compared with the vehicle group, TQHXD (6 g/kg) and NMDP groups significantly increased the rCBF at 7 days (Figure 6D).
Subsequently, we used CD34 immunofluorescence to mark the MVD at 7 days after TQHXD treatment. In the vehicle group, MVD increased at 7 days after I/R when compared with the sham group. More importantly, the expression of CD34 in the TQHXD group was significantly higher than that in the sham and vehicle groups (Figure 6E).
Exogenous VEGFR2 Inhibition Reversed Angiogenesis in Tongqiao Huoxue Decoction
To further explore the molecular mechanisms associated with the phenotype observed upon TQHXD administration, we profiled angiogenesis from rats after being injected with Ki8751 (a specific VEGFR2 inhibitor). Firstly, we investigated whether Ki8751 could reverse the effect of TQHXD on neurological function score and cerebral blood flow. Notably, the neurological and neuronal death and rCBF were substantially protected by the TQHXD treatment in MCAO rats (Figures 7A,B,D). Subsequently, as shown in Figure 7C, the expression of p-FAK and p-Paxillin proteins in the cortex of brain induced by I/R was greater than that in the sham group (p < 0.05). However, TQHXD (6 g/kg) remarkably promoted the expression of p-FAK and p-Paxillin proteins (p < 0.01 vs. vehicle group) (Figure 7C). Conversely, the treatment of rats with VEGFR2 inhibitors, such as Ki8751, substantially reduced the TQHXD-induced angiogenesis. For example, the upregulating effect of TQHXD on p-FAK or p-Paxillin was impeded by the cotreatment with Ki8751 (p < 0.05). Similarly, the expression of CD34 induced by TQHXD was also inhibited by Ki8751. These results demonstrated that TQHXD enhanced angiogenesis in a VEGFR2-FAK-Paxillin-dependent manner.
[image: Figure 7]FIGURE 7 | TQHXD enhanced I/R-induced angiogenesis via activation of VEGF-A/VEGFR2-FAK-Paxillin signaling. (A) Neurological scores measured by Longa’s method (n = 5). (B) The changes of rCBF for all groups at 7 days after reperfusion, n = 6. (C) Representative Western blot band (top) and quantitative analysis (bottom) of the expressions of FAK, p-FAK, Paxillin, and p-Paxillin (n = 3). β-Actin was used as an internal reference. (D) Left, serial sections of the brain were subjected to hematoxylin and eosin (HE) staining, immunofluorescence for angiogenesis markers (CD34, red), and DNA was stained by 4′6-diamidino-2-phenylindole (DAPI; blue). White box implies zoom-in fluorescence. Right, the histograms indicate the percentages of CD34-positive cells. Scale bar = 50 μm (×200 magnification). White box implies zoom-in fluorescence. (E) The model illustrates the molecular mechanism of TQHXD on angiogenesis in MCAO injury rats. Data were expressed as mean ± SD. ##p < 0.01 vs. sham group; *p < 0.05, **p < 0.01 vs. vehicle group; ▲, ★p < 0.05 vs. TQHXD (6 g/kg) group.
DISCUSSION
In the present study, a total of 94 potential compounds were screened according to OB and DL. The results revealed that TQHXD regulated the intersection of 265 targets with I/R, including VEGF-A, IL6, JUN, mTOR, TNF, and AKT1. These 265 targets were mainly enriched in cancer, VEGF, and neurotrophin signaling pathways. To ascertain TQHXD’s role, our results of the network indicated that TQHXD regulated I/R through the pattern multiple components-multiple targets-multiple pathways. However, given the importance of angiogenesis in I/R, we linked the role of TQHXD with angiogenesis by the results of network pharmacology and enrichment analysis of the KEGG pathway.
A huge percentage of elderly people reportedly suffer from ischemic stroke worldwide. Neurovascular unit (NVU), a conceptual model of stroke depending on the structure of blood vessels and brain, has been proposed by the National Institutes of Neurological Disorders and Stroke (Zhao et al., 2017). Previous studies have shown that angiogenesis is a key process in NVU recovery following ischemia stroke. This process leads to restoration of rCBF after cerebral ischemia and redounds to the neurological recovery of patients with stroke (Liu et al., 2017). In fact, recent research shows that patients with angiogenesis exhibit lower morbidity and mortality rates relative to those without the condition (Ducruet et al., 2010). In the present study, we show that TQHXD is a key mediator of angiogenesis. Specifically, our results show that the amount of blood flow in ischemic brain tissue is the most intuitive indicator for evaluating the maturity of neovascularization. We found no significant increase in rCBF in the MCA and cortical regions in rats from the sham group. In contrast, rats treated with TQHXD or NMDP exhibited significantly higher CD34 or rCBF levels 7 days after reperfusion, compared to those in the vehicle group.
Ischemic injury causes endothelial progenitor cells to participate in the repair of new blood vessels. In fact, numerous cytokines reportedly play a critical role in this process, with a combination of these factors found to promote angiogenesis. Previous studies had shown that under specific environmental conditions, brain neurovascular cells produced and oozed VEGF, a central angiogenesis mediator following stroke (Yin et al., 2015). VEGF was upregulated both in vivo and in vitro during the I/R or oxygen-glucose deprivation induced by ischemia injury and continued 3–14 days poststroke (Zheng et al., 2018; Liu et al., 2018). This expression pattern indicates that ischemic injury induces angiogenesis, which was enhanced by TQHXD, to repair damaged blood vessels after stroke. In the present study, a significantly higher VEGF expression was observed in the TQHXD, compared to the vehicle group (p < 0.05), with a concentration of 6 g/kg generating the highest levels. These results strongly indicated that TQHXD protects against I/R injury by upregulating angiogenesis either directly or indirectly.
Compared with NMDP, our results showed the therapeutic effects of TQHXD on the MCAO model. Notably, upon TQHXD administration, remarkably better levels of the neurological score and MVD were observed in the TQHXD group than those in the NMDP groups. These results illustrated that the nerve recovery activity of TQHXD was better than that of NMDP. As we all know, nerve recovery is a complex process involved in multiple-target and multiple-pathway. Compared with a single target drug (NMDP), the multitarget advantage of TQHXD could effectively regulate multiple processes to accelerate nerve recovery, which was also in agreement with our network pharmacology results. More importantly, despite the encouraging progress to apply NMDP in clinical trials, various adverse side-effects associated with NMDP may limit its clinical application. The relevant example is a reduction in blood pressure and a reversible increase in the serum concentrations of liver enzymes during intravenous therapy. On the contrary, compared with chemical medicines, TCMs are considered to be safe, with fewer side-effects. As such, the established safety and drug tolerability are the advantages of TCM over several Western medicines, which is exactly also the biggest benefit of TCM. Interestingly, our results showed that TQHXD’s protective effect on I/R was not in a dose-dependent manner. Generally speaking, the effect of drugs may show a dose-dependent manner; previous studies had shown that the protective effect of some classical TCM does not always follow this trend (Yang et al., 2013; Xin-Xin et al., 2015). For example, some chemical and physical reactions may occur during the preparation of the formula, resulting in changes in some active components, which may not reflect dose-dependency (Xu et al., 2008). Herein, in-depth studies are required to elucidate the mechanisms of TQHXD action to provide valuable insights into its effects on I/R.
Previous studies have shown that VEGF combines with its receptors to promote angiogenesis against I/R (Beck and Plate, 2009; Greenberg and Jin, 2005). Specifically, the VEGF signaling pathway plays a fundamental role in angiogenesis response by regulating the release of growth factors. VEGFR2 regulates the expression of vascular endothelial cell receptor proteins, thereby playing a critical role in the development of many diseases mediated by vascular endothelial cells. Notably, FAK is considered the key signaling molecule in cells and has been reported to regulate cell proliferation, migration, spreading, adhesion, and key processes in angiogenesis (You et al., 2014).In addition, Paxillin, a key downstream FAK protein that acts on adhesion plaque, has been found to mediate the formation of adhesion plaque, activate downstream proteins, and promote angiogenesis. Some studies have shown its phosphorylation directly affects the formation of adhesion plaques and ultimately affects the motility of endothelial cells (Blackstone et al., 2015). In addition, blocking FAK phosphorylation can significantly reduce the degree of angiogenesis (Masakazu et al., 2010). To determine whether TQHXD provokes angiogenesis through the VEGF machinery, we evaluated the effect of TQHXD with Ki8751, a potent VEGFR2 inhibitor known to block angiogenesis (Lu et al., 2017). Our results indicated that I/R-induced angiogenesis increased CD34 expression and decreased neuronal death in rats. However, TQHXD treatment promoted this effect. In addition, Ki8751 decreased the levels of FAK and Paxillin expression, with its Ki8751 treatment clearly attenuating TQHXD-induced angiogenesis. Overall, these results indicate that TQHXD confers protection against I/R in rats via angiogenesis by activating the VEGF-A/VEGFR2-FAK-Paxillin signaling pathway.
Although network pharmacology has revealed the effects of TQHXD, there are still some limitations to be addressed. First, the biggest challenge is the results from the database on Chinese herbs. The public database information on herbal medicine remains incomplete to some extent. Subsequently, in order to further substantiate the idea that TQHXD provokes angiogenesis through promoting the VEGF machinery, we could test whether the angiogenesis effect of TQHXD could be blocked by shVEGF or hVEGF-IN-1 (VGEF inhibitor), a potent VEGF interference known to block VEGF. Finally, although our study shows that TQHXD has an impact on angiogenesis, our results are not capable of distinguishing which angiogenesis cell types are responsible. Angiogenesis cells can be labeled in a specific manner, and this issue will be addressed in future research.
CONCLUSION
In conclusion, the present study revealed that TQHXD administration was able to ameliorate the ischemic stroke of MCAO rats through promoting angiogenesis to active the VEGF-A/VEGFR2-FAK-Paxillin pathway.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation, to any qualified researcher.
ETHICS STATEMENT
The animal study was reviewed and approved and animal experiments were approved by the Animal Care and Use Committee of Anhui University of Chinese Medicine, China, and implemented in accordance with the Guidelines of the National Institutes of Health on the Care and Use of Animals.
AUTHOR CONTRIBUTIONS
SW and NW conceived the project and designed research. SW and LZ performed the experiments and wrote the manuscript. NW and SW revised the manuscript.
FUNDING
The study was supported by the National Natural Science Foundation of China (Nos. 81773933 and 30973979) and academic assistance program for the top-notch innovative talents from universities in 2017 provided by Anhui Province Office of Education (gxbjZD15).
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2020.572624/full#supplementary-material.
REFERENCES
 Beck, H., and Plate, K. H. (2009). Angiogenesis after cerebral ischemia. Acta Neuropathol . 117, 481–496. doi:10.1007/s00401-009-0483-6
 Benjamin, E. J., Virani, S. S., Callaway, C. W., Chang, A. R., and Muntner, P. (2018). Heart disease and stroke statistics—2018 update: a report from the American heart association. Circulation , 137, e67–e492. doi:10.1161/CIR.0000000000000558
 Blackstone, B. N., Li, R., Ackerman, W. E., Ghadiali, S. N., Powell, H. M., and Kniss, D. A. (2015). Myoferlin depletion elevates focal adhesion kinase and paxillin phosphorylation and enhances cell-matrix adhesion in breast cancer cells. Am. J. Physiol. Cell Physiol . 308, C642. doi:10.1152/ajpcell.00276.2014
 Carmeliet, P. (2000). Mechanisms of angiogenesis and arteriogenesis. Nat. Med . 6, 389–395. doi:10.1038/74651
 Ge, C.-L., Wang, X.-M., Huang, Z.-G., Xia, Q., Wang, N., and Xu, D.-J. (2015). Tongqiao Huoxue Decoction ameliorates learning and memory defects in rats with vascular dementia by up-regulating the Ca(2+)-CaMKII-CREB pathway. Chin. J. Nat. Med . 13, 823–830. doi:10.1016/S1875-5364(15)30086-8
 Chen, C., Venketasubramanian, N., Gan, R. N., Lambert, C., Picard, D., Chan, B. P., et al. (2009). Danqi piantang jiaonang (DJ), a traditional Chinese medicine, in poststroke recovery. Stroke 40, 859–863. doi:10.1161/STROKEAHA.108.531616
 Chen, F. P., Chang, C. M., Hwang, S. J., Chen, Y. C., and Chen, F. J. (2014). Chinese herbal prescriptions for osteoarthritis in Taiwan: analysis of National Health Insurance dataset. BMC Compl. Alternative Med . 14, 91. doi:10.1186/1472-6882-14-91
 Ducruet, A. F., Gigante, P. R., Hickman, Z. L., Zacharia, B. E., Arias, E. J., Grobelny, B. T., et al. (2010). Genetic determinants of cerebral vasospasm, delayed cerebral ischemia, and outcome after aneurysmal subarachnoid hemorrhage. J. Cerebr. Blood Flow Metabol . 30, 676. doi:10.1038/jcbfm.2009.278
 Ferrara, N., and Kerbel, R. S. (2005). Angiogenesis as a therapeutic target. Nature 438, 967–974. doi:10.1038/nature04483
 Greenberg, D. A., and Jin, K. (2005). From angiogenesis to neuropathology. Nature 438, 954–959. doi:10.1038/nature04481
 Hopkins, A. L. (2008). Network pharmacology: the next paradigm in drug discovery. Nat. Chem. Biol . 4, 682–690. doi:10.1038/nchembio.118
 Hou, S. T., Nilchi, L., Li, X., Gangaraju, S., Jiang, S. X., Aylsworh, A., et al. (2015). Semaphorin3A elevates vascular permeability and contributes to cerebral ischemia-induced brain damage. Sci. Rep . 5, 7890. doi:10.1038/srep07890
 Kim, S. H., Park, H. S., Hong, M. J., Yoo, J. Y., Lee, H., Lee, J. A, et al. (2016). Tongqiaohuoxue decoction ameliorates obesity-induced inflammation and the prothrombotic state by regulating adiponectin and plasminogen activator inhibitor-1. J. Ethnopharmacol . 192, 201–209. doi:10.1016/j.jep.2016.07.023
 Krupinski, J., Kaluza, J., Kumar, P., Kumar, S., and Wang, J. M. (1994). Role of angiogenesis in patients with cerebral ischemic stroke. Stroke 25, 1794–1798. doi:10.1161/01.str.25.9.1794
 Li, L., Wang, N., Jin, Q., Wu, Q., Liu, Y., and Wang, Y. (2017). Protection of tong-qiao-huo-xue decoction against cerebral ischemic injury through reduction blood-brain barrier permeability. Chem. Pharm. Bull . 65, 1004–1010. doi:10.1248/cpb.c17-00267
 Liu, C., Zhou, L., and Shui, Z. (2003). Tongqiao huoxue tang and buyang huanwu tang for treatment of vascular dementia—a report of 36 cases. J. Tradit. Chin. Med . 23, 243–245.
 Liu, J., Li, Q., Zhang, K.-S., Hu, B., Niu, X., Zhou, S.-M., et al. (2017). Downregulation of the long non-coding RNA Meg3 promotes angiogenesis after ischemic brain injury by activating notch signaling. Mol. Neurobiol . 54, 8179–8190. doi:10.1007/s12035-016-0270-z
 Liu, J., Wang, Y., Akamatsu, Y., Lee, C. C., Stetler, R. A., Lawton, M., et al. (2014). Vascular remodeling after ischemic stroke: mechanisms and therapeutic potentials. Prog. Neurobiol . 115, 138–156. doi:10.1016/j.pneurobio.2013.11.004
 Liu, Y., Li, Y., Zhan, M., Liu, Y., Li, Z., Li, J., et al. (2018). Astrocytic cytochrome P450 4A/20-hydroxyeicosatetraenoic acid contributes to angiogenesis in the experimental ischemic stroke. Brain Res . 1708, 84–70. doi:10.1016/j.brainres.2018.12.023
 Longa, E. Z., Weinstein, P. R., Carlson, S., and Cummins, R. (1989). Reversible middle cerebral artery occlusion without craniectomy in rats. Stroke 20, 84. doi:10.1161/01.str.20.1.84
 Lu, X., Horner, J. W., Paul, E., Shang, X., Troncoso, P., Deng, P., et al. (2017). Effective combinatorial immunotherapy for castration-resistant prostate cancer. Nature 543, 728–732. doi:10.1038/nature21676
 Masakazu, H., Masahiro, O., Yuji, K., and Yushi, I. (2010). Sequential activation of RhoA and FAK/paxillin leads to ATP release and actin reorganization in human endothelium. J. Physiol . 558, 479–488. doi:10.1113/jphysiol.2004.065334
 Mou, X., Zhou, D. Y., Zhou, D., Liu, K., Chen, L. J., and Liu, W. H. (2020). A bioinformatics and network pharmacology approach to the mechanisms of action of Shenxiao decoction for the treatment of diabetic nephropathy. Phytomedicine 69, 153192. doi:10.1016/j.phymed.2020.153192
 Mozaffarian, D., Benjamin, E. J., Go, A. S., Amett, D. K., Blaha, M. J., Cushman, M., et al. (2015). Heart disease and stroke statistics—2015 update: a report from the American heart association. Circulation 131, e29–322. doi:10.1161/CIR.0000000000000152
 Pan, L., Li, Z., Wang, Y., Zhang, B., Lu, G., and Liu, J. (2020). Network pharmacology and metabolomics study on the intervention of traditional Chinese medicine Huanglian Decoction in rats with type 2 diabetes mellitus. J. Ethnopharmacol . 258, 112842. doi:10.1016/j.jep.2020.112842
 Peng, T., Jiang, Y., Farhan, M., Lazarovici, P., Chen, L., and Zheng, W. (2019). Anti-inflammatory effects of traditional Chinese medicines on preclinical in vivo models of brain ischemia-reperfusion-injury: prospects for neuroprotective drug discovery and therapy. Front. Pharmacol . 10, 204. doi:10.3389/fphar.2019.00204
 Ren, C., Li, N., Wang, B., Yang, Y., Gao, J., Li, S., et al. (2015). Limb ischemic perconditioning attenuates blood-brain barrier disruption by inhibiting activity of MMP-9 and occludin degradation after focal cerebral ischemia. Aging Dis . 6, 406–417. doi:10.14336/AD.2015.0812
 Ru, J., Li, P., Wang, J., Zhou, W., Li, B., Huang, C., et al. (2014). TCMSP: a database of systems pharmacology for drug discovery from herbal medicines. J. Cheminf . 6, 13. doi:10.1186/1758-2946-6-13
 Schmid-Elsaesser, R., Zausinger, S., Hungerhuber, E., Baethmann, A., and Reulen, H. J. (1998). A critical reevaluation of the intraluminal thread model of focal cerebral ischemia: evidence of inadvertent premature reperfusion and subarachnoid hemorrhage in rats by laser-Doppler flowmetry. Stroke 29, 2162–2170. doi:10.1161/01.str.29.10.2162
 She, Y., Shao, L., Zhang, Y., Hao, Y., Cai, Y., Cheng, Z., et al. (2019). Neuroprotective effect of glycosides in Buyang Huanwu Decoction on pyroptosis following cerebral ischemia-reperfusion injury in rats. J. Ethnopharmacol . 242, 112051. doi:10.1016/j.jep.2019.112051
 Wang, N., Deng, Y., Wei, W., Song, L., and Wang, Y. (2012). Serum containing Tongqiaohuoxue decoction suppresses glutamate-induced PC12 cell injury. Neural Regen Res . 7, 1125–1131. doi:10.3969/j.issn.1673-5374.2012.15.001
 Wishart, D. S., Feunang, Y. D., Guo, A. C., Lo, E. J., Marcu, A., Grant, J. R., et al. (2018). DrugBank 5.0: a major update to the DrugBank database for 2018. Nucleic Acids Res . 46, D1074–d1082. doi:10.1093/nar/gkx1037
 Wu, S., Wang, N., Li, J., Wang, G., Seto, S. W., Chang, D., et al. (2019). Ligustilide ameliorates the permeability of the blood-brain barrier model in vitro during oxygen-glucose deprivation injury through HIF/VEGF pathway. J. Cardiovasc. Pharmacol . 73, 316–325. doi:10.1097/FJC.0000000000000664
 Wu, S., Wang, N., He, Q., Chang, G., Seto, S. W., Chang, D., et al. (2018). The establishment of the method of cell biochromatograpy and analysis of the active ingredients from TongQiaoHuoXue decoction acting on the neurocytes. Chem. Pharm. Bull. (Tokyo) . 66, 983–991. doi:10.1248/cpb.c18-00455
 Wu, S. P., Li, D., Wang, N., Hou, J. C., and Zhao, L. (2019). YiQi tongluo granule against cerebral ischemia/reperfusion injury in rats by freezing GluN2B and CaMK II through NMDAR/ERK1/2 signaling. Chem. Pharm. Bull. (Tokyo) . 67, 244–252. doi:10.1248/cpb.c18-00806
 Xin-Xin, P., Ning, W., Guang-yun, W., Fei-xue, Y., Zi-hua, X., Rong-feng, H., et al. (2015). Effects of naoluo xintong capsules on platelet aggregation and thrombus formation in rats with focal cerebral ischemia/reperfusion. Chin. J. Exp. Trad. Med. Form . 24, 1–4. doi:10.13422/j.cnki.syfjx.2015220026
 Xu, F. Q., Wang, N., Liu, J. Q., Zhou, A., Duan, J. A., Ding, A. W., et al. (2008). Studies on fingerprints of Tongqiao huoxue decoction by HPLC. Chin. J. Exp. Trad. Med. Form . 14, 1–4.
 Xue, R., Fang, Z., Zhang, M., Yi, Z., Wen, C., and Shi, T. (2013). TCMID: traditional Chinese Medicine integrative database for herb molecular mechanism analysis. Nucleic Acids Res . 41, D1089–D1095. doi:10.1093/nar/gks1100
 Yang, H., Wang, F., Wang, Q. L., Zhong, Z. D., Li, B., and Yang, K. (2013). Effects of buyang huanwu decoction on expression of TGF-β_1/Smad3 in pulmonary fibrosis rats. Chin. J. Exper. Trad. Med . 19, 240–244. doi:10.11653/syfj2013240240
 Yang, J. L., and Fan, Y. P. (2009). Clinical effect observation on nervous tinnitus treated with self-made Huoxue Tongqiao Decoction. J Tradit Chin Med . 24, 1476–1477.
 Yin, K. J., Hamblin, M., and Chen, Y. E. (2015). Angiogenesis-regulating microRNAs and ischemic stroke. Curr. Vasc. Pharmacol . 13, 352. doi:10.2174/15701611113119990016
 You, J.-J., Yang, C.-H., Yang, C.-M., and Chen, M.-S. (2014). Cyr61 induces the expression of monocyte chemoattractant protein-1 via the integrin ανβ3, FAK, PI3K/Akt, and NF-κB pathways in retinal vascular endothelial cells. Cell. Signal . 26, 133–140. doi:10.1016/j.cellsig.2013.08.026
 Zhao, Z., Ong, L. K., Johnson, S., Nilsson, M., and Walker, F. R. (2017). Chronic stress induced disruption of the peri-infarct neurovascular unit following experimentally induced photothrombotic stroke. J. Cerebr. Blood Flow Metabol . 37 (12), 3709–3724. doi:10.1177/0271678X17696100
 Zheng, X. W., Shan, C. S., Xu, Q. Q., Wang, Y., Shi, Y. H., Wang, Y., et al. (2018). Buyang huanwu decoction targets SIRT1/VEGF pathway to promote angiogenesis after cerebral ischemia/reperfusion injury. Front. Neurosci . 12, 911. doi:10.3389/fnins.2018.00911
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 Wu, Wang and Zhao. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		ORIGINAL RESEARCH
published: 14 January 2021
doi: 10.3389/fphar.2020.580978


[image: image2]
An Integrated Strategy for Effective-Component Discovery of Astragali Radix in the Treatment of Lung Cancer
Bing Yang1,23, Nan Yang1, Yaping Chen1,3, Maomao Zhu1,3, Yuanpei Lian1,3, Zhiwei Xiong1,3, Bei Wang1,3, Liang Feng1,3* and Xiaobin Jia1,23*
1School of Traditional Chinese Pharmacy, China Pharmaceutical University, Nanjing, China
2Nanjing University of Chinese Medicine, Nanjing, China
3State Key Laboratory of Natural Medicines, China Pharmaceutical University, Nanjing, China
Edited by:
Hai Yu Xu, China Academy of Chinese Medical Sciences, China
Reviewed by:
Yonghua Zhao, University of Macau, China
Wenyi Kang, Henan University, China
* Correspondence: Liang Feng, wenmoxiushi@163.com; Xiaobin Jia, jiaxiaobin2015@163.com
Specialty section: This article was submitted to Ethnopharmacology, a section of the journal Frontiers in Pharmacology
Received: 07 July 2020
Accepted: 17 November 2020
Published: 14 January 2021
Citation: Yang B, Yang N, Chen Y, Zhu M, Lian Y, Xiong Z, Wang B, Feng L and Jia X (2021) An Integrated Strategy for Effective-Component Discovery of Astragali Radix in the Treatment of Lung Cancer. Front. Pharmacol. 11:580978. doi: 10.3389/fphar.2020.580978

Lung cancer is one of the most devastating diseases worldwide, with high incidence and mortality worldwide, and the anticancer potential of traditional Chinese medicine (TCM) has been gradually recognized by the scientific community. Astragali Radix (AR) is commonly used in traditional Chinese medicine in the treatment of lung cancer and has a certain clinical effect, but effective components and targets are still unclear. In the study, we established an integrated strategy for effective-component discovery of AR in the treatment of lung cancer based on a variety of techniques. First, the effective components and potential targets of AR were deciphered by the “component-target-disease” network using network pharmacology, and potential signal pathways on lung cancer were predicted by Gene Ontology (GO) biological function enrichment analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses. Then, the therapeutic effects of AR in the treatment of lung cancer were evaluated in vivo using A/J mice, and the potential targets related to autophagy and potential signal pathway were verified by Western blot analysis, immunofluorescence staining, and real-time PCR technology at protein and gene expression level. Finally, metabolism in vitro by rat intestinal flora and cell membrane immobilized chromatography technology were used to screen the effective components of AR in the treatment of lung cancer, and remaining components from the cell immobilized chromatography were collected and analyzed by ultra-performance liquid chromatography–electrospray quadrupole time-of-flight mass spectrometry (UPLC-Q-TOF-MS). The screening results of the integrated strategy showed that calycosin-7-O-β-D-glucoside, ononin, calycosin, astragaloside IV, astragaloside II, cycloastragenol, and formononetin may be effective components of AR in the treatment of lung cancer, and they may play a role in the treatment of lung cancer through autophagy and p53/AMPK/mTOR signaling pathway. The integrated strategy for effective-component discovery provided a valuable reference mode for finding the pharmacodynamic material basis of complex TCM systems. In addition, the prediction for targets and signal pathways laid a foundation for further study on the mechanism of AR in the treatment of lung cancer.
Keywords: key word: effective components, traditional Chinese medicine, astragali radix, lung cancer, autophagy, potential targets, network pharmacology, cell membrane immobilized chromatography
INTRODUCTION
As a global health burden, lung cancer is the highest incidence cancer at present (Torre et al., 2015; Wang et al., 2019). According to relevant statistics, lung cancer accounts for 19.4% of cancer-related deaths with 1.59 million deaths each year, which seriously endangers human health (Ke et al., 2019). As estimated by the International Agency for Research on Cancer, the number of deaths caused by lung cancer will raise to 10 million deaths per year by 2030 (Lou et al., 2016). However, the existing therapies, including radiotherapy, chemotherapy, and the emerging target therapy, are still unsatisfactory to improve the survival of lung cancer patients during the last 30 years (Cheng et al., 2018). So, it is an urgently required issue to achieve a breakthrough in medical treatment of lung cancer.
In recent years, the anticancer potential of traditional Chinese medicine (TCM) has been gradually recognized by the scientific community (Jiang et al., 2017; Zhu et al., 2019). In China, TCM is widely used in the treatment of cancer by preventing tumorigenesis, attenuating the toxicity, enhancing the therapeutic effect of radiotherapy and chemotherapy, reducing tumor recurrence, etc. (Wang et al., 2018; Zhang et al., 2018). Astragali Radix (AR), a well-known TCM, is the dried root of Astragalus membranaceus (Fisch.) Bge. var. mongholicus (Bge.) Hsiao or Astragalus membranaceus (Fisch.) Bge. has been used as a common clinical medicine in China for thousands of years. The accumulated data showed that AR was beneficial for the treatment of lung cancer in clinical practice (He et al., 2013; Xiao et al., 2019). However, the effective components and potential targets of AR in the treatment of lung cancer have not been reported.
Network pharmacology is a discipline for investigating pathogenesis of disease through constructing and analyzing biological networks (Chen et al., 2019), and provides a powerful tool for screening effective components and potential targets of TCM by establishing a “component-target-disease” network. Modern pharmacological research has proved that the combination of drugs with the lipid bilayer, receptors, and enzymes on the cell membrane is a main mechanism of drug action. Therefore, the effective components can be screened according to the affinity between the components and the cell membrane. Cell membrane immobilized chromatography, as a kind of cell membrane chromatography, uses active cells as the separation vector, TCM extracts as the object, and the separation was carried out according to whether the ingredients in the extract have specific affinity with the cells. In the study, we established an integrated strategy for effective-component discovery of AR in the treatment of lung cancer based on a variety of techniques, and investigated the relationship between autophagy and the anticancer effect of AR in vitro and in vivo.
MATERIALS AND METHODS
Materials and Reagents
AR was obtained from Anhui Jingquan Group Herbal Pieces Co., Ltd (Anqing city, Anhui Province, China) and was identified by De-kang Wu (professor of Nanjing University of traditional Chinese medicine) as the dried root of Astragalus membranaceus (Fisch.) Bge. var. mongholicus (Bge.). Benzopyrene was purchased from Aladdin Reagent Co., Ltd. (Shanghai, China). Cisplatin (DDP, 1 mg/ml, 20 ml) was gained from Nanjing pharmaceutical factory Co., Ltd. (Nanjing, China). 4% paraformaldehyde fixative was purchased from Nanjing Nanao Technology Co., Ltd. (Nanjing, China). Hematoxylin dyeing solution (D005) was purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing, China). Eosin dye solution (KGA231), 0.25% trypsin, 1% Triton X-100, goat serum, 4’,6-diamidino-2-phenylindole, and DMEM high glucose medium were purchased from Nanjing KeyGen Biotech logical Co., Ltd. (Nanjing, China). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH, 0802) antibody was purchased from Shanghai Kangcheng Biological Engineering Co., Ltd. (Shanghai, China). The antibodies against protein 53 (p53, ab131442), phosphorylated B-cell lymphoma-2 (p-Bcl-2, ab138406), mammalian target of rapamycin (mTOR, ab2732), AMP-activated protein kinase (AMPK, ab32047) and Beclin1 (ab133357) were obtained from Abcam (Cambridge, United Kingdom). NP-40 lysis buffer (1210600) was purchased from Nanjing Shengxing Biotechnology Co., Ltd. (Nanjing, China). Polyvinylidene fluoride (k8JN62911) was purchased from Millipore Corporation (Bedford, MA, USA). Pre-stained protein marker was purchased from Fermentas (Burlington, Canada).
Astragaloside I (MUST-16012906) and astragaloside II (MUST-16031010) were purchased from manster biotechnology Co., Ltd. (Chengdu, China). Cycloastragenol (HHQC20170921) was purchased from Nanjing Spring and Autumn Biological Engineering Co., Ltd. (Nanjing, China). Astragaloside IV (1107781-201616), calycosin (111920-201304), calycosin-7-O-β-D-glucoside (111920-201505), formononetin (111703-200603), and ononin (111703-200501) were purchased from the National institute for Food and Drug Control of China (Beijing, China). LC-MS grade methanol and acetonitrile were purchased from Merk Company (Darmstadt, Germany). HPLC grade formic acid with a purity of 99% was purchased from Anaqua chemical supply (ACS, Houston, USA). Purified water was prepared from a Milli-Q water purification system (Millipore Corporation, Bedford, MA, USA). Other chemicals (reagent grade) used were purchased from Nanjing Chemical Reagent Co, Ltd. (Nanjing, China).
Database Construction
All components of AR were obtained and cross-validated from TCMSP (http://lsp.nwu.edu.cn/tcmsp.php) database (Ru et al., 2014), ETCM (http://www.nrc.ac.cn:9090/ETCM/) (Xu et al., 2019), TCMID (http://www.megabionet.org/tcmid/) (Xue et al., 2012), CNKI (https://www.cnki.net/), PubMed (https://www.ncbi.nlm.nih.gov/pubmed), and SciFinder (https://scifinder.cas.org), and saved in SDF and Canonical SMILES structure format. All targets related to components of AR were collected from several databases, including PharmMapper (http://www.lilab-ecust.cn/pharmmapper/) (Wang et al., 2017), similarity ensemble approach (SEA, http://sea.bkslab.org/) (Gu and Lai, 2020), and Swiss Institute of Bioinformatics (SIB, http://www.swisstargetprediction.ch/) (Gfeller et al., 2014), and were limited to homo sapiens. All obtained targets were retrieved from GeneCards (http://www.genecards.org/) (Fishilevich et al., 2016) and Therapeutic Target Database (TTD, http://bidd.nus.edu.sg/group/cjttd) (Li et al., 2018) to explore their function to confirm if related to lung cancer, as only targets related to lung cancer can be used in subsequent studies, and named as potential targets. All components related to lung cancer were obtained by matching targets related to lung cancer with components of AR, and named as potential effective components.
Network Construction
The potential target-effective component network was constructed using Cytoscape software (version 3.6.1). In order to further explain the mechanism of AR in the treatment of lung cancer, the protein–protein interaction (PPI) network of lung cancer–related targets was explored by STRING (version 10.5, https://string-db.org/), and was visualized with Cytoscape software (version 3.6.1). Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses of potential targets were performed using the plugin ClueGo (version 2.5.4) from Cytoscape software (version 3.6.1). The signal pathways closely related to lung cancer were statistically analyzed, and those with p < 0.01 after Benjamin's correction were considered to be significantly changed and selected for further research, named as potential signal pathways. Then, the potential signal pathways were evaluated by occurrence frequency of potential targets.
Preparation of Astragali Radix Sample and Component Characterization
AR sample was gained by reflux extraction twice with ten times (w/v) 70% ethanol (v/v) in thermostatic water bath for 1.5 h. The two parts of extracts were combined, and the solvent was removed by rotary evaporation to obtain dried powder of AR. The dried powder of AR was stored in 4 °C refrigerator before use. The AR sample was analyzed by ultra-performance liquid chromatography–electrospray quadrupole time-of-flight mass spectrometry (UPLC-Q-TOF-MS) to characterize chemical component, and main signals in chromatograph were identified, and compared with the reference substances. Eight components, including calycosin-7-O-β-D-glucoside, ononin, calycosin, formononetin, astragaloside IV, astragaloside II, astragaloside I, and cycloastragenol, were accurately identified. The component information and typical total ion chromatogram (AR and reference substances) were shown in Supplementary Material S1.
Cigarettes Extract Preparation
A vacuum pump was used to simulate the human lung; a cigarette with the filter (containing 11 mg tar and 1.1 mg nicotine) was ignited and the end of the cigarette attached to a rubber hose. Smoke emitted from the burnt cigarette was dissolved in the serum-free culture medium through a glass pipette tip by a vacuum pump (Supplementary Figure S1). The smoke-solubilized serum-free culture medium was filtered by 0.22 μm sterile microporous membrane to obtain CSE.
Animals and Experiment Design
Forty male A/J mice, weighing 18–20 g, were purchased from Shanghai Experimental Animal Research Center (License number SCKK (HU) 2013-0056, Shanghai, China) and housed under pathogen-free environment with a 12h/12 h light–dark cycle and fed with food and water ad libitum. All animal experiments were conducted in accordance with the guidelines of the laboratory animals and approved by the Animal Ethics Committee of Nanjing University of Chinese Medicine.
All the mice were randomly assigned to five groups: control group, model group, DDP group, 5.2 g/kg AR group, and 2.6 g/kg AR group. Except for the control group, the lung cancer model of several groups were created by intraperitoneally injecting with benzopyrene (100 mg/kg body weight dissolved in corn oil) twice a week for 4 weeks; the DDP group were intraperitoneally injected with DDP; mice in the 5.2 g/kg AR group and 2.6 g/kg AR group were orally administrated with AR at the dose of 5.2 g/kg/d and 2.6 g/kg/d (dose conversion according to the Chinese pharmacopoeia 2020 edition part one), respectively, while the control group was given normal saline solution by gavage. After that, all the groups continued to receive different treatments for 28 weeks and once a day. After 28 weeks, all mice were sacrificed, and the lungs were collected. Immediately, a portion of lung tissue was snap-froze in liquid nitrogen and stored at −70 °C for further analysis, and another portion was fixed in 4% paraformaldehyde for histopathological study.
Histopathological Study
The lung tissues were fixed in 4% paraformaldehyde for 24 h, dehydrated and paraffin-embedded. The paraffin-embedded lung tissues were sectioned and stained with hematoxylin-eosin (HE) and immunohistochemistry (IHC). For IHC analysis, the paraffin-embedded lung tissue sections were deparaffinized in xylene and rehydrated through graded alcohol. Then, 3% H2O2 was added to block endogenous peroxidase activity. Finally, sections were blocked with normal goat serum for 30 min at room temperature and then incubated with anti-p-Bcl-2 and anti-p53 antibodies at 4 °C overnight. Sections were counterstained with hematoxylin and observed under light microscopy (Olympus, Tokyo, Japan) using ×400 magnification.
NHBE Cell Culture and Treatments
Primary normal human bronchial epithelial (NHBE) cells were purchased from Beina Chuanglian Biotechnology Co., Ltd. (Beijing, China). NHBE cells were seeded into a plastic culture flask containing DMEM, and then placed in a humidified incubator containing 5% CO2 at 37 °C. Culture medium was changed every two days, until NHBE cells reached 90% confluence. NHBE cells were digested by 0.25% trypsin and 0.02% EDTA solution, and prepared for the experiment with a density of 1×106 cells/mL. An MTT assay was used to assess the viability of NHBE cells exposed to different concentrations of CSE and AR (Supplementary Figure S2). According to the screening results, 10% CSE was chosen as the modeling concentration, and 1000 μg/ml and 500 μg/ml were chosen as the AR administration concentration. NHBE cells were divided into five groups (six wells per group): control groups (no treatment), model group (10% CSE), DDP groups (10% CSE+10 µg/ml DDP), 1000 µg/ml AR group (10% CSE + 1000 µg/ml AR), and 500 µg/ml AR group (10% CSE + 500 µg/ml AR). All cells were cultured in an incubator at 37 °C with 5% CO2 for 24 h.
Transmission Electron Microscope Observation
NHBE cells were digested with 0.25% trypsin to prepare single-cell suspension, centrifuged at 1000 rpm for 10 min, washed twice with prechilled PBS, and then fixed with prechilled 2.5% glutaric acid for 90 min at 4 °C. After washing in PBS, the cells were fixed with 1% osmium tetroxide at 4 °C for 30 min. After fixing, the cells were dehydrated with gradient ethanol and acetone, and then embedded in Epon812 resin (Sigma). The embedded blocks were cut into ultrathin sections using an ultramicrotome, and stained with uranyl acetate and lead citrate for ultrastructural examination under transmission electron microscopy (JEOL, Tokyo, Japan).
Western Blot Analysis
The NHBE cells were collected and used for Western blot analysis. The protein was extracted on ice using NP-40 lysis buffer (1% NP-40, 150 mM NaCl, 50 mM Tris-HCl, pH 8.0). Lysates were centrifuged at 13,000 rpm for 10 min at 4 °C, and the supernatants were collected. Protein concentration was measured by using the DC protein assay (Bio-Rad). The separated protein samples were separated by SDS-polyacrylamide gel electrophoresis and then transferred onto polyvinylidene fluoride membrane (Millipore Corporation, Billerica, MA, USA). Membranes was blocked with 5% nonfat dry milk in Tris-buffered saline with 0.05% Tween-20 (TBST) buffer, and then incubated with primary antibodies against p53 (1:500), p-Bcl-2 (diluted: 1:1000), Beclin 1 (diluted: 1:1000), AMPK (diluted: 1:1000), mTOR (diluted: 1:1000), and GAPDH (1:10,000) overnight at 4 °C. Subsequently, the membranes were incubated for 2 h at room temperature with secondary antibodies (1:10,000). Finally, the antigen–antibody complexes were visualized using enhanced chemiluminescence (Amersham) according to the manufacturer’s instructions, and visualized using Azure c600 imaging system (Azure Biosystems, Dublin, CA, USA). The protein levels were expressed as relative integrated intensity and were normalized to that of GAPDH.
Immunofluorescence Staining
The NHBE cells were washed three times with cold PBS and fixed by 4% paraformaldehyde for 15 min at room temperature, followed by permeabilization process with 1% Triton X-100 (Fisher). NHBE cells were subsequently immuno-stained with primary antibody for 2 h at room temperature and followed by fluorescein isothiocyanate-labeled secondary antibodies for 30 min at room temperature. The samples were washed twice, adhered onto coverslips, and mounted with 4’,6-diamidino-2-phenylindole–containing mounting medium. Acquisition of images was performed using a fluorescence microscope (Leica Microsystems, Wetzlar, Germany).
Real-Time PCR
Total RNA was extracted using the Trizol reagent (Invitrogen) according to the manufacturer's instructions. The RNA concentrations were determined using a spectrophotometer (ThermoFisher, Waltham, MA, USA). cDNA was synthesized from RNA (2 μg) using First-strand cDNA Synthesis Kit (Thermo Fisher Scientific, Waltham, MA, USA). Real-time PCR analyses were conducted to quantitate p-53, p-Bcl-2, Beclin1, AMPK, and mTOR relative expression using SYBR Green real-time PCR kit (TaKaRa, Dalian, China) with GAPDH as an internal control. The cycle threshold values from all quantitative real-time PCR experiments were analyzed using 2-ΔΔCT method, and were automatically determined by the ABI 7500 Real-Time PCR System (Applied Biosystems, USA). The primers used for real-time PCR analysis were as follow: p-53, forward primer 5′-CAG​ACA​GGC​TTT​GCA​GAA​TG-3′, reverse primer 5′-GAC​CCT​GGC​ACC​TAC​AAT​GA-3’; p-Bcl-2, forward primer 5′-AAG​CTG​TCA​CAG​AGG​GGC​TA-3′, reverse primer: 5′-CAGGCTGGA AGGAGAAGATG-3’; Beclin1, forward primer 5′-GTC​CAC​GCT​CGA​CCT​TCT​TAC-3′, reverse primer 5′-CAC​TTG​CCA​GTC​TTA​ACC​TCT​G-3’; AMPK, forward primer 5′-TGC​GTG​TAC​GAA​GGA​AGA​ATC​C-3′, reverse primer 5′-TGT​GAC​TTC​CAG​GTC​TTG​GAG​TT-3′; mTOR, forward primer 5′-CAG​TTC​GCC​AGT​GGA​CTG​AAG-3′, reverse primer 5′-GCT​GGT​CAT​AGA​AGC​GAG​AC-3′; and GAPDH, forward primer 5′-AGG​TCG​GTG​TGA​ACG​GAT​TTG-3′, reverse primer 5′-TGT​AGA​CCA​TGT​AGT​TGA​GGT​CA-3′.
Metabolism in vitro of Rat Intestinal Flora
Preparation of Anerobic Culture Medium
CaCl2 (0.2 g) and MgSO4.7H2O (0.2 g) were dissolved on 800 ml of distilled water. After that, K2HPO4·3H2O (1.0 g), KH2PO4 (1.0 g), NaHCO3 (10.0 g), NaCl (2.0 g), and resazurin solution (10 ml, 2.0 g resazurin dissolved in 10 ml double-distilled water) were added and stirred until dissolving, and then boiled distilled water was added to 1000 ml, mixed well, and cooled to room temperature. Then, tryptone (10.0 g), yeast extract (10.0 g), L-cysteine (1.0 g), and heme chloride solution (10 ml, 0.05 g heme chloride dissolved in 100 ml of 0.01 N NaOH solution) were supplemented. The pH was adjusted to 7.3 with NaOH test solution. All solution was autoclaved at 121 °C for 20 min and stored at 4 °C after cooling.
Preparation of Intestinal Flora Culture Solution
Six male Sprague–Dawley (SD) rats were provided by Shanghai Laboratory Animal Center (License No. SYXK (HU) 2013-0056, Shanghai China). Fresh intestinal contents (5.0 g) taken from SD rats were placed in a sterilized penicillin vial and mixed with normal saline at a ratio of 1 g:4 ml to make a suspension, and then the filtrate and anaerobic culture solution were mixed in a ratio of 1:9 to obtain enteric bacteria culture solution.
Sample Preparation
AR (1 mg/ml, 200 μL) was added to intestinal flora culture medium (1 ml), which was then filled with nitrogen without oxygen. The reactions were terminated by adding 1 ml n-butanol and 1 ml ethyl acetate after incubation for 0, 4, 8, 12, 24, 48, and 72 h, respectively. Next, the mixtures were vortexed for 5 min after adding 10 μL internal standard solution (nitrendipine, 2 μg/ml) and centrifuged at 14,000 rpm for 5 min. Subsequently, the organic phases were collected and evaporated under nitrogen gas, and 200 μL of methanol was added, vortexed, and centrifuged again at 14,000 rpm for 5 min, respectively. The supernatant was passed through the 0.22 μm millipore filter before injecting into the UPLC-Q-TOF-MS.
Cell Membrane Immobilized Chromatography
A549 cells were purchased from Nanjing Kaiji biology Co., Ltd (Nanjing, China). A549 cells were seeded in a plastic culture flask containing DMEM, and then placed in a humidified incubator containing 5% CO2 at 37 °C. The medium was replaced every day until A549 cells grew to 80–90% confluence. A549 cells were starved in serum-free medium for 3 h after washing with PBS. AR sample was incubated on intestinal bacteria (2 × 10−4 g/ml) for 0, 4, 8, 12, 24, 48, and 72 h, and then the incubated solution was separately added into the A549 cells for 90 min, and was washed repeatedly with PBS until without detected component. The dissociation solution (10.95 g/L Na2HPO4 and 12.91 g/L citric acid aqueous solution) was immediately added into the treated A549 cells, which were incubated at 37 °C and 5% CO2 for 30 min to inactivate the cell effect target. Finally, the dissociation solution was collected.
A549 cells were digested with pancreatin and suspended into DMEM/high glucose medium. The cell suspension was centrifuged at 3,000 rpm for 2 min at 4 °C; the cell density (1 × 107 cells/mL) was adjusted by PBS and then dissociated at room temperature for 1 h with dissociation solution. The cells were quickly placed at −80 °C for 20 min, and thawed in a thermostatic water bath at 37 °C for 10 min. The freezing–thawing process was repeated for 4 times and centrifuged at 2000 rpm for 20 min. Then, the dissociation solution and intracellular dissociation solution were collected and evaporated under nitrogen gas, and 200 μL of methanol was added, vortexed for 2 min, and centrifuged at 11,000 rpm for 10 min. Finally, the supernatant was passed through the 0.22 μm millipore filter before injecting into the UPLC-Q-TOF-MS.
UPLC-Q-TOF-MS Analysis
Chromatographic analysis was performed on a LC-20AD UPLC system (Shimadzu Corporation, Kyoto, Japan) equipped with hybrid quadrupole time-of-flight tandem mass spectrometry (Triple TOF™ 5,600, AB SCIEX, Foster City, CA, USA) coupled with electrospray ionization (ESI) source. Chromatographic separation was performed on a ACQUITY UPLC HSS T3 column (50 mm × 2.1 mm, 1.8 μm). The flow rate was 0.3 ml/min, and the mobile phase consisted of solvent A (0.1% formic acid in water, v/v) and solvent B (acetonitrile) with the optimized gradient elution: 0∼2 min, 2%∼8% B; 2∼8 min, 8%∼20% B; 8∼12 min, 20%∼35% B; 12∼18 min, 35%∼60% B; 18∼24 min, 60%∼70% B; 24∼28 min, 70%∼80% B; 28∼28 min, 80%∼2% B; and 28∼30 min, 2%∼2% B. The column temperature was set at 30 °C. In order to get better analysis results, the mass spectrometer was conducted in electrospray and multiple reaction monitoring scanning mode, in negative ion modes. The optimized parameters for mass spectrometer were as follows: capillary voltage, 0.5 kV; ion source temperature, 100 °C; cone gas flow rate, 50 L/h; desolvation temperature, 400 °C; and desolvation gas flow, 800 L/h. The information-dependent acquisition techniques and dynamic background subtraction were used to reduce the impact of matrix interference.
Statistical Analysis
All data are presented as the mean ± standard deviation. Data from mice and NHBE cells were statistically evaluated using t-test for pair-wise comparison. p < 0.05 was considered to be a significant difference, p < 0.01 was considered to be extremely significant difference, and p > 0.05 was considered to be no significant difference. All statistical analyses were performed using SPSS software (version 22.0, IBM, Chicago, IL, USA).
RESULTS
Network Pharmacology Analysis of AR in the Treatment of Lung Cancer
Potential Targets and Components Prediction
In this study, the computer virtual screening technology was used to provide a fast and efficient approach to obtain potential targets. At length, 160 potential targets of AR in the treatment of lung cancer were obtained, and the information of potential targets (degree ≥5) are listed in Table 1. As shown in Figure 1A, the PPI network consisted of 160 nodes and 3,720 edges (average node degree of 46.5 and average local clustering coefficient of 0.634), and the node represents the potential target; the “degree” value that indicated the strength of the potential target showed the larger the node, the brighter the color, and the larger the value. The results showed that the nodes of TP53, AKT1, VEGFA, EGFR, MAPK3, CCND1, HRAS, CASP3, SRC, ALB, JUN, STAT3, HSP90AA1, IL6, MAPK1, ESR1, ERBB2, TNF, MAPK8, MTOR, FGF2, and MMP9 are larger and brighter, indicating that they play a major role in the treatment of lung cancer. Further analysis found that these potential targets are mainly related to autophagy, apoptosis, and immune-mediated, cell cycle arrest and antioxidation. It is speculated that AR may play a role in the treatment of lung cancer through autophagy, apoptosis, and immune-mediated, cell cycle arrest and antioxidation.
TABLE 1 | Information of potential targets of AR in the treatment of lung cancer (degree ≥ 5).
[image: Table 1][image: Figure 1]FIGURE 1 | The protein–protein interaction (PPI) network and potential target-effective component network of AR in the treatment of lung cancer. (A) The PPI network of 160 potential targets. The node represents the potential target: the larger and brighter the node, the larger the interactions. (B) Network of 160 potential targets related to 36 potential effective components. The rose red diamond nodes represent 160 potential targets, blue rectangle nodes represent 36 potential effective components, and the brighter color diamond nodes represent the more important potential targets.
Based on the acquisition of potential targets, 36 potential effective components were obtained by matching potential targets, and their information is listed in Table 2. Potential target-effective component network was constructed by Cytoscape 3.6.1 software. As shown in Figure 1B, these 160 potential targets were associated with 36 potential effective components, and the blue nodes and rose red nodes represent 160 potential targets and 36 potential effective components, respectively. Potential target-effective component network indicated that the same component could act on multiple targets, and each target is usually associated with multiple components. These results suggested that different components in AR could regulate these same or similar targets to exert effect. So, in the study of TCM, as a complex system with multiple components and multiple targets, synergistic or antagonistic interactions among the different components of TCM should be considered.
TABLE 2 | The summary of potential effective components of AR in the treatment of lung cancer.
[image: Table 2]TABLE 3 | Potential target-pathway enrichment of AR in the treatment of lung cancer.
[image: Table 3]Enrichment Analysis and Mechanism Prediction
Go enrichment analysis was performed on 160 potential targets, and limiting annotation was selected to homo sapiens. The top 10 terms of biological process (Figure 2A), molecular function (Figure 2B), and cell composition (Figure 2C) were selected. The results indicated that AR-regulated lung cancer mainly related to cellular process, biological regulation, response to stimulus, regulation of biological process, regulation of cellular process, and metabolic process, and mainly involved binding, protein binding, and catalytic activity in molecular function, and cell part, intracellular, intracellular part, cytoplasm, and intracellular organelle in cell composition.
[image: Figure 2]FIGURE 2 | Gene Ontology (GO) enrichment analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis of AR in the treatment of lung cancer. (A) Go enrichment analysis of potential targets in biological process. (B) Go enrichment analysis of potential targets in molecular function. (C) Go enrichment analysis of potential targets in cell composition. (D) The network of potential target-signal pathway by KEGG analysis (p ≤ 0.01). The diamond nodes represent potential targets, oval nodes represent signal pathways, and the brighter color oval nodes represent the more important the signal pathways.
KEGG analysis was performed using the ClueGO database in Cytoscape 3.6.1, and 115 KEGG pathways with p-value less than or equal to 0.01 were obtained (Table 3). In order to more intuitively show the relationship among potential targets and signal pathways, the potential target-signal pathway network was constructed (Figure 2D). According to the KEGG analysis, AR in the treatment of lung cancer was related to PI3K-Akt signaling pathway, MAPK signaling pathway, Ras signaling pathway, etc.
Experimental Validation of AR in the Treatment of Lung Cancer In Vivo
Body Weight Change and Overall Appearance
The body weight changes of the animals in different groups were shown in Figure 3A. Compared with the control group, the body weight of mice in other four groups were decreased, and mice in model group had the smallest body weight among these four groups (p < 0.01). Besides, compared with the model group, the body weight of 5.2 g/kg AR group and 2.6 g/kg AR group were significantly increased (p < 0.01, p < 0.05), and the most significant effect was observed in 5.2 g/kg AR group. The appearance of all mice were observations throughout the experimental period, and the results showed that the mice in model group suffered from nose bleeding and sparse neck hair, and no obvious symptoms in other four groups were observed.
[image: Figure 3]FIGURE 3 | Experimental validation of AR in the treatment of lung cancer in vivo. (A) Body weight change of A/J mice in different groups. (B) The number of lung tumor nodules in different groups. (C) The HE staining of lung from A/J mice in different groups. a, control group; b, model group; c, DDP group; d, 5.2 g/kg AR group; e, 2.6 g/kg AR group. (D) and (E) IHC staining for p53 of lung from A/J mice in different groups. a, control group; b, model group; c, DDP group; d, 5.2 g/kg AR group. e, 2.6 g/kg AR group. (F) and (G) IHC staining for p-Bcl-2 of lung from A/J mice in different groups. a, control group; b, model group; c, DDP group; d, 5.2 g/kg AR group. e, 2.6 g/kg AR group. Compared with the model group, *p < 0.05, **p <0.01; compared with the control group, #p < 0.05, ##p < 0.01.
Histopathological Study
After 28 weeks, lungs were removed from the mice for analysis. Except for the control group, what were observed in the other groups showed obvious lung lesions, tumor-like proliferation, and tumor nodules. Compared with the model group, the mice by DDP, 5.2 g/kg AR, and 2.6 g/kg AR treatment were able to significantly reduce (p < 0.01) the number of lung tumor nodules (Figure 3B). The HE staining and IHC staining were used to determine the success of the lung cancer model and the therapeutic effect of AR against lung cancer. As shown in Figure 3C, the HE staining results showed that lung tissues of mice in the control group had the intact structure, clear alveolar outline, thin alveolar septum, and no sign of inflammation, while the lung tissues disappear in the model group had serious damage to the alveolar structure, cancerous proliferation, and fibrosis, which indicates that the lung cancer model of A/J mice was successfully constructed. In addition, the administration of DDP and AR prevented the structural changes in the lung tissue and the infiltration of inflammatory cell, and improved lung tissue integrity. In addition, the above findings also suggest the effectiveness of AR in the treatment of lung cancer. The results of IHC staining were consistent with the HE staining results. In addition, the IHC staining results indicated that compared with the control group, the p53 expression (Figures 3D,E) was significantly decreased (p < 0.01), and the p-Bcl-2 expression (Figure 3F,G) was significantly increased (p < 0.01) in the lung tissue of model group. The administration of AR could upregulate the p53 expression and downregulate the p-Bcl-2 expression in the lung tissue, which indicated that AR can reverse the expression of p53 and p-Bcl-2 in lung cancer mice.
Potential Targets and Mechanism Validation In Vitro
Astragali Radix Treatment Inhibited Cell Autophagy Induced by CSE
CSE was used to induce autophagy in NHBE cells. The result showed that a large number of autophagy vacuoles appeared in the cytoplasm. Besides, autophagosome fuse with lysosome to form autolysosome, which decompose and destroy the organelles and damage the normal function of cells. After treatment with AR, the number of autophagosomes and autolysosomes in the cells was significantly reduced, and the structural integrity of the cells was increased, as shown in Figure 4A.
[image: Figure 4]FIGURE 4 | AR on cell autophagy by transmission electron microscope and p53, p-Bcl-2, mTOR expression in NHBE by Western blot analysis. (A) AR on cell autophagy by transmission electron microscope. a, control group; b, model group (autophagosomes or autolysosomes were indicated by the red arrows); c, 1000 µg/ml AR group. (B) The protein brands of p53, p-Bcl-2, mTOR and GAPDH. (C) p53 expression in NHBE by western blot analysis. (D) p-Bcl-2 expression in NHBE by western blot analysis. (E) mTOR expression in NHBE by western blot analysis. Compared with the model group, *p < 0.05, **p < 0.01; compared with the control group, #p < 0.05, ##p < 0.01.
Astragali Radix on p53, p-Bcl-2 and Mammalian Target of Rapamycin Expression in NHBE Cells
The potential targets, p53, p-Bcl-2, and mTOR, predicted by network pharmacology technology, were verified at the protein and gene levels. As shown in Figures 4B,C, compared with the model group, the p53 expression in NHBE cells was significantly increased in the 1000 µg/ml AR group and 500 µg/ml AR group (p < 0.01). As shown in Figures 5A,B, immunofluorescence staining analyses showed that 1000 µg/ml AR and 500 µg/ml AR could increase the expression of p53 (p < 0.01). RT-PCR results (Figures 5E,F) showed that the relative mRNA level of cellular p53 has been increased (p < 0.01) and the relative mRNA level of nuclear p53 has been decreased (p < 0.01) by the treatment of 1000 µg/ml AR, respectively. The above results indicated that AR could promote p53 expression, thereby inhibiting autophagy and protecting cells from autophagy.
[image: Figure 5]FIGURE 5 | AR on p53, p-Bcl-2, and mTOR expression in NHBE cells by immunofluorescence staining and real-time PCR technology. (A) Representative pictures of p53, p-Bcl-2, and mTOR immunofluorescence in different groups. (B) (C) and (D) Relative p53, p-Bcl-2, and mTOR expression in NHBE by immunofluorescence staining. (E) and (F) Relative mRNA level of cellular and nuclear p53, respectively. (G) and (H) Relative mRNA level of p-Bcl-2 and mTOR, respectively. Compared with the model group, *p < 0.05, **p < 0.01; compared with the control group, #p < 0.05, ##p < 0.01.
Western blot analysis (Figures 4B,D) and immunofluorescence (Figures 5A,C) showed that p-Bcl-2 expression was significantly reduced in NHBE cells after treatment with AR (p < 0.01). In addition, compared with model group, the relative mRNA level of p-Bcl-2 was significantly reduced (p < 0.01) in 1000 µg/ml AR group and 500 µg/ml AR group (Figure 5G). The above results indicated that AR could reduce the phosphorylation level of Bcl-2, inhibit autophagy, and protect cells.
As shown in Figures 4B,E, compared with the model group, mTOR expression in NHBE cells was significantly increased in the 1000 µg/ml AR group and 500 µg/ml AR group (p < 0.01). RT-PCR results (Figure 5H) showed that the relative mRNA level of mTOR has also been increased by the treatment of 1000 µg/ml AR and 500 µg/ml AR (p < 0.01). Immunofluorescence staining showed increased expression of mTOR expression in AR-treated cells at the concentration of 1000 µg/ml AR and 500 µg/ml AR (Figures 5A,D, p < 0.01). mTOR is a major negative regulator of autophagy and a key protein for controlling autophagy. The above results showed that AR could increase mTOR expression and regulate cell autophagy to protect cells.
Effect of Astragali Radix on p53/AMPK/Mammalian Target of Rapamycin Signaling Pathway
According to the KEGG analysis, AR in the treatment of lung cancer was mainly related to PI3K-Akt signaling pathway. So, the expression of molecules downstream of the PI3K-Akt signaling pathway was mainly explored. Except for p53, p-Bcl-2, and mTOR (Figures 4,5), the expression of AMPK and Beclin1 at the protein and gene levels was also determined. As shown in Figure 6, compared with model group, Western blot analysis and immunofluorescence staining showed a significant reduction (p < 0.01) on AMPK and Beclin1 expression in NHBE cells after being treated with 1000 µg/ml AR. Besides, the relative mRNA level of AMPK and Beclin1 was significantly reduced (p < 0.01) in 1000 µg/ml AR group and 500 µg/ml AR group. It has been documented that p53 mediates autophagy through an AMPK/mTOR-dependent pathway (Tasdemir et al., 2008). AMPK activation leads to autophagy through negative regulation of mTOR and that many other factors involved in the autophagic process govern autophagy through AMPK/mTOR signaling (Jing et al., 2011). Based on the above research results, we speculate that AR in the treatment of lung cancer may through p53/AMPK/mTOR signaling pathway (Figure 7), but further validation is still required.
[image: Figure 6]FIGURE 6 | AR on AMPK and Beclin1 expression in NHBE cells. (A) The protein brands of AMPK, Beclin1, and GAPDH. (B) and (C) AMPK and Beclin1 expression in NHBE by Western blot analysis. (D) Representative pictures of AMPK and Beclin1 immunofluorescence in different groups. (E) and (F) Relative AMPK and Beclin1 expression in NHBE by immunofluorescence. (G) and (H) Relative mRNA level of AMPK and Beclin1, respectively. Compared with the model group, *p < 0.05, **p < 0.01; compared with the control group, #p <0.05, ##p < 0.01.
[image: Figure 7]FIGURE 7 | The p53/AMPK/mTOR signaling pathway of AR in the treatment of lung cancer by preliminary prediction.
Screening of Effective Components by Metabolism in vitro of Rat Intestinal Flora and Cell Membrane–Immobilized Chromatography
The UPLC-Q-TOF-MS analysis results indicated that these components in AR have undergone different degrees of metabolic transformation under the action of intestinal flora, and the typical total ion chromatogram of blank bacterial solution and the intestinal flora incubation solution of AR (2 h) as shown in Supplementary Figure S3. Detailed metabolite information was listed in Table 4, and the metabolic pathway mainly involves oxidation, reduction, hydrolytic deglycosylation, etc. The results of cell membrane–immobilized chromatography are shown in Figure 8. The six effective components, such as calycosin-7-O-β-D-glucoside, ononin, calycosin, astragaloside IV, metabolite of astragaloside II (M5), and cycloastragenol, can bind to cell membranes (Figure 8A). The three components, that is, reduction product of calycosin (M9), calycosin, and formononetin, can enter into the cell through the cell membrane by passive diffusion (Figure 8B).
TABLE 4 | Identification of components in AR by using UPLC-ESI-Q-TOF-MS method in negative ion mode.
[image: Table 4][image: Figure 8]FIGURE 8 | The typical total ion chromatogram of components bound to membrane proteins and intracellular protein. (A) Components bound to membrane proteins. 1, calycosin -7-O-β-D-glucoside; 2, ononin; 3, calycosin; 4, astragaloside IV; 5, metabolites of astragaloside II (M5); 6, cycloastragenol. (B) Components bound to intracellular protein. 1, calycosin; 2, formononetin; reduction product of calycosin (M9).
Ultimately, these effective components, that is, calycosin-7-O-β-D-glucoside, ononin, calycosin, astragaloside IV, astragaloside II, cycloastragenol, and formononetin, together form the material basis of AR for prevention and treatment of lung cancer, and they come from the two-type components, flavone and saponin.
DISCUSSION
In this study, an integrated strategy for effective-component discovery of AR in the treatment of lung cancer was established. The results indicated that the integrated strategy can be applied to the efficiently screen effective components in complex systems. In our research on the bioactivity of AR, we found that the administered doses were high compared with single component drug. Therefore, the screening and confirmation of effective components in this article will help to reduce the dose by removing the ineffective components.
Modern pharmacological studies have shown that the activity of drugs is closely related to their cell membrane affinity and permeability. An important step in the role of TCM is the binding of effective components to cell membranes, specific enzymes, or receptors in cells. In this study, A549 cells were used as the separation carrier, AR was taken as the research object, and the specific affinity between each component in AR and cells was determined by cell membrane–immobilized chromatography. It is worth noting that the screening results show that calycosin-7-O-β-D-glucoside, ononin, calycosin, astragaloside IV, astragaloside II, cycloastragenol, and formononetin may be effective components of AR in the treatment of lung cancer, and which is consistent with the previous research results of AR in the prevention and treatment of cancer (He et al., 2013; Cheng et al., 2016; Xu et al., 2018). Through the ages, TCM have shown good efficacy in treating many and complex diseases (Sreenivasmurthy et al., 2017). The above research on the effective components of AR once again proved that the components of TCM are very complex and diverse, and multicomponent and multi-target may be the characteristic of TCM in treating diseases.
Autophagy has been implicated in a wide range of human diseases, including lung disorders such as lung cancer, chronic obstructive pulmonary disease, and lung infection diseases (Ryter and Choi, 2010; Ryter et al., 2012; Liu, et al., 2017; He et al., 2019). The article mainly investigated the mechanism of AR in the treatment of lung cancer from the perspective of autophagy according to the predictions of network pharmacology. The results suggested that AR may inhibit the development of lung cancer by reducing the p53 expression in the nucleus and promoting p53 expression in the cytoplasm, downregulating the level of p-Bcl-2 and promoting the autophagy inhibitory factor mTOR expression. In order to further explore the mechanism of AR in the treatment of lung cancer, except for the p53, p-Bcl-2 and mTOR, the expression of other molecules downstream of the PI3K-Akt signaling pathway was explored, including AMPK and Beclin1. Under stress, AMPK can promote the dissociation and phosphorylation of autophagy-related gene Bcl-2 (Zhou et al., 2011; He et al., 2012; Meng et al., 2015) and inhibit mTOR expression (Chen et al., 2015; Prietodomínguez et al., 2016; Yu et al., 2017), and ultimately promote the occurrence and development of autophagy. Beclin1 is an interacting protein of Bcl-2 (He et al., 2013); binding of Bcl-2 to Beclin1 inhibits Beclin1-mediated autophagy via sequestration of Beclin1 away from class III PI3K; and the interaction between Bcl-2 and Beclin1 is related to mTOR kinase-dependent phosphorylation of Bcl-2 (Levine et al., 2008; Pattingre et al., 2008; Chiang et al., 2018; Xu and Qin, 2019). The preliminary research results indicated that the regulation of autophagy may be a useful strategy in the treatment of lung cancer.
In this study, an integrated strategy for effective-component discovery of AR in the treatment of lung cancer was established, which provides a valuable reference mode for finding the effective components of TCM. In addition, preliminary research results indicated that AR in the treatment of lung cancer may through p53/AMPK/mTOR signaling pathway, which laid a foundation for further in-depth study of the mechanism of AR in lung cancer. Despite some promising results were obtained in the study, there are still several potential limitations to improve. First, we have to admit that network pharmacology virtual screening has some limitations, and the predicted effective components and potential targets may need to be further comprehensively verified through a variety of different technologies. Even though the study adopts an integrated research strategy combining network analysis and in vitro/vivo studies, it still could not avoid some false positives. Moreover, we found that the dosage of AR was very high compared with single-component drug. Therefore, it is necessary to further knock out invalid components of AR to reduce dosage. Finally, the preliminary research results indicated that AR in the treatment of lung cancer may be through p53/AMPK/mTOR signaling pathway; certainly, further experimental validation should be needed to confirm this hypothesis.
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Tripterygiumwilfordii Hook F (TwHF) is one of the most commonly used and effective traditional Chinese herbal medicines against rheumatoid arthritis (RA). Both Tripterygium Glycoside Tablets (TGT) and Tripterygium wilfordii Tablets (TWT) are the representative TwHF-based agents enrolled into the 2019 edition of Medicine Catalog for National Basic Medical Insurance, Injury Insurance, and Maternity Insurance. However, individual differences in TGT/TWT response across patients usually exist in the process of treating RA, implying that the clinical application of the two agents may not be standardized leading to the ineffective treatment and the risk of side effects. Growing evidence show that the bioactive constituents of TwHF may often have toxicity, the package insert of TGT and TWT may not be described in detail, and the therapeutic windows of the two agents are narrow. Thus, it is an urgent task to develop a standardized clinical practice guideline for TGT and TWT in the treatment of RA. In the current study, a group of clinical experts of traditional Chinese medicine and Western medicine in the research field of rheumatism diseases, pharmacists, and methodologists of evidence-based medicine were invited to select the clinical questions, to determine the levels of the evidence and the strength of the recommendations, and to develop the recommendations and good practice points. The guideline is formed based on the combination of clinical research evidence and expert experience (evidence-based, consensus, supplemented by experience). The clinical problems which are supported by clinical evidence may form recommendations, and the clinical problems without clinical evidence may form experts’ suggestions. Both recommendations and experts' suggestions in this guideline summarized the clinical indications, usage, dosage, combined medication, and safety of TGT and TWT against RA systematically and comprehensively, which may offer a professional guidance in the context of the clinical application of the two TwHF-based agents.
Keywords: Tripterygium glycoside tablet, Tripterygium wilfordii tablets, rheumatoid arthritis, clinical practice guideline, rational drug use
INTRODUCTION
Rheumatoid arthritis (RA) is a common chronic autoimmune disorder characterized by synovitis, cartilage damage, and bone erosion (Chimenti et al., 2015). The morbidity of RA is 0.19–0.41% in China. During the progression of the disease, the damage of multiple joints may lead to deformity and disability, which severely influences the patients’ quality of life and eventually leads to heavy social and economic burden (Wang et al., 2015). Although various conventional disease-modifying antirheumatic drugs (DMARDs) have been extensively used for the treatment of RA worldwide, the incidence of adverse reactions due to the application of DMARDs has been over 40% (Pavy et al., 2006; Li et al., 2016; Smolen et al., 2017).
Tripterygium wilfordii Hook F (TwHF) is one of the most commonly used medicines and has been widely used as an effective traditional Chinese herbal medicine against RA in China for centuries (Zhang et al., 2010). Both Tripterygium Glycoside Tablets (TGT) and Tripterygium wilfordii Tablets (TWT) are the representative TwHF-based agents enrolled into the 2019 edition of Medicine Catalog for National Basic Medical Insurance, Injury Insurance, and Maternity Insurance. Chemically, TGT mainly contains wilforlide A, triptolide, triptonide, wilforine, triptophenolide, tripterine, etc. (Wang Y.D. et al., 2019). Similarly, the constituents in TWT include triptolide, tripterine, wilforlide A, wtlfordine, triptophenolide, etc. (Gu et al., 2015). Among them, wilforlide A, triptolide, and tripterine have been demonstrated to exert good anti-inflammatory and immune inhibitory effects (Zhu et al., 2009; Xue et al., 2010; Venkatesha et al., 2012), which make both TGT and TWT be commonly used against RA. However, individual differences in TGT/TWT response across patients usually exist in the process of treating RA, implying that the clinical application of the two agents may not be standardized leading to the ineffective treatment and the risk of side effects. Growing evidence shows that the bioactive constituents of TwHF may often have toxicity, the package insert of TGT and TWT may not be described in detail, and the therapeutic windows of the two agents are narrow. Thus, it is an urgent task to develop a standardized clinical practice guideline for TGT and TWT in the treatment of RA.
With the approval and support of the Standardization Office of the Chinese Association of Chinese Medicine, in the current study, we invited a group of clinical experts of traditional Chinese medicine and Western medicine in the research field of rheumatism diseases, pharmacists, and methodologists of evidence-based medicine to select the clinical questions, to determine the levels of the evidence and the strength of the recommendations, and to develop the recommendations and good practice points (GPPs). The guideline is formed based on the combination of clinical evidence and experts’ experience (evidence-based, consensus, supplemented by experience). The clinical problems which are supported by clinical evidence may form recommendations, and the clinical problems without clinical evidence may form experts' suggestions. Both recommendations and experts’ suggestions in this guideline summarized the clinical indications, usage, dosage, combined medication, and safety of TGT and TWT against RA systematically and comprehensively, which may offer a professional guidance in the context of the clinical application of the two TwHF-based agents (Lin et al., 2020a; Lin et al., 2020b).
METHODS
The “Clinical practice guideline for Tripterygium Glycosides/Tripterygium wilfordii Tablets in the treatment of rheumatoid arthritis” was approved on June 2020 by the Standardization Office of the Chinese Association of Chinese Medicine. To develop an evidence-based and expert-approved Chinese patent medicine treatment guideline for RA, a multidisciplinary guideline development group was established. This guideline was developed according to the Manual for the clinical experts consensus of Chinese patent medicine (Fang et al., 2018). GPP (Liao and Xie, 2008) and the grading of recommendation assessment, development, and evaluation (GRADE) system (Atkins et al., 2004) were used to rate the quality of evidence and the strength of recommendations. Our clinical practice guideline was developed following a six-step plan (Figure 1).
[image: Figure 1]FIGURE 1 | The procedure used to develop the clinical practice guideline.
Selection of Questions
According to a Delphi prioritization procedure, the following three questions were selected: 1) Whether RA patients without fertility desire may achieve beneficial effects from the treatment of TGT/TWT alone at the active disease stage; 2) whether RA patients without fertility desire may achieve beneficial effects from the treatment of TGT/TWT in combination with Chinese patent medicine at the active disease stage; 3) whether RA patients without fertility desire may achieve beneficial effects from the treatment of TGT/TWT in combination with Western medicine at the active disease stage.
Literature Review
Our literatures were collected from the following databases: 1) Chinese articles: China National Knowledge Infrastructure (CNKI), WanFang Data Resource, Chongqing VIP Information Database, and China BioMedical Literature Service System (SinoMed); 2) English articles: MEDLINE, Embase, and Cochrane Library. Articles published in Chinese or in English before January 2019 were selected. Literature retrieval was run using the keywords related to RA/TGT/TWT. The enrolled articles included the existing guidelines, systematic reviews, meta-analyses, RCTs, nonrandomized controlled trials, and observational studies.
Level of the Evidence and Strength of the Recommendations
The level of the evidence was evaluated according to the guideline of GRADE Working Group (Balshem et al., 2011) (Table 1). The evidence-based recommendations were formed based on the strength of recommendations (Andrews et al., 2013) suggested by GRADE Working Group (Table 2). The expert-approved GPPs were formed through two rounds of Delphi survey and the consensus development conference (Liao and Xie, 2008).
TABLE 1 | Significance of the four levels of evidence.
[image: Table 1]TABLE 2 | Significance of the four strengths of recommendations.
[image: Table 2]Development of Recommendations and GPPs
Eight recommendations and seven GPPs on the clinical application of TGT and TWT against RA were developed by taking real-name vote among the experts of the scientific committee and working group based on the following procedures. At first, the articles were carefully reviewed and the level of evidence offered by each article was given. Then, adverse effects, economic considerations, applicability of the recommendation to the target population of each recommendations, and GPPs were also shown in GRADE Evidence to Decision (EtD) framework. After that, GRADE EtD framework of the evidence-based recommendation was using the five-category scale (strongly disagree, disagree, uncertain, weak recommendation, and strong recommendation). The vote of any strongly disagree, disagree, weak recommendation, strong recommendation over 50% should be deemed to reach a consensus. The vote of any side of “uncertain” over 70% should be deemed to reach a consensus, and the strength of the recommendation should be recognized as weak. GRADE EtD framework of expert-approved GPP was using the three-category scale (consensus, uncertain, and against). The vote of any side of "uncertain" over 50% should be recognized as GPP.
Peer Review
The guideline was assessed twice after the draft was completed by the guideline compiling team. For the first round of assessment, a total of 17 experts were invited to review the first draft of guideline. Following the revision, another 39 experts outside the working group were invited to review draft for the second time. After two rounds of experts’ assessment and amendment, the guideline was approved by the Standardization Office of the Chinese Association of Chinese Medicine.
Publicity
The introduction and announcement of this guideline have been published on the official account of the Chinese Association of Chinese Medicine website. The guideline will be publicized in various academic conferences in the future.
Update
The working group will update guideline within three years based on new evidence of TGT and TWT administrations against RA.
DIAGNOSTIC CRITERIA
Diagnosis in Western Medicine

(1) The 1987 American College of Rheumatology (ACR) classification criteria for RA (Arnett et al., 1988).
Seven diagnostic criteria proposed by ACR are as follows: 1) morning stiffness in and around joints lasting at least 1 h before maximal improvement; 2) soft tissue swelling (arthritis) of three or more joint areas observed by a physician; 3) swelling (arthritis) of the proximal interphalangeal, metacarpophalangeal, or wrist joints; 4) symmetric swelling (arthritis); 5) rheumatoid nodules; 6) the presence of rheumatoid factor (RF); 7) radiographic erosions and/or periarticular osteopenia in hand and/or wrist joints. Criteria one through four must have been present for at least 6 weeks. RA is defined by the presence of four or more criteria, and no further qualifications (classic, definite, or probable) or list of exclusions is required.
(2) The 2010 ACR/European League Against Rheumatism (EULAR) classification criteria for RA (Aletaha et al., 2010).
The revised diagnostic criteria issued by ACR and EULAR in 2010 are as follows: 1) Target population (who should be tested?): patients 1) who have at least one joint with definite clinical synovitis (swelling); 2) with the synovitis not better explained by another disease. 2) Classification criteria for RA (score-based algorithm: add score of categories A-D; a score of 6/10 is needed for classification of a patient as having definite RA): A. Joint involvement: 1) large joint calculated as 0; 2) 2–10 large joints calculated as 1; 3) one to three small joints (with or without involvement of large joints) calculated as 2; 4) 4–10 small joints (with or without involvement of large joints) calculated as 3; 5) 10 joints (at least one small joint) calculated as five; B. Serology (at least one test result is needed for classification): 1) negative RF and negative Anti-Citrullinated Protein Antibody (ACPA) calculated as 0; 2) low-positive RF or low-positive ACPA calculated as 2; 3) high-positive RF or high-positive ACPA calculated as three; C. Acute-phase reactants (at least one test result is needed for classification): 1) normal C-reactive protein (CRP) and normal erythrocyte sedimentation rat (ESR) calculated as 0; 2) abnormal CRP or abnormal ESR calculated as one; D. Duration of symptoms: 1) <6 weeks calculated as 0; 2) ≥6 weeks calculated as 1.
Disease Activity Classification
According to Disease Activity Score with 28-joint counts (DAS28) (Anderson et al., 2012), the disease activity of RA could be classified into four stages: clinical remission is defined by DAS28 < 2.6; low/minimal stage of RA is defined by 2.6 ≤ DAS28 < 3.2; moderate stage of RA is defined by 3.2 ≤ DAS28 ≤ 5.1; high/severe stage of RA is defined by DAS28 > 5.1; active stage of RA is defined by DAS28 ≥ 2.6; reaching the target to RA treatment is defined by DAS28 < 2.6.
Diagnosis in Chinese Medicine (CM)
Those with pain and swelling of the small joints and morning stiffness as the chief complaint can be diagnosed with Wang Bi (National Administration of Traditional Chinese Medicine): 1) symmetric pain of the small joints, morning stiffness, and limited mobility are the initial performance of RA; 2) major characteristics of RA are as follows: slow onset, persistent, recurrent, and gradually angular wait; 3) with the progression of the disease, swollen joint, tenderness, and pain that worsens with activity appear gradually and eventually lead to stiffness or deformity of joints, muscular dystrophy, and rheumatoid nodules; 4) obvious changes into the presence of RF, ESR, radiographic erosions, periarticular osteopenia, subluxation and luxation of joint, joint ankylosis, and joint fusion at the active stage of RA appear.
ACTIONABLE RECOMMENDATION
The aim of the administration of both TGT and TWT is to alleviate the disease severity of RA and inflammatory reactions, as well as to slow the progression of erosive osteoclasia.
Suitable Crowd (GPP)
Both TGT and TWT are suitable for RA patients without fertility desire.
Indication (GPP)
Both TGT and TWT are suitable for RA patients at the active stage (DAS28 ≥ 2.6).
Directions (GPP)
TGT: For oral administration, the regular dose is 1 mg for every kilogram of the body weight, and the highest dose is restricted to 1.5 mg for every kilogram of the body weight, three times per day after meals.
TWT: For oral administration, the regular dose is 1–2 pills each time, three times per day after meals.
Course of the Treatment (GPP)
Routine course of the administration of both TGT and TWT is three months. After that, DAS28 should be evaluated to confirm the therapeutic effects of the drugs. If DAS28 < 2.6, the dosage of both TGT and TWT should be reduced gradually.
Combination Therapy (GPP)
If DAS28 is still more than 2.6 at the third month following the administrations of TGT or TWT, the combination therapeutics of TGT/TWT and methotrexate (MTX)/leflunomide (LEF)/total glucosides of white paeony capsules/Zhengqing Fengtongning tablet should be used for the treatment of RA.
Both TGT and TWT are suitable for RA patients with all kinds of TCM syndromes (GPP)
Both “Chinese guideline for the diagnosis and treatment of rheumatoid arthritis (2018 version)” (Chinese Rheumatology Association) and “Guidelines for diagnosis and treatment of rheumatoid arthritis based on the combination of disease and syndrome” (Jiang et al., 2018) recommend TGT and TWT as effective Chinese patent medicine against RA. According to “Guidelines for diagnosis and treatment of rheumatoid arthritis based on the combination of disease and syndrome”, both TGT and TWT are suitable for RA patients with all kinds of TCM syndromes.
The single administration of TGT against RA may alleviate the inflammatory reactions (GRADE A, Level III)
A meta-analysis showed that there were four randomized controlled trials (RCTs) that demonstrated ESR and CRP to be the prognostic markers for TGT administration against RA. TGT can significantly decrease CRP and ESR in RA patients, which is similar to MTX, MDESR = –2.66, 95%CI [–8.17, 2.86], p = 0.35; MDCRP = –2.38, 95%CI [–9.01, 4.24], p = 0.48 (Li et al., 2019).
The combined administration of TGT and MTX against RA may alleviate the inflammatory reactions (GRADE A, Level II)
A meta-analysis showed that there were 24 RCTs that demonstrated ESR, CRP, and RF to be the prognostic markers for the combined administration of TGT and MTX against RA. The combination of TGT with MTX can be more effective in reducing the levels of CRP, ESR, and RF than MTX alone, MDESR = 8.74, 95%CI [6.72, 10.76], p < 0.000 01; MDCRP = 5.37, 95%CI [3.71, 7.03], p < 0.000 01; SMDRF = 1.05, 95%CI [0.51, 1.60], p = 0.000 1 (Li et al., 2019).
The single administration of TGT against RA may alleviate the symptoms (GRADE A, Level III)
A meta-analysis showed that there were three RCTs that demonstrated swollen joint count (SJC) and tender joint count (TJC) to be the primary outcome of the administration of TGT against RA. The therapeutic effects of TGT on alleviating joint swelling and tenderness in RA patients were similar to MTX, MDSJC = 0.18, 95%CI [-1.06, 1.42], p = 0.78; MDTJC = -0.06, 95%CI [-1.69, 1.56], p = 0.94 (Wang, X. Y et al., 2019).
The combined administration of TGT and MTX against RA may alleviate the symptoms (GRADE A, SJC and TJC: Level II; MS: Level III)
A meta-analysis showed that there were 18 RCTs that demonstrated SJC, TJC, and morning stiffness time (MST) to be the prognostic markers of the combined administration of TGT and MTX against RA. The combination of TGT with MTX can more effective in reducing the levels of SJC, TJC, and MST than MTX alone, MDSJC = 3.01, 95%CI [2.09, 3.39], p < 0.000 01); MDTJC = 2.65, 95%CI [1.85, 3.44], p < 0.000 01; MDMST = 18.24, 95%CI [12.64, 23.84], p < 0.000 01 (Wang, X. Y et al., 2019).
The single administration of TGT against RA may achieve good clinical efficacy (GRADE B, Level III)
A meta-analysis showed that there were three RCTs that demonstrated ACR criteria to be the prognostic criteria of the administration of TGT against RA. The clinical efficacy of TGT administration against RA patients was superior to MTX, RRACR = 1.31, 95%CI [1.15, 1.49], p < 0.000 1 (Chen et al., 2020).
The combined administration of TGT and MTX against RA may achieve good clinical efficacy (GRADE A, Level III)
A meta-analysis showed that there were 10 RCTs that demonstrated ACR criteria to be the prognostic criteria of the combined administration of TGT and MTX against RA. The clinical efficacy of the combination of TGT with MTX was superior to MTX, RRACR = 1.28, 95%CI [1.20, 1.38], p < 0.000 1 (Chen et al., 2020).
The combined administration of TGT and LEF against RA may alleviate the inflammatory reaction (GRADE A, Level II)
There were five RCTs that demonstrated CRP to be the prognostic markers of the combined administration of TGT and LEF against RA. Meta-analysis results showed that the combined administration of TGT and LEF was more effective in decreasing CRP than LEF alone, SMDCRP = 1.05, 95%CI [0.59, 1.52], p < 0.000 1 (Zhang et al., 2011; Min et al., 2013; Long and Li, 2014; Cui and Yang, 2016; Sun et al., 2016).
The single administration of TGT against RA may slow the progression of erosive osteoclasia (GRADE B, Level III)
A meta-analysis showed that there were three RCTs that demonstrated the modified Sharp score (including joint erosions, JE; and joint space narrowing, JSN) to be the prognostic marker of the administration of TGT against RA. The therapeutic effects of TGT on slowing the progression of erosive osteoclasia in RA patients were superior to MTX and salazopyridine, RRJE = -1.37, 95%CI [-3.25, 0.51], p < 0.15; RRJSN = -1.25, 95%CI [-2.68, 0.18], p < 0.15 (Zhu et al., 2019).
Toxic side effects should be monitored during the administration of both TGT and TWT (GPP)
Both the administrations of TGT and TWT may achieve good therapeutic effects in RA patients at the active stage. Because the bioactive constituents of TwHF may often have toxicity, the adverse drug reactions (ADRs) occur occasionally. A meta-analysis (Li et al., 2020) showed that there were 79 studies that reported ADRs of the TGT administration against RA. Of 1,997 cases with ADRs in the experimental group, 792 (39.66%) were reported when TGT was used as the intervention. Of 1,361 cases with ADRs in the control group, 507 (37.25%) were reported when TGT was used as the intervention. The overall incidence of ADRs was 38.68% (1,299/3,358). Meta-analysis results of 49 studies with TGT as intervention in the experimental group showed that the overall incidence of ADRs was 0.23, 95%CI [0.22, 0.24], p = 0. ADRs mainly result in the damage of the reproductive, gastrointestinal, skin and accessories, blood, and hepatobiliary systems.
CONCLUSION
Collectively, the development of clinical practice guideline for TGT/TWT in the treatment of RA may offer a clinical decision support for healthcare professionals according to the available evidence and expert opinions, which enables optimal patient care. Furthermore, this will also identify limitations in existing research and knowledge in TwHF-based therapy that will form a research agenda for future investigations.
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Chronic heart failure (CHF) is a common cardiovascular disease with high mortality and a poor prognosis, which places heavy burdens upon society and families. Traditional Chinese medicine (TCM) has been used extensively as complementary treatment for CHF. Guanxinshutong (GXST) capsules are used commonly for the treatment of coronary heart disease (CHD). Experimental research and small-sample clinical trials have shown that GXST can attenuate CHF. However, the effects of GXST as complementary medicine in CHF treatment lack high-quality clinical evidence. We have designed a multicenter, randomized, double-blind, placebo-controlled clinical trial that explores the efficacy and safety of using GXST compared with placebo for patients with CHF with reduced left ventricular ejection fraction (LVEF). A total of 480 participants will be assigned randomly to the GXST group or placebo group at a 2:1 ratio. GXST and placebo will be added to standard treatment for 12 weeks, and then followed up for another 40 weeks. The primary outcome is the improvement value of 6-min walk distance, and the secondary outcomes include plasma levels of N-terminal pro-B-type natriuretic peptide, New York Heart Association classification, Minnesota Living with Heart Failure Questionnaire scores, echocardiographic parameters, and clinical endpoint events. Adverse events will be monitored throughout the trial. Data will be analyzed following a predefined statistical analysis plan. This study will show the effects of the specific use of GXST in CHF patients with reduced LVEF. The Research Ethics Committee of the Second Affiliated Hospital of Zhejiang Chinese Medical University has approved this study (2019-Y-003-02). Written informed consent of patients will be required. This trial is registered in the Chinese Clinical Trial Registry (ChiCTR1900023877). Our results will be disseminated to the public through peer-reviewed journals, academic conferences, and the Internet.
Keywords: Guanxinshutong (GXST), traditional Chinese medicine (TCM), heart failure, complementary medicine, clinical trial
INTRODUCTION
Chronic heart failure (CHF) is a complex clinical syndrome characterized by reduced cardiac output, insufficient organ perfusion, and venous congestion due to cardiac dysfunction (Coronel et al., 2001; Tan et al., 2010). CHF affects about 26 million people worldwide, with more than one million people hospitalized in the USA and Europe each year (Ambrosy et al., 2014). In China, it is estimated that 4.5 million aged 35–74 years suffer from CHF, and, with an increasingly aging population, the incidence of common cardiovascular diseases, such as hypertension, coronary heart disease (CHD), and CHF, continues to rise (Guo et al., 2003; Huo et al., 2019). CHF brings a heavy economic burden to society, families, and individuals, so new therapies and prevention strategies are needed.
According to guidelines for the diagnosis and treatment of heart failure set by the Chinese government in 2018, angiotensin-converting enzyme inhibitors (ACEIs), β-receptor blockers, and aldosterone receptor antagonists are recommended as “the golden triangle treatment” for patients suffering from CHF with reduced ejection fraction (Heart Failure Group of Chinese Society of Cardiology and Editorial Board of Chinese Journal of Cardiology, 2018). Although the use of the golden triangle treatment has improved the curative effect, this treatment plan is associated with hyperkalemia, deterioration of renal function (Heart Failure Group of Chinese Society of Cardiology and Editorial Board of Chinese Journal of Cardiology, 2018), limited improvement of symptoms, and unsatisfactory improvement in long-term survival (Pitt et al., 2014; Maisel et al., 2018). In recent years, the use of angiotensin receptor neprilysin inhibitors (ARNIs) has been considered as a therapeutic strategy in heart failure (McMurray et al., 2014). The PARADIGM-HF trial provided evidence that combined inhibition of the angiotensin receptor and neprilysin is superior to inhibition of the renin–angiotensin system alone in patients with CHF (McMurray et al., 2014). However, the ARNIs (tablets of sacubitril valsartan sodium) are not widely used in China currently.
Traditional Chinese medicine (TCM) is a popular type of supplementary and complementary medicine. TCM formulations have been employed widely and successfully for CHF treatment in China for more than 2000 years. Currently, the integration of Chinese and Western medicine has shown promising benefits in controlling symptoms, reducing mortality, improving cardiac function, and promoting quality of life in patients with CHF (Xu and Xu, 2011). In TCM, all the related symptoms, signs, tongue appearances, and pulse feelings at a certain stage of disease are summarized as a syndrome (“Zheng” in TCM) (Jiang et al., 2012). The syndrome is not only the core of TCM theory but also the base of the definitive diagnosis and efficacious therapies (Xu and Chen, 2008). According to Cui and colleagues, the basic syndrome type of CHF is “blood stasis syndrome” (Cui et al., 2009). The symptoms of CHF with blood stasis syndrome are palpitation, pain in the chest and hypochondrium, prominent blue veins in the neck, dark and purple complexion, cyanotic lips and nails, and edema of the lower extremities combined with a purple tongue, knotted/intermittent/uneven pulses.
Guanxinshutong (GXST) capsules have been developed by Shaanxi Buchang Pharmaceutical Co., Ltd. (Shaanxi, China) and gained approval by the China Food and Drug Administration (CFDA) for CHD treatment (approval number: Z20020055) in 2002. GXST consists of five herbal medicines (Table 1), and promotes blood circulation, removes blood stasis, and relieves pain (Zhang et al., 2016). Experimental studies have shown that GXST can inhibit ventricular remodeling through increasing mitochondrial productivity (Zhang et al., 2015; Zhang et al., 2016), repressing the expression of matrix metalloprotein-9, angiotensin receptors-1 and extracellular regulated protein kinases-2 (Zhang et al., 2012; Zhang et al., 2013), and the transforming growth factor-β/Smad signaling pathway (Fang et al., 2019) in myocardial tissue to improve CHF. A clinical trial with 61 patients reported that, compared with conventional treatment, combination with GXST could significantly increase left ventricular ejection fraction (LVEF) and cardiac output, and reduce the end-systolic, diastolic volume in patients with acute myocardial infarction with CHF (Li, 2019). Meanwhile, in our previous clinical study, GXST exerted a therapeutic effect on CHF (unpublished data), which implied that it might be a potential Chinese-patent medicine for CHF treatment. However, the current clinical data of GXST as a complementary therapy in CHF are lack of high quality, and limited in terms of methodology and sample size. Therefore, we designed a large-scale, multicenter, double-blinded clinical trial to investigate the efficacy and safety of GXST in CHF patients with reduced LVEF. The primary hypothesis of this study is as follows: combined with routine standard treatment, GXST is superior to placebo in patients with reduced LVEF caused by CHD.
TABLE 1 | Components of GXST (intervention drug).
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Design and Settings
This study is a multicenter, prospective, randomized, double-blind, placebo-controlled, superiority trial. The trial will be conducted by 11 centers throughout China (Table 2), and a total of 480 participants will be recruited. After the participants have been enrolled and provided written informed consent, they will be assigned randomly to the GXST group or placebo group in a 2:1 ratio. This trial consists of a 1-week baseline period, a 12-week intervention period, and a 40-week follow-up period. A flow diagram of the study procedures is illustrated in Figure 1. Participants will be monitored and assessed by the investigators at each study visit. The design follows the rules for Standard Protocol Items Recommendations for Interventional Trials (Chan et al., 2013) and Consolidated Standards of Reporting Trials (CONSORT) (Schulz et al., 2010).
TABLE 2 | Research setting.
[image: Table 2][image: Figure 1]FIGURE 1 | Flowchart of the clinical trial design. The template is from the CONSORT 2010 flowchart. GXST, Guanxinshutong; ACEI, angiotensin-converting enzyme inhibitor; AEs, adverse events; FAS, full analysis set; PPS, per protocol analysis set; SAS, safety assessment set.
Recruitment
Recruitment strategies will include publishing recruitment advertisements on social media (e.g., QQ™, and We Chat™ in China, which are similar to Facebook™), online publications, and community centers. Patients who consent to participate will be examined and diagnosed by associate chief physicians to confirm their inclusion and will be registered on an online allocation system after written informed consent has been obtained.
Study Population
The inclusion criteria and exclusion criteria are shown in Tables 3 and 4, respectively.
TABLE 3 | Inclusion criteria.
[image: Table 3]TABLE 4 | Exclusion criteria.
[image: Table 4]Criteria for Withdrawal, Removal, Dropout, and Termination
The withdrawal criteria will be 1) exacerbation or deterioration that is clearly related to intake of the study drug; 2) an allergic reaction that is clearly associated with the study drug; 3) comorbidities, complications, adverse events (AEs), or serious adverse events (SAEs) during the trial, such as the necessity of long-term intravenous medication, repeated hospitalization for heart failure, or New York Heart Association (NYHA) class-IV symptoms; 4) the use of forbidden drugs or receipt of prohibited treatment affect the measures of efficacy and safety; 5) poor compliance by participants, or the amount of drug used does not meet the regulations (<80% or >120%); 6) participants request to withdraw from the study; 7) the blinding is uncovered or emergency unblinding is required.
Participants who fail to complete the observational period proposed in the trial, regardless of time and reasons, will be considered to be “dropout” cases. Reasons for dropout will be recorded in electronic case report forms (eCRFs), and the last data recorded will be included in data analyses. During the trial, a participant may be removed if he/she 1) is included mistakenly due to a misdiagnosis, 2) has not taken medication after study inclusion, 3) is participating in other clinical trials, and 4) has incomplete data and no evaluable records after inclusion. Another reason for removal is if the combined use of drugs has a great influence on the efficacy and safety of the study drug. Removal cases will not be included in analyses of the intention-to-treat (ITT) population.
The entire research study will be terminated if 1) there is a poor clinical effect of the test drug, and there is no need to continue the trial; 2) there are major defects in the trial; and 3) administrative authorities terminate the trial.
Randomization, Allocation Concealment Mechanism, and Blinding
Participants will be randomized to the GXST group or placebo group in a 2:1 ratio using the Central Randomization System to achieve computerized randomization in blocks of six, stratified by center. The random sequence will be retained in an envelope and sealed subsequently. According to the randomization number, a statistician will send the envelope directly to Shaanxi Buchang Pharmaceutical Co., Ltd. for labeling of the intervention drug and placebo drug. All researchers, participants, physicians, drug administrators, and dispensing nurses will be blinded to the type of treatment until the study is completed. Unblinding will be available if participants experience an SAE or need to be rescued in an emergency situation. Once unblinded, the participant will withdraw from the study. Researchers should report the reasons to the inspector within 24 h. The precise cause of unblinding, date of the AE, the treatment situation, and the results must be recorded in eCRFs.
Interventions
Eligible participants will be allocated randomly to the GXST group or placebo group. If GXST have been used before randomized, a 2-week drug washout period should be implemented to avoid any potential complication from GXST. All participants will receive standard treatment.
The GXST group will receive GXST (batch number: 190214, 0.3 g per capsule, op, 3 capsules per time, thrice daily). The placebo group will receive capsule stimulants (batch number: 190215, 0.3 g per capsule, op, 3 capsules per time, thrice daily).
Concerning standard treatment, during the intervention period, according to the guidelines for CHF treatment (Ponikowski et al., 2016; Chinese Society of Cardiology and Chinese Medical Doctor Association, 2018), ACEIs, and/or angiotensin receptor blockers, β-blockers, aldosterone receptor blockers, or diuretics should be used. TCM formulations with a similar composition and efficacy to those of GXST will not be allowed to be used. Concomitant treatments for comorbidities (e.g., hypertension, diabetes mellitus, hyperlipidemia, and other chronic conditions) are permitted during the intervention. Researchers should record the concomitant medication truthfully and maintain dose stability during the trial.
Concerning emergency treatment, in the event of an SAE or acute exacerbation of the disease during treatment (e.g., acute heart failure and acute coronary syndrome), participants should be treated first, and the treatment status should be recorded as an AE record form and combined medication record form. If the participant's condition deteriorates during treatment and it is not advisable to continue the trial (e.g., long-term intravenous medication, repeated heart failure that necessitates hospital admission, or NYHA class-IV symptoms), one should consider terminating the trial and switching to surgery or another type of clinical treatment. Patients will be classified in the analysis as “treatment ineffective.”
GXST and capsule simulants will be provided by Shaanxi Buchang Pharmaceutical Co. Ltd. The quality control of GXST is important. The method of determination of GXST components is based on the general principles of the 2018 edition of the Chinese Pharmacopoeia. Using gas chromatography (General Principle 0521), each GXST capsule should contain eugenol ≥2.0 mg and borneol ≥14.0 mg, and the total amount of borneol and isoborneol should be 25.5–34.5 mg. Using liquid chromatography (General Principle 0512), each GXST capsule should contain tanshinone II-A ≥0.15 mg and salvianolic acid B ≥2.9 mg. The primary content of capsule simulants is corn starch, silica, caramel (liquid), and sunset yellow. We have added 2% GXST powder to the capsule simulants to achieve smell, color, taste, and texture comparable with that of GXST. After treatment, the package will be returned to the researchers.
OUTCOMES
Primary and Secondary Outcomes
The details of items to be measured and the time window of data collection are shown in Table 5. The primary outcome is the improvement in 6-min walk distance (6MWD) (Holland et al., 2014). 6MWD will be measured within 24 h after enrollment and 12 weeks after treatment to evaluate the change in exercise tolerance. Improvement will be calculated using the following formula:
TABLE 5 | Study schedule.
[image: Table 5]Improvement in exercise tolerance = 6MWD value after treatment − 6MWD value before treatment
The secondary outcomes are 1) changes in plasma levels of N-terminal pro-B-type natriuretic peptide (NT-proBNP) (Booth et al., 2014; Roberts et al., 2015). NT-proBNP will be detected centrally by Zhejiang Chinese Medical University using a standard kit and fixed operating procedures; 2) improvement in NYHA functional class (The Criteria Committee of the New York Heart Association, 1994); 3) improvement in the Minnesota Living with Heart Failure Questionnaire score (Rector and Cohn, 1992); 4) improvement in echocardiographic measurements of left ventricular end-diastolic diameter and LVEF; 5) the incidence rate of clinical endpoint events (rehospitalization for acute aggravation of CHF, cardiogenic death, and all-cause death).
Safety Outcomes
Safety outcomes comprise vital signs (body temperature, heart rate, breathing, and blood pressure), imaging (radiographs or computed tomography), laboratory examinations (routine blood test, routine urinalysis, serum biochemistry, myocardial zymogram, and troponin test), and AEs (which will be recorded throughout the trial).
Metabolomics and Proteomics Analyses
Fifty participants per group will be selected randomly for metabolomics and proteomics analyses to explore the biomarkers of GXST for treating CHF.
Metabolomics analyses will be on blood and urine samples. Gas chromatography–mass spectrometry and liquid chromatography–mass spectrometry will be used to detect chemical and biological “fingerprints,” describe the possible metabolic pathways, and identify biomarkers of GXST for CHF treatment.
Proteomics analyses will be of blood samples. Two-dimensional difference gel electrophoresis will be used to establish the proteome of each group before and after the intervention. Matrix-assisted laser desorption/ionization time-of-flight/time-of-flight mass spectrometry will be applied to identify differentially expressed proteins. Bioinformatic analyses are used to assess the biological functions of differentially expressed proteins. The Search Tool for the Retrieval of Interacting Genes/Proteins database and Ingenuity Pathway Analysis (IPA) are employed to establish a protein network affected by GXST.
Concerning the collection of blood samples, participants will fast for 10 h before each collection. Then, 5 ml of blood will be drawn and centrifuged, and serum stored in Eppendorf™ tubes at −70°C. Concerning the collection of urine samples, participants will fast for 10 h before taking the medication (and be allowed to drink water). They will fast, and water consumption will be prohibited 1 h before urine collection to 2 h after taking the medication. Water will be rationed to 200 ml/h for 2–8 h after taking the medication, and a low-fat meal can be consumed 4 h after taking the medication. Urine samples will be collected at baseline and after treatment (28 days) and stored in Eppendorf tubes at −70°C.
Collection and Management of Data
According to the requirements of Good Clinical Practice and our research plan, the investigator shall input data to eCRFs accurately, completely, normatively, and in a timely fashion based on the original observations of participants. To ensure the accuracy of the data, two personnel specializing in data entry should undertake double-entry and proofreading independently. The auditor shall monitor whether the research is conducted following the research plan, ascertain whether all eCRFs have been completed correctly and are consistent with the original data, and issue questions at any time in case of any problem. If errors and omissions are made, the researcher shall be corrected promptly.
After inspection by the auditor, eCRFs must be transmitted to the department of data management in time. In this study, data management will be carried out with an electronic data-capture system by the Department of Medical Statistics within the First Hospital of Peking University (Beijing, China). The data administrator shall adopt system-automatic and manual-logic verification to check the consistency of eCRF data and source data. For questions in the eCRFs, the data administrator will generate a question–answer form and send an inquiry to the investigator through the clinical monitor. The investigator should answer the question as soon as possible, and the data administrator will modify the data according to the investigator's answer. If necessary, a question–answer form can be issued again. After being reviewed and confirmed by the primary researcher, sponsor, statistical analyst, and data administrator, the data will be locked and submitted to the statistician for analyses.
Personal information about potential and enrolled participants will be protected confidentially throughout the trial, and researchers should maintain data secrecy for five years after termination of the trial.
Sample Size
The formula for calculating the sample size is based on the superior clinical trial sample size estimation (Wan et al., 2017). The sample size is driven by the expected improvement in 6MWD. Referring to clinical studies (Fan and Zhang, 2012; Guo and Li, 2013; Du, 2014; Wu et al., 2015), we assumed that the improvement in 6MWD is 30 m, and the combined standard deviation (SD) is 100 m in the present study. Given a rate of type-I error of α = 0.025, a power of 80% (rate of type-II error of β = 0.2), and, considering a possible dropout rate of 20%, 470 patients will need to be allocated. For the convenience of randomization, the final sample size was 320 cases in the intervention group and 160 cases in the placebo group, a total of 480 cases.
[image: image]
In this formula, k is the ratio between two sample cases, δ is the expected improvement in 6MWD, and σ is the combined SD.
Trial Completion
The trial will end once 480 patients have been randomized and all patients have completed 52 weeks of treatment and follow-up.
Statistical Analyses
The statistical analysis plan will be specified before data analyses. The statistical analyses will be undertaken via Statistical Analysis System v9.4 (or higher version) by the Department of Medical Statistics, Peking University First Hospital. Professional statisticians who are independent of all other processes of our study will carry out analyses. Consistent with the CONSORT statement and ITT principle, and the last observation, carried forward method will be used for missing values. Cases in the per protocol set (PPS) will be those who adhere to the protocol closely without the absence of baseline characteristics. Analyses of primary outcome and curative effect will be carried out using a full-analysis-set approach and PPS approach. The safety analysis set will include all randomized patients who have accomplished at least one study visit. Participating centers will be required to sum-up participant numbers in each center and list participants who have been removed from PPS.
For continuous variables, we will calculate the mean, SD, median, minimum, maximum, and interquartile range. For categorical variables, we will describe various frequencies or percentages. The chi-square test or Fisher's exact test will be used for categorical variables. The Student's t-test will be used for continuous variables with a normal distribution. For data that do not have a normal distribution, intragroup or intergroup differences before and after treatment will be analyzed by the Wilcoxon rank-sum test. The proportion of patients with AEs in two groups will be compared using the chi-square test or Fisher's exact test. Because patients who had use of ARNIs before the recruitment may constitute a specific population, we will run sensitivity analyses of the outcomes with patients used ARNIs as basic treatment, and adjusted for the effect of ARNIs. Significance will be assumed at a two-sided p-value less than 5%. The relative risk with corresponding 95% confidence interval to compare dichotomous variables will be calculated. Table 6 shows the method of analysis for specific outcomes.
TABLE 6 | Outcomes and methods of analyses.
[image: Table 6]Adverse Events
AEs that occur during the observation period will be monitored, reported to a research assistant, causality with the intervention will be evaluated, and the severity of AEs will be analyzed. SAEs will be reported to the ethics committee within 24 h. The classification and coding of AEs are formulated concerning Common Terminology Criteria for AEs version 4.03.
Quality Control of the Intervention
To further ensure the quality of this trial, a multicenter trial coordination committee and general director will be set up for the implementation and solution of the problems related to this trial. The leaders of each center and the sponsor are the members of the coordination committee. Before each center recruits subjects, the sponsor will conduct unified preclinical trial training for all staff. Through such training, all staff (operators, investigators, physicians, data collectors, and analyzers) will fully understand the purpose and content of the trial, and standardize the process of data collection and CRF completion. This trial will be inspected by the CFDA, sponsor, and clinical research organization throughout the trial.
Trial Status
This is an ongoing trial. The first participant was recruited on September 16, 2019. This study is recruiting participants currently.
DISCUSSION
CHF continues to be a major cause of mortality, initial and recurrent hospitalizations, and suboptimal quality of life (Yao et al., 2020). Despite advances in management and treatment of CHF, many CHF patients continue to suffer from exercise intolerance and dyspnea (Simpson et al., 2015). An increasing volume of evidence demonstrates that the combination of TCM with Western medicine could be an optimal approach for achieving greater treatment efficacy in patients with CHF (Gao et al., 2017; Jia et al., 2020).
GXST is a widely used TCM formulation for the treatment of cardiovascular disease in China. Pharmacology results have shown the effects of GXST in multiple mechanism pathways to treat CHF, such as improving hemorheology (Liang et al., 2012); enhancing mitochondrial capacity, and improving myocardial energy metabolism (Zhang et al., 2015; Zhang et al., 2016); and reversing ventricular remodeling (Zhang et al., 2012; Zhang et al., 2013). However, whether GXST is efficacious in patients with CHF requires confirmation by large-sample, multicenter, randomized controlled clinical trials. Therefore, we designed a multicenter, double-blinded, placebo-controlled clinical trial with the hope of verifying the efficacy and safety of GXST for the treatment of CHF with reduced LVEF. The results could provide a strategy for combining TCM and Western medicine in CHF patients.
We chose the 6MWD test to assess the functional capacity and exercise tolerance in patients with CHF. The 6MWD test is a simple and convenient test that requires no special equipment or advanced training for physicians and is well tolerated by patients. Although the plasma level of NT-proBNP is used widely in the differential diagnosis, risk stratification, and prognostic evaluation of CHF, use of ARNIs can affect the NT-proBNP level significantly (Yancy et al., 2017). Therefore, we chose the plasma level of NT-proBNP as a secondary outcome, and use sensitivity analyses to adjust the effect of ARNI on the outcomes. Furthermore, we have applied metabolomics and proteomics analyses to explore the therapeutic biomarkers of GXST in treating CHF, and to improve CHF therapy by providing an objective basis for precise treatment.
Our trial has three main limitations. First, this trial will be conducted in five provinces of China, and whether similar effects are obtainable in other regions and ethnic groups are unknown. Second, the treatment period will be 12 weeks with 40 weeks of follow-up, which is relatively short. Due to the limited time frame, the potential roles of GXST in reducing overall mortality and major vascular events over the long-term are uncertain, and further data on long-term clinical effect and safety will be needed. Third, GXST used in this trial is designed for the treatment of CHF with blood stasis syndrome, so the findings may not apply to other CHF syndromes.
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As a well-established multidrug combinations schema, traditional Chinese medicine (herbal prescription) has been used for thousands of years in real-world clinical settings. This paper uses a complex network approach to investigate the regularities underlying multidrug combinations in herbal prescriptions. Using five collected large-scale real-world clinical herbal prescription datasets, we construct five weighted herbal combination networks with herb as nodes and herbal combinational use in herbal prescription as links. We found that the weight distribution of herbal combinations displays a clear power law, which means that most herb pairs were used in low frequency and some herb pairs were used in very high frequency. Furthermore, we found that it displays a clear linear negative correlation between the clustering coefficients and the degree of nodes in the herbal combination network (HCNet). This indicates that hierarchical properties exist in the HCNet. Finally, we investigate the molecular network interaction patterns between herb related target modules (i.e., subnetworks) in herbal prescriptions using a network-based approach and further explore the correlation between the distribution of herb combinations and prescriptions. We found that the more the hierarchical prescription, the better the corresponding effect. The results also reflected a well-recognized principle called “Jun-Chen-Zuo-Shi” in TCM formula theories. This also gives references for multidrug combination development in the field of network pharmacology and provides the guideline for the clinical use of combination therapy for chronic diseases.
Keywords: network pharmacology, complex network, herb combination network, clinical prescription, network pattern
INTRODUCTION
Human disease phenomenon is complicated due to its roots from the disturbance of diverse pathogens on the hierarchical organization of the human life system interacting with the complex natural and social environment. Therefore, finding effective clinical treatments for chronic complex diseases such as diabetes, heart disease, stroke, and cancer is extremely difficult. Furthermore, due to the individualized phenotypes and genotypes incorporated in distinct persons, adverse drug reactions (ADRs) or drug side effects have increasingly become a major health issue when using targeted drugs for patients in real-world clinical settings (Duke et al., 2011; Smyth et al., 2012; Aagaard and Hansen, 2013). For example, there are 106,000 deaths and 2.2 million serious events caused by ADRs in the United States each year (Lazarou et al., 1998), which were once considered as a leading cause of death in the United States (Lazarou et al., 1998). For elderly patients, the ADR is even serious due to the need for multiple prescribed drugs for chronic disease comorbidities (Routledge et al., 2004). However, this problem cannot be well addressed since, for modern drug discovery, the safety of new agents only can be known with certainty if a drug has been on the market for many years. Drugs were only used for selected populations and in limited periods (Lasser et al., 2002) before knowing their safety with great certainty.
To improve the effectiveness of treatment for patients with chronic diseases and comorbidities and the prevention of the emergence of resistance to individual drugs, combination therapy is a new trend in real-world clinical research (Luzuriaga et al., 1997; Mottonen et al., 1999; Wald et al., 2009; Ascierto and Marincola, 2011; Yardley, 2013), which has been effective in the treatment of HIV as well as certain forms of leukemia. Simultaneous combination therapy like two-drug therapy and triple therapy holds huge promise for cancer treatment from the point of cancer cell evolutionary dynamics (Bozic et al., 2013). However, the mechanism and principle underlying effective combination therapy is still a mystery waiting to be investigated (Pritchard et al., 2013).
As a kind of classical combination therapy, traditional Chinese medicine (TCM), which includes multiple herbal ingredients, has been used by Chinese practitioners for thousands of years in real-world clinical settings. Pioneer research (Wang et al., 2008) has already shown that TCM clinical herbal prescription, called formula, consists of both principal and adjuvant components to yield synergy for disease treatment. This demonstrates the molecular mechanism of a well-recognized principle called “Jun-Chen-Zuo-Shi” (JCZS) (He et al., 2015; Duan et al., 2018) in TCM formula theories, which illustrates that a well-organized formula should consist of multiple herbal ingredients with differentiated roles like principal role and adjuvant role. Some adjuvant components should be considered to facilitate the delivery of the principal element to the disease site in the body. In real-world clinical herbal prescriptions, some of these have a good therapeutic effect, while others have a poor therapeutic effect. However, the reason why some prescriptions are more effective than others remains to be studied, and there is still a lack of appropriate method to evaluate whether many herbs grouped in certain formulae are suitable for the treatment of specific disease conditions. Therefore, investigation of herbal combination regularities in herbal prescription will benefit the pharmacological understanding of TCM treatment and discovery of novel combination drugs (Li et al., 2010b). In this study, we proposed a network-based approach to investigate the clinical principle of herbal prescribing and quantify the molecular network interactions between herb target modules of a given clinical prescription in the context of the human protein-protein interaction (PPI) network. In addition, we further investigate the correlation between the organization degree of herbal combinations in clinical prescription and their underlying molecular network interaction closeness, which might partially elucidate the organization principle of JCZS in TCM formula theories.
MATERIALS AND METHODS
Herbal Prescription Dataset
To investigate the regularities of herbal combinations in TCM clinical herbal prescriptions, we collected five different datasets from real-world TCM clinical encounters. These five datasets are described in brief in Table 1.
TABLE 1 | The outline information of five different data sets (in columns) used for analysis.
[image: Table 1]Outpatient formula data was extracted from the outpatient encounters with one and a half years in one well-recognized general TC hospitals in Beijing, China. The data includes 531,284 different clinical formulae that were used by hundreds of TCM physicians for the management of various diseases (e.g., diabetes, CHD (coronary heart disease), stroke, cancer, chronic gastritis, insomnia, and menopause syndrome) in outpatient encounters. The other four datasets are from inpatient clinical cases, which particularly were prescribed for the patients with type 2 diabetes, CHD, qi deficiency, and blood stasis, respectively. The above-mentioned two diseases (i.e., type 2 diabetes and CHD) are major chronic diseases (He et al., 2019) treated by TCM in real-world clinical settings. The other two syndromes, namely, qi deficiency and blood stasis, are two popular TCM diagnoses for various diseases (Wang et al., 2017). These four inpatient datasets are from a TCM clinical data warehouse (Zhou et al., 2010), which collected structured electronic medical record data from real-world clinical settings in about ten top-level TCM hospitals or wards mostly located in Beijing, China. We calculated the distribution of the number of herbs in one formula for each of the five datasets that represent five clinical prescriptions. The average number in each of the five clinical prescription datasets is 13.43 (outpatient), 9.66 (qi deficiency), 11.6 (diabetes), 12.03 (CHD), and 10.13 (blood stasis). We see that most clinical herbal prescriptions have 5–20 different herbs (over 95% of the five clinical formula datasets have 5–20 herbs) and have more than ten herbs averagely, which showed that clinical herbal prescription is a kind of particular multi-ingredients or drug therapy.
Construction of Herbal Combination Network
Considering a clinical formula with multiple herbal ingredients, we can construct a bipartile graph (Figure 1) which has clinical formulae and herbs as two types of nodes. The herbal combination network was constructed by considering herb pairs used in one specific clinical formula if they have been prescribed in more than one clinical formula. Then we would generate links (edges) between these herb pairs. This also means that we would generate a complete graph with each herb in one clinical formula. While a large number of clinical formulae are considered, we can generate a herbal combination network (HCNet, see Figure 1) with nodes representing herbs (herbal ingredients) and edges with a weight representing prescribing cooccurrence in clinical formulae. If two herb pairs are used more frequently than other herb pairs, they would be having a higher weight than other pairs. Furthermore, to compare the patterns of real-world data to those of randomly generated data, we generated the corresponding simulation data with random permutation by using Fisher shuffling (Fisher and Yates, 1948) to get random herb ingredients from herb dictionary to a clinical formula.
[image: Figure 1]FIGURE 1 | Construction of the bipartite network of TCM clinical formulae. (Table in the left) Three records of clinical formulae, for instance, which include their corresponding herbs. (Left graph) The corresponding bipartite graph of these three clinical formulae, where octagons and oval rectangles correspond to clinical formulae and herbs, respectively. (Right) The herbal combination network where two herbs are connected if they are involved in the same clinical formula. Moreover, the link weight of two herbs corresponds to the number of clinical formulae cooccurring in both herbs.
Network Topological Measurements
To investigate the topological properties of HCNet, we use node degree, clustering coefficient, and link weight distribution measurements, which have been widely used in complex network-related studies. The degree of a node is the number of edges incident to the node, which also means the number of herbs combined with an herb in the HCNet. Clustering coefficient evaluates the link density of the neighborhood of a node, which would be near one if most of the nodes were linked in the neighborhood of a node. We used local clustering coefficient of the undirected network to calculate for each node in HCNet, which is calculated as follows:
[image: image]
in which [image: image] is the node set of the neighborhood of a node [image: image] in a graph [image: image] and [image: image] is the degree of the node [image: image]. As a weighted network, HCNet has weight [image: image] between nodes [image: image] and [image: image], which represents the combination occurrence of herb pairs. We use link weight distribution [image: image], which denotes the possibility of a link to have a weight [image: image], to investigate the herbal combination behaviors in HCNet and a given single clinical formula.
Network-Based Measures of Molecular Interactions Among Herbs in Prescriptions
As a kind of classical combination therapy, the herbal prescription consists of multiple herbs to treat clinical diseases. Therefore, we adopted a molecular network-based measurement (Menche et al., 2015; Cheng et al., 2019) to quantify the degree of molecular interactions of herbal combinations in each prescription through calculating the average shortest path length between herb target modules (molecular subnetwork of targets) in the context of human PPI network (Figure 2).
[image: Figure 2]FIGURE 2 | Network-based evaluation measure of herbal prescriptions. A herbal prescription consists of multiple herbs, and herb target modules can be found in the PPI network based on herb-target interactions. Then the relationships between two herb target modules can be measured using the introduced separation measure. Finally, the prescription can be quantified using the relationship of any two herb target modules in the prescription.
Firstly, we measured the network relationship of herb target modules [image: image] and [image: image] in the prescription using the recently introduced separation measure (Menche et al., 2015) to reflect their target localization (Eq. 2):
[image: image]
in which [image: image] and [image: image] represent the target modules of herb [image: image] and herb [image: image], respectively. [image: image] compares the mean shortest distances between proteins within each herb, [image: image] and [image: image], to the shortest distances [image: image] between herb [image: image] and herb [image: image] target pairs. If proteins are associated with both [image: image] and [image: image], [image: image]. For [image: image], the targets of the herb [image: image] and herb [image: image] are located in the same network neighborhood, while for [image: image], the two herb targets are topologically separated.
Then, we quantified the herbal prescription using the average of [image: image] value between any two herb target modules in the prescription (Eq. 3):
[image: image]
in which [image: image] represents the herbal prescription score and [image: image] is the number of herbs in the prescription.
Hierarchical Organization Measure of Clinical Prescriptions
To further explore the associations between the hierarchical property of prescriptions and the molecular network correlations of the herb ingredients in prescriptions. We use entropy to measure the hierarchical organizing degree of a given prescription in terms of the distribution of herbal combinations.
After we obtained the herbal combinations of each prescription and all the prescription groups in our study (i.e., four types of clinical prescriptions), we could record each herbal combination with its weight and compute the distribution of the weight of herbal combinations for each prescription with regard to the global distribution of herbal combinations of each type of clinical prescriptions. Specifically, according to the weight distribution of herbal combinations of a given clinical prescription dataset, we divided the weight range (e.g., from 1 to 3,000) into four intervals of some specific value (i.e., 300 in our study). Then using the list of herbal combinations and their weights, we could further calculate the probability of herbal combinations belonging to each interval of the corresponding prescription group for a given prescription. Next, we quantified the hierarchical degree of a prescription based on the entropy measure (Shannon, 1948; Wallace et al., 2019) as follows (Eq. 4). The larger the entropy value, the stronger the hierarchical organization degree for a given prescription, which would medically mean a more systemically organized herbal prescription with hierarchical roles (i.e., tend to prescribe herbal combinations in one formula with diverse global weight ranges in each group). The higher the entropy value, the more the hierarchical organization of the prescription in terms of diverse roles.
[image: image]
where [image: image] represents the number of weight intervals and is set to four in our analysis and [image: image] represents the probability of the herbal combinations in each interval and is calculated as follows (Eq. 5):
[image: image]
in which [image: image] represents the number of herbal combinations in weight interval [image: image].
Therefore, we could calculate entropy for all prescriptions for each type of the clinical prescriptions. Next, for each type of the clinical prescriptions, we calculate the Pearson Correlations Coefficient (PCC) between its entropy value and [image: image] score to evaluate the statistical correlation between hierarchical degree and molecular network interactions of the herbal combinations for each prescription group.
RESULTS
Herbal Combination Networks
According to the clinical formulae-herb relationships in outpatient, type 2 diabetes, CHD, qi deficiency, and blood stasis, we constructed five types of herbal combination networks in which nodes represented the herbs and edges represented the cooccurrence of herbs in clinical formulae. These five HCNets were described in brief in Table 2.
TABLE 2 | The basic information of five different HCNets used for analysis.
[image: Table 2]Hierarchical Organization of Herbal Combinations in Clinical Prescriptions
To investigate the hierarchical properties of herbal combination networks, we evaluate the relationship between the clustering coefficient and node degree in the network. We performed experiments on four types of clinical prescriptions, and the results were shown in Figure 3.
[image: Figure 3]FIGURE 3 | The relationship between clustering coefficient and node degree in HCNets. It indicated a clear linear negative correlation between the clustering coefficients and the degree of nodes.
We found that it displays a clear linear negative correlation between the clustering coefficients and the degree of nodes. It was found that, in real networks, clustering coefficients decrease with the vertex degree, which has been taken as a signature of the network hierarchical structure (Soffer and Vazquez, 2005). Therefore, this indicates that hierarchical properties exist in the herbal combination networks. Next, we would further investigate the scaling properties of HCNet according to node degree and weight distribution.
Scaling Heterogeneity of Degree and Weight Distribution
To investigate the scaling properties of HCNet, we evaluate the node degree distribution and link weight distribution in the network. It showed that herbal combinations in clinical formulae are obeying a scaling property, which has significantly departed from Poisson distribution (Figure 4). Although the node degree distribution in HCNet is not power law (this is obviously rational because the capacity of herb dictionary is fixed and thus increase of nodes is not met in HCNet), it showed a significant heterogeneous scaling for different nodes. The degrees of herb nodes scale from less than ten (e.g., 5) to several hundred (e.g., 550), whose range is much wider than the corresponding Poisson distribution.
[image: Figure 4]FIGURE 4 | The degree distribution of herb in five HCNets. Four HCNets, namely, blood stasis, qi deficiency, CHD, and diabetes, have a similar distribution. However, the degree of outpatient HCNet obviously has a different distribution, of which most nodes have very high degrees (e.g., 500 more connections) while few nodes have low degrees (e.g., less than 20). In contrast to the real data, the node degrees in the networks derived from randomly shuffled data have a Poisson distribution for qi deficiency and blood stasis datasets, which have comparatively less clinical prescription samples.
Furthermore, it is interesting that the link weight distribution of HCNet is a clear power law, in which several herbal combinations are prescribed in high frequency while most of the other herbal combinations have very low frequency (Figure 5). This means that, in clinical practice, the prescription of herbal combinations for treatment is nonrandomly chosen and preferentially used by TCM physicians for the disease management of individualized patients.
[image: Figure 5]FIGURE 5 | Link weight distributions in HCNets. (A) The empirical distribution of five clinical datasets. (B) The distribution of random permutated samples of outpatient dataset. The empirical distributions of five real-world clinical formulae display mainly a power law. The weights of links scale from one to tens of thousands that form a wide range. However, the link weight of the corresponding random dataset of outpatient case obeys Poisson distribution with a mean weight, not more than 400. In addition, we also analyzed the random cases of the other four diseases (Supplementary Figure S1), the link weight of the corresponding random dataset of diabetes and CHD case obeys Poisson distribution with mean weight not more than 15, and the link weight of the corresponding random dataset of qi deficiency and blood stasis case obeys seminormal distribution with a narrow weight scale.
We find that herbal combinations in four clinical formulae are obeying a scaling property (Figure 5), and it also means that the distribution of herbal combination has a hierarchical property. Next, we will calculate the degree of interaction between the targets in the context molecular network in herbal combinations and investigate whether frequently used herbal combinations hold close pharmacological effects.
Molecular Network Interaction Patterns of Herbal Combinations
To evaluate the underlying pharmacological mechanisms of herbal combinations in clinical prescriptions, we quantified the network correlations between the targets of the herbal ingredients of the four types of clinical prescriptions for diabetes, CHD, qi deficiency, and blood stasis (see Methods section, Network-Based Measures of Molecular Interactions Among Herbs in Prescriptions).
We collected the protein targets of herbs in prescriptions from HIT database (Ye et al., 2011), which is a comprehensive and fully curated database of herbs and their corresponding protein targets. Due to the lack of target information for some herbs according to HIT database, at the same time, to assure each prescription should contain at least two herbs in the analysis. Finally, we quantified the molecular network correlations of those herbs in 21,566, 9,051, 2,392, and 2,801 prescriptions from diabetes, CHD, qi deficiency, and blood stasis, respectively, in which the number of herbs containing known targets is greater than or equal to two. The mean and standard deviation (std) of [image: image] scores of four types of prescriptions were shown in Table 3.
TABLE 3 | The mean and standard deviation of Sp scores of four types of clinical prescriptions and TEFD.
[image: Table 3]In order to give a benchmark reference for the four types of clinical prescriptions, we selected the classical prescriptions of TCM, Treatise on Exogenous Febrile Disease (TEFD), for comparative experiments. The TEFD contained 113 classical prescriptions in total, of which 85 prescriptions with associated targets were selected for quantification. The number of herbs containing known targets is greater than or equal to two in 85 prescriptions. We collected the classical prescriptions from TEFD as a representative prescription benchmark with high-quality herbal combinations because most prescriptions in TEFD have been widely used in TCM clinical practice for thousands of years (Li et al., 2010a; Wang and Xiao, 2010; Zhang et al., 2010). Therefore, in general, we will consider that the herbal combinations held in the prescriptions from TEFD give a better example than those from the above four types of clinical prescriptions.
Next, we quantified the degree of interactions between the herbal combinations in 85 prescriptions from TEFD in the context of the human PPI network (Figure 6). For comparison of random expectations, we reshuffled (1,000 random permutations) the herbs in each prescription by using the Fisher-Yates method (Fisher and Yates, 1948). Finally, we found that the [image: image] scores of prescriptions in TEFD were significantly lower than those of random prescriptions (p = 2.46718e-27). We found that 92% of real prescriptions in TEFD had lower [image: image] scores compared to random prescriptions, and [image: image] scores of 79% of real prescriptions were less than 0, but [image: image] scores of all random prescriptions were greater than 0. And we found that the mean [image: image] score in TEFD was -0.09, but the random was 0.16, indicating that the target modules of herbs in a prescription were closely related to each other in the context of the molecular network. To further evaluate the quality of herbal combinations of current clinical prescriptions, with similar calculation methods, we obtained the [image: image] scores of each prescription in the four clinical prescriptions datasets. The results showed that the mean of [image: image] scores of all four clinical prescriptions was less than 0. This means that most real-world clinical prescriptions would tend to have a high degree of herbal combinations as good as those of TEFD prescriptions. It is practical and reasonable that, in TCM clinical settings, most practitioners would directly adopt the classical prescriptions or use the classical prescriptions as a basic therapeutic framework for clinical treatments (Duan et al., 2018; Chen et al., 2019).
[image: Figure 6]FIGURE 6 | The [image: image] scores of prescriptions in Treatise on Exogenous Febrile Disease. We ranked the prescriptions in descending order according to the number of herbs and compared the [image: image] score distribution between prescriptions in TEFD and random prescriptions. The [image: image] scores of prescriptions in TEFD were shown as blue columnar and random prescriptions were shown as orange columnar.
Molecular Correlations of Hierarchical Herbal Combinations in Clinical Prescriptions
We have found that the weights of herbal combinations scale from one to tens of thousands that form a wide range and the distribution of herbal combinations has a hierarchical organization property in our previous analysis. Meanwhile, we also obtained the molecular measures of herbal combinations in prescriptions in terms of their molecular interactions. Next, we would expect the potential associations between these two indexes for a given prescription (see Methods section, Hierarchical Organization Measure of Clinical Prescriptions).
To test the assumption, we performed a Pearson correlation analysis on its entropy value and [image: image] score. The PCC and p-value were shown in Figure 7. We could find that entropy value and [image: image] score of clinical prescriptions were negatively correlated with PCC ranging from −0.15 to −0.39 (Figure 7A, [image: image] = 1.3e−106; Figure 7B, [image: image] = 1.2e−320; Figure 7C, [image: image] = 7.4e−26; Figure 7D, [image: image] = 1.6e−47) for the four clinical herbal prescriptions. This indicated that the larger the entropy value of a given prescription, the smaller the [image: image] score of the prescription. Therefore, it indicated that the more the hierarchical herbal combinations were involved in a prescription, the more the connected molecular networks would be found between the targets of the herbal ingredients in a given prescription. The results also reflected exactly a well-recognized principle called JCZS in TCM formula theories, which illustrates that a well-organized formula should consist of multiple herbal ingredients with differentiated therapeutic roles for targeted disease conditions.
[image: Figure 7]FIGURE 7 | The Pearson correlation coefficient for four types of clinical prescriptions. We could find that entropy value and S score of diabetes (A), CHD (B), qi deficiency (C), and blood stasis (D) were negatively correlated.
DISCUSSION AND CONCLUSION
TCM herbal prescription which usually includes tens of different herbal ingredients as a single therapeutic formula is the main kind of intervention for chronic disease treatment in China (Qi et al., 2013). Typically, it is a kind of combination therapies with complicated underlying molecular pharmacological mechanisms (Chan et al., 2012). Combination therapies offer promising therapeutic solutions for complex disease treatments, from hypertension, COPD, and cancer with potential high efficacies and lower adverse effects (Yki-Jarvinen, 2001; Margulies and Hicks, 2009). However, the clinical organization principle and its underlying network mechanisms still need to be elucidated. TCM herbal prescription has been widely used as a combination therapy in clinical settings (He et al., 2012; Liu et al., 2013; Duan et al., 2018) by adhering to empirical clinical regularities, such as JCZS (He et al., 2015; Duan et al., 2018), and frequently used herbal combinations. Connecting those clinical regularities with the molecular network patterns related to the targets of herbal ingredients would potentially improve the pharmacological understanding of the empirical rules to develop more effective combination therapies.
The well-recognized principle called JCZS in TCM formula theories means that a well-organized formula should consist of multiple herbal ingredients with different therapeutic roles (Wang et al., 2008). This would imply the existence of a hierarchical organization of herbal combinations and the underlying network mechanisms of herbal ingredients for a well-established set of clinical prescriptions (e.g., the herbal prescriptions in TEFD). Here, we investigated the clinical regularities of herbal combinations involved in each prescription in terms of network topological patterns and applied a network-based measurement (Cheng et al., 2019) to quantify the molecular network interactions between herb target modules in a given herbal prescription. Our results indicate that there do exist clinical prescription rules to choose herbal combinations in a clinical prescription, which can be displayed by the scaling and hierarchical topological properties of the herbal combination network. Specifically, a clinical prescription would tend to consist of both highly used herbs or herbal combinations and less used herbs or herbal combinations as a whole formula for disease treatment. This might resemble to the well-established prescription principle (i.e., JCZS) for TCM herbal prescriptions, which implies a good prescription need include herbs with different pharmacological effects. Furthermore, we found that the network-based measure of high-quality drug combinations (Cheng et al., 2019) could be used for evaluating the molecular interaction closeness of both herbal combinations and prescriptions. For example, a classical formula in TEFD, “Shaoyao Gancao decoction” (SGD), contains two herbs: Radix Paeoniae Alba (hRPA) and Radix Glycyrrhizae Preparata (hRGP), which has been further prescribed as core herbal combinations in many classical formulae [e.g., Mahuang Shengma decoction (Fan et al., 2011), Xiaoqinglong decoction (Wang et al., 2018), Gegen decoction (Chai et al., 2020), Chaihu Guizhi decoction (Li et al., 2019), and HuangQin decoction (Dai et al., 2018)]. According to the molecular network-based measurement, we found that the [image: image] score of SGD was -0.03 (the random expectation was 0.03). This means that close interactions are involved between the target modules of the two-member herbs in SGD. Actually, by identifying the herb-target associations from HIT database, we found that there are 47 and 24 potential targets of hRPA and hRGP, respectively. These two target sets each form a rather dense PPI subnetwork (we call it a module, Figure 8A). There are eight common targets shared by hRPA and hRGP, such as TNF, CASP3, RELA, and NOS2. Meanwhile, 75 interactions exist between the target modules of hRPA and hRGP (with 0.113 network density). We further used DAVID (Huang Da et al., 2009) to obtain the enriched GO and KEGG pathways (Figure 8B). The results showed that SGD enriched the inflammation-related pathways such as Hepatitis B, NF-kB, and TLRs (Mantovani, 2010) and liver-related GO annotations such as liver regeneration, which could partially explain the clinical effects of SGD for treating liver disorders and anti-inflammatory in clinic settings (Bi et al., 2014).
[image: Figure 8]FIGURE 8 | The network molecular associations for the only two herbs, namely, Radix Paeoniae Alba and Radix Glycyrrhizae Preparata in the Shaoyao Gancao decoction, (SGD). (A) Target modules of the two herbs and their interactions. Yellow nodes represent the targets of Radix Paeoniae Alba, and red nodes represent the targets of Radix Glycyrrhizae Preparata, while the edges represent the interactions between the targets in the PPI network. Nodes with green color represent overlapping targets of two herbs. (B) The related gene ontology and pathways of target modules of the two herbs.
Overall, we have been working to investigate the network topological regularities and the underlying molecular network mechanisms of herbal prescriptions, and we hope that our work and findings for clinical prescriptions would give references for understanding of the principles and molecular mechanisms of multidrug combinations (Dawson and Carragher, 2014; Cheng et al., 2019; Zhang et al., 2019) after fully digging the hidden knowledge underlying the effective multiple therapies (e.g., Chinese herbal prescriptions).
This study has several limitations. First, since it is not aiming to predict the specific knowledge on pharmacological effects of specific prescriptions or drugs, unlike the study on pharmacological research of a given herbal prescription or predicting a novel target, it would be difficult for us to design a straightforward wet-lab experiment to validate the rationality of organizing herb combinations in a good clinical prescription. However, large-scale wet-lab experiments on validating the differentiated molecular patterns between high frequently used herbal combinations and rarely used herbal combinations should be designed and performed in further research to improve the reliability of the network analysis results. Second, currently, we only used HIT database as the herb-target associations for molecular network-related analysis, which would limit the number of herb-target associations and thus influence the generalization of our analysis. We would integrate other well-established network pharmacological databases, such as ETCM (Xu et al., 2019) and SymMap (Wu et al., 2019) to further validate the underlying molecular network regularities of herbal prescriptions. Third, due to the complexity of clinical conditions of individualized patients, it is important that the prescribed herbal treatments for specific patients should be evaluated by the outcomes and finally help figure out the true high-quality clinical herbal prescriptions from a large-scale clinical dataset. Therefore, we would extend the evaluation measure together with disease conditions to find good herbal prescriptions with potential effectiveness. However, without the related in vitro or in vivo experimental validations, we believe that our current research could deliver certain potential insights for the field of network pharmacology and combination drug development. By evaluating the underlying molecular network patterns of the herbal combinations in herbal prescriptions, it would be promising to propose a novel network pharmacological approach to investigate the inherent network mechanisms (e.g., organizing of herbal combinations) of a given clinical prescription and thus help design combination therapies with better effectiveness for disease treatment.
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The purpose of this study was to explore the effect of the traditional Chinese medicine Fuyou formula on precocious puberty (PP). The Fy formula may exert an effect in female rats with PP and GT-7 cells through the GPR54/GnRH signaling pathway. To confirm the effect of the Fy formula on PP through the GPR54/GnRH signaling pathway, we first treated GT1-7 cells with the Fy formula and observed changes in the expression of related genes and proteins and in GnRH secretion. Then, we randomly divided young female Sprague-Dawley rats into the control group, model group, leuprorelin group and the Fy formula group. A PP model was established by injection of danazol on postnatal day 5, and the Fy formula was administered on PND15. The time of vaginal opening, the wet weights of the ovary and uterus, serum hormone levels and the expression of hypothalamic-related genes were observed. We found that the Fy formula delayed vaginal opening, decreased the wet weights and coefficients of the ovary and uterus, decreased the levels of serum hormones (E2, follicle-stimulating hormone and luteinizing hormone) and the cellular GnRH level, and downregulated the gene expression of Kiss1, GPR54 and GnRH in the hypothalamus and the gene and protein expression of GPR54 and GnRH in GT1-7 cells. In conclusion, the Fy formula may alleviate PP via the GPR54/GnRH signaling pathway.
Keywords: traditional Chinese medicine, Fy formula, precocious puberty, GPR54/GnRH, hypothalamic
INTRODUCTION
Precocious puberty (PP) is one of the most common endocrine diseases in children. PP is commonly defined as puberty that starts before age eight in Chinese girls and age nine in Chinese boys (Bradley et al., 2020), before age 7.5 in African-American and Hispanic girls, and before age eight in Caucasian girls (Herman-Giddens, 2006). The age of pubertal onset based on thelarche has decreased by almost 3 months per decade from 1977 to 2013 (Eckert-Lind et al., 2020). PP is characterized by early onset of puberty, such as early development of secondary sexual characteristics, rapid maturation of bones and acceleration of growth, and early menarche, early closure of the epiphyses, which may lead to poor social adaptability, psychological stress, emotional disorders, risky behaviors, a shorter adult height and future breast and ovarian cancer (Abbasi, 2019; Fu et al., 2020). PP can be divided into central precocious puberty [CPP, gonadotropin-releasing hormone (GnRH)-dependent] and peripheral precocious puberty (PPP, GnRH-independent). The incidence of CPP in China is approximately 1% (Luan et al., 2007). The male to female ratio of patients with PP is approximately 1:5–10 (Teilmann et al., 2005; Dong et al., 2020), and 74% of the cases in girls with CPP are idiopathic (Bradley et al., 2020; Tao et al., 2020). Although the incidence of PP in boys is low, the disorder may be caused by certain serious diseases and should be given attention (Kaplowitz and Bloch, 2016). The onset of puberty is a complex biological process involving numerous factors under the control of neuroendocrine pathways that are regulated by the hypothalamus-pituitary-gonadal (HPG) axis. Tanner stages are used to evaluate pubertal development (Carel and Léger, 2008; Tena-Sempere, 2012). The key step in puberty onset is the early activation of pulsatile GnRH secretion (Ojeda et al., 2006; Latronico et al., 2016). The timing of PP onset depends on genetic and environmental factors, and numerous studies worldwide have shown that the onset of pubertal characteristics varies with race and ethnicity, genetics, environmental conditions, exposure to certain chemicals, geographical location and nutrition (Herman-Giddens et al., 2001; Latronico et al., 2016; Abbasi, 2019). Concerns about PP in girls are extremely common and are frequently raised by parents and other guardians.
Clinical strategies for the treatment of PP in children include a gonadotropin-releasing hormone analog (GnRHa), progesterone and traditional Chinese medicines (TCMs). GnRHa, which has been used clinically for the treatment of CPP treatment for 40 years, mainly contains triptorelin and leuprorelin, which can inhibit early initiation of the hypothalamus-pituitary-gonadal (HPG) axis, delay gonadal and bone development, delay epiphyseal closure and improve adult height (Kletter and Kelch, 1994; Mul and Hughes, 2008; Guaraldi et al., 2016; Fu et al., 2020). However, side effects, such as local hyperlipidemia, erythema, temporary vaginal bleeding, central obesity, body weight and bone mineral density loss, have been reported (Yu et al., 2014). Additionally, some patients require a combination of GnRHa and recombinant growth hormone (rhGH) to achieve the desired effect. However, not all patients who received combination treatment achieved satisfactory height gains (Kohn et al., 1999; Cisternino et al., 2002; Weise et al., 2004; Fu et al., 2020). CPP is diagnosed based on the GnRHa stimulation test (Carel et al., 2009). The assessment and management of this disease remain a challenge for pediatric endocrinologists (Latronico et al., 2016), and the Pediatric Endocrinology Society has suggested that the combination of GnRHa and rhGH should not be recommended as routine treatment because of its high cost and the lack of large-scale randomized clinical trials evaluating the safety and effectiveness of this combination therapy (Carel et al., 2009).
TCM formulas have played an important role in the modernization of TCM. However, there are many TCM compound preparations, which ingredients of which are complex, and most of them contain many minerals and animal medicinal materials. Some drugs have various bad tastes and smells, such as a bitter taste, astringent taste or sour taste. Therefore, the chemical composition of TCM formulas is more complex than that of a single herbal medicine.
TCM practitioners in China have used oral herbs to treat many pediatric diseases for thousands of years. CPP is rarely reported in ancient literature, probably because it is not very common. However, some Chinese herbal formulas, such as the Nourishing (Yin) Removing (Fire) Chinese herbal mixture (Sun et al., 2010; Wang et al., 2014b; He et al., 2018), Zhi Bai Di Huang Wan (Anemarrhena, Phellodendron, and Rehmannia Pill) (Cheng et al., 2013), Jia Wei Xiao Yao San (Supplemented Free Wanderer Powder) (Yamada and Kanba, 2002), Long Dan Xie Gan Tang (Gentian Liver Draining Decoction) (He et al., 2015), Xiang Sha Liu Jun Zi Tang (Costustoot and Amonum Six Gentlemen Decoction) (Xiao et al., 2012), Cang Er Zi San (Xanthium Powder) (Yang and Yu, 2008), Wen Dan Tang (Gallbladder-Warming Decoction) (Wang et al., 2014a), and Ma Zi Ren Wan (Hemp Seed Pill) (Hu et al., 2015), have been reported to alleviate PP.
Fuyou (Fy) formula is an in-hospital preparation that clears the liver, nourishes yin and removes fire, as described by pediatric gynecologists at Beijing Children’s Hospital on the basis of TCM pathogene-sis and the physical characteristics of PP. The salt Anemarrhena and Radix Rehmanniae are the primary components of the Fy formula, which contains 11 TCMs that act together to clear the liver and disperse kont, nourish yin and remove fire. Our team found that clinical application over the past 20 years has suggested that the formula can control the early symptoms of PP in girls, reduce the size of the mammary glands, decrease the level of estrogen and delay the rate of bone maturation without obvious adverse reactions (Huili Liu and Liu, 2009; Pan Yu-chen and Liu, 2019).
In the present paper, we treated GT1-7 cells and young Sprague-Dawley (SD) rats with danazol-induced PP with the Fy formula and analyzed clinical data from a 1-year period. We confirmed the efficacy of the Fy formula for the treatment of PP and preliminarily identified the underlying mechanism. As children are a vulnerable group, it is not feasible to conduct randomized placebo-controlled clinical trials on these patients. Therefore, we compared clinical data before and after treatment.
MATERIALS AND METHODS
Chemicals and Reagents
Dulbecco’s modified Eagle’s medium (DMEM, 10–013-CV) and fetal bovine serum (FBS, 35–081-CVR) were obtained from Corning (NY, United States). Trypsin (0.25%) was purchased from Gibco (Grand Island, NY, United States). Isopropanol and chloroform were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Penicillin/streptomycin were obtained from Sigma-Aldrich (St. Louis, MO, United States). The other reagents were of analytical grade and had a purity of 99.5% or higher. Kisspeptin-10 (kp-10, 45–54) was purchased from Anaspec (San Jose, United States). Danazol was obtained from A&D Technology Corporation (Beijing, China). Leuprorelin acetate microspheres for injection were purchased from Livzon (Zhuhai, China). Leuprolide acetate was purchased from TargetMol (MA, United States). Rabbit anti-GPR54, rabbit anti-kiss1, and rabbit anti-HSP90A antibodies were all purchased from Absin Bioscience Inc. An anti-GnRH antibody was purchased from Lifespan (LS-C294315). Rabbit anti-Erk1/2 (4,695) and anti-pErk1/2 antibodies (4,370) were purchased from CST. ELISA kits for follicle-stimulating hormone (FSH), luteinizing hormone (LH), and estradiol (E2) were obtained from Cloud-Clone Corp. A mouse GnRH ELISA kit was obtained from mIbio (mI701852). The TCM standards Mangiferin (serial number: 111607, purity: 98.1%), Paeoniflorin (serial number: 110736, purity: 97.4%) and Gentiopicrin (serial number: 110770, purity: 98.2%) were purchased from the National Institutes for Food and Drug Control.
Preparation of the Traditional Chinese Medicine Fuyou Formula
The Fy formula was prepared by combining the following 11 medicinal plants: 10 g each of Sheng Di Huang [Rehmannia glutinosa (Gaertn.) DC, Orobanchaceae], Yan Zhi Mu [Anemarrhena asphodeloides Bunge, Asparagaceae], Cu Bie Jia (Trionycis carapax, Trionyx sinensis wiegmann), Xia Ku Cao (Prunellae spica, Prunella vulgaris L.), Mu Dan Pi (Paeonia × suffruticosa Andrews, Paeoniaceae), and Chao Mai Ya [Hordeum vulgare L. (Poaceae), Poaceae]; 6 g each of Xuan Shen (Scrophularia ningpoensis Hemsl, Scrophulariaceae), Di Gu Pi (Lycium chinense Mill, Solanaceae), Long Dan Cao (Gentiana scabra Bunge, Gentianaceae), and Ze Xie [Alisma plantago-aquatica subsp. Orientale (Sam.) Sam, Alismataceae]; and 3 g of Huang Bai (Phellodendron chinense C.K.Schneid, Rutaceae). The TCM compounds are listed in Table 1. The Fy formula dry paste powder was provided by Professor Ni Jian from Beijing University of Chinese Medicine after process optimization. The optimized process was as follows: 10 times the amount of water in the whole formulation was added, vinegar turtle was added for 30 min, the remaining 10 TCMs were added, the solution was extracted 3 times for 1 h each, the three decoctions were combined, and the extract was concentrated (at 60 °C) to obtain a dry paste powder. Powdered Fy (40 mg) was dissolved in 1 ml of distilled water and subjected to for ultrasonic treatment for 30 min (power: 250 W, frequency: 40 KHz). The solution was filtered with a 0.22 µm microporous filter membrane, and a sample was used to treated cells. The main components of the Fy formula were determined by high performance liquid chromatography (HPLC).
TABLE 1 | Composition of the Fy formula.
[image: Table 1]Animals
At postnatal day (PND)3, female SD rats and their mothers were obtained from SPF Biotechnology Co., Ltd. [Beijing, license no: SYXK (Beijing) 2016–0038]. The SD rats were housed at a constant temperature (23 ± 2°C) on a 12-h light:12-h dark cycle in an SPF animal room. The animals were provided food and water ad libitum and acclimated for three days before the experiment. All animal experiments were performed in strict compliance with Chinese guidelines, including the standards for Laboratory Animals (GB14925–2001) and the Guideline on the Humane Treatment of Laboratory Animals (MOST 2006), and all animal procedures were approved by the Beijing Administration Office for Laboratory Animals (approval number: SCXK-Beijing-2014-0004).
Animal Grouping and Drug Administration
The animals were randomly divided into four groups: the control group, model group, positive control (leuprorelin) group, and Fy formula (Fy) group. At PND5, the rats in the three groups were given a single subcutaneous injection of 300 µg/25 µL danazol (ethylene glycol: ethanol = 1:1, v/v) except the rats in the control group, which were given a subcutaneous injection of 25 µL of glycol/ethanol (Morishita et al., 1993; Ju et al., 2019). The rats in the leuprorelin group were subcutaneously injected with 100 μg/kg leuprorelin. The rats in the Fy group were given dry ointment powder solution by intragastric administration every day, and the rats in the control and model groups were given the same amount of normal saline. The vaginal opening was observed at PND20, and the vaginal exfoliated cells of the rats that exhibited vaginal opening were examined by smear. The rats that exhibited vaginal opening were sacrificed at diestrus after a complete estrous cycle, while the remaining rats were sacrificed at the same time point. All rats were anesthetized by intraperitoneal injection of 2% pentobarbital sodium. Blood samples were collected from the abdominal aorta before execution, and the serum was separated after centrifugation (3,500 rpm, 20 min, 4°C) and preserved at −80°C for analysis of the serum hormone level. After the rats were sacrificed, the hypothalamus was removed, frozen in liquid nitrogen and stored at −80°C for further analysis. The uterus and ovaries were weighed to assess the organ coefficients (expressed as mg/100 g body weight) and fixed in formalin for hematoxylin and eosin (H&E) staining.
The Fy formula dose was calculated according to the clinical dosage administered to 6-year-old girls according to the following formula:
[image: image]
with dB representing the animal/human body weight dose, dA representing the known human/animal body weight dose, WA and WB representing known human and animal weights, respectively, and RA and RB representing known human/animal body shape coefficients, respectively. Every two days, the animals were weight, and the dose was recalculated.
Hormone Assay
The serum concentrations of FSH, LH and E2 were measured by kits for ELISA, which is a competitive inhibition enzyme immunoassay technique, purchased from Cloud-Clone Corp. (Wuhan, China). The samples were measured in duplicate, and all the samples were measured together. The minimum detectable concentration of FSH was less than 1.11 ng/ml, and the intra-assay and inter-assay coefficients were less than 10 and 12%, respectively. The minimum detectable concentration of LH was less than 37.59 pg/ml, and the intra-assay and inter-assay coefficients were less than 10 and 12%, respectively. The minimum detectable concentration of E2 was less than 4.45 pg/ml, and the intra-assay and inter-assay coefficients were less than 10 and 12%, respectively.
GT1-7 Cell Culture and Maintenance
Mouse GnRH-producing hypothalamic GT1-7 neurons (provided by Pamela L. Mellon, University of California San Diego) were cultured in complete fresh DMEM (Corning) containing 10% (v/v) heated-inactivated FBS and 1% antibiotics (100 U/ml penicillin/streptomycin) (Liu et al., 2018) under humidified conditions at 37°C in a 5% CO2-containing atmosphere. The medium was changed every 3 days, and the cells were passaged at 90% confluency for subsequent experiments. The cell line was confirmed to be free of mycoplasma contamination by PCR and culture. When the cells reached approximately 85% confluence, they were washed twice with PBS, digested with 0.25% trypsin-EDTA and resuspended in a single-cell suspension. Then, 1.0 × 106 cells were seeded in a 6-well plate in 2 ml of medium containing 10% FBS for 24 h, and 2.0 × 104 cells were seeded in a 96-well Corning plate in 100 µL of medium containing 10% FBS for 24 h. Then, the cells were administered different treatments in serum-free medium (SFM) for 24 h depending on the experiment.
Cell Counting Kit-8 Assay
Cell counting kit-8 (CCK-8) was purchased from MCE. To assess the toxicity of the Fy formula, GT1-7 cells were seeded in 96-well tissue culture plates at a density of 2.0 × 104 cells per well in 100 µL of medium. After overnight incubation, the cells were incubated with 1.25, 2.5, 5, 10, 20, or 40 μg/ml Fy formula in SFM for 24 h at 37°C, and then 10 µL of CCK-8 solution (MCE, HY-K0301) was added to the cells. Following an incubation period of 1–4 h, the optical density (OD) was measured at 450 nm using an ELISA plate reader.
RNA Extraction and Quantification
Total RNA was extracted from frozen GT1-7 cells and hypothalamic tissue using TRIzol reagent (Invitrogen, United States). Purified total RNA was solubilized in diethylpyrocarbonate (DEPC)-treated water (Beyotime, China), and the concentration was determined using a Biodropsis BD-2000 spectrophotometer (OSTD Beijing Co., Ltd., China) at 260/280 or 260/230 nm. Two micrograms of total RNA was used as a template for reverse transcription using a cDNA synthesis kit (TransGen Biotech, AT311, TransScript One-Step gDNA Removal and cDNA Synthesis SuperMix), and the synthesized first-strand cDNA was stored at −80°C until use. The expression of each gene was quantified by real-time PCR (TransGen Biotech, AQ141, TransScript Tip Green qPCR SuperMix) using the following protocol: 1 cycle at 94°C for 30 s followed by 45 cycles at 94°C for 5 s, 60°C for 15 s and 72°C for 10 s. Briefly, the ΔCt value of each sample normalized to the internal control was calculated using the following equation: ΔCt = Ct (gene) − Ct (β-actin). To assess differences in expression between experimental and control conditions ΔΔCt was calculated with the following formula: ΔΔCt = ΔCt (sample) − ΔCt (control). The results are expressed as fold change in expression calculated by the 2ΔΔCt method, and the levels of the of transcripts were normalized to the level of β-actin.
Single-stranded oligodeoxynucleotide primers for amplification of each gene were designed based on PubMed searches and were synthesized by Invitrogen (Beijing, China). The sequences of these primers are listed in Table 2.
TABLE 2 | Primer sequences for quantitative real-time polymerase chain reaction.
[image: Table 2]GnRH mRNA Expression
GT1-7 cells were plated in 6-well plates at a density of 1.0 × 106 cells per well in 2 ml of complete medium and incubated overnight. Then, the medium was replaced with SFM, and the cells were treated with kp-10 at final concentrations of 10−11, 10−9, 10−8, 10−7, 10−6 or 10−5 M for four or 24 h. The optimal concentration and duration for GnRH activation were determined. Cells were co-incubated with the Fy formula and the optimal concentration of kp-10, and the effect of the Fy formula on the GnRH gene was investigated.
GnRH Secretion
GT1-7 cells were plated into 96-well plates, and after 24 h, the cells were treated with kp-10 at final concentrations of 10−11 to 10−5 M for four or 24 h. To study the effects of the Fy formula in the presence of kp-10, cells were treated with 5 or 10 μg/ml Fy formula and 10–9 M kp-10 for 24 h. Then, the 96-well plate was centrifuged (1,000 rpm, 10 min), and the supernatant was transferred to a new 96-well plate for the determination of GnRH levels. RIPA lysis was added to the cells to adjust the protein concentration.
Protein Extraction and Western Blot Analysis
Western blot analysis was performed as previously described (Wang et al., 2017). To assess protein levels, GT1-7 cells were plated into 6-well culture plates at a density of 1.0 × 106 cells per well in 2 ml of SFM and incubated overnight. Then, the GT1-7 cells were incubated with noncytotoxic Fy formula concentrations for 24 h. Then, they were lysed in RIPA lysis buffer supplemented with protease and phosphatase inhibitor cocktail (Applygen Technologies, Inc., China), and the BCA assay was used for quantitative analysis. Equal amounts of protein samples were separated by electrophoresis on 10% sodium dodecyl sulfate polyacrylamide gels and transferred to polyvinylidene fluoride membranes. The membranes were blocked with 5% BSA in Tris-buffered saline containing 0.05% Tween 20 (TBS) for 1 h at room temperature and then incubated with primary antibody at 4°C in blocking buffer. The membranes were washed three times for 10 min with TBST and then incubated for 1 h at room temperature with a horseradish peroxidase-labeled secondary antibody (1:2,000, ZSGB-BIO, Inc., China). An enhanced chemiluminescence detection system was used to visualize the signal. Protein band densities were analyzed by Gel-Pro Analyzer 3.1 software, and the protein expression of β-actin was used as an internal standard.
Histopathological Evaluation of the Uterus
Uteri harvested from female rats were fixed in 4% paraformaldehyde, embedded in paraffin, and cut into 4-mm slices using a slicing machine. The degree of pathological improvement in the uterus was evaluated by H&E staining.
Statistical Analysis
All results are presented as the means ± SDs. Differences were analyzed by one-way ANOVA, and the data were plotted with GraphPad 7 (GraphPad Software, San Diego, CA). Differences were considered statistically significant when p < 0.05.
RESULTS
Multicomponent Quantification of the Fuyou Formula High Performance Liquid Chromatography
Analyses were performed using the LC Solution Chromatography workstation (Shimadzu Corporation, Kyoto, Japan). Chromatography was carried out at 30°C on an Angilent Zorbax C18 column (4.6 mm × 150 mm, 5 μm; Agilent Technologies, Santa Clara, CA, United States). The mobile phase consisted of acetonitrile and 0.2% (v/v) acetic acid-water solution (v/v = 9:91) for isocratic elution at a flow rate of 1.0 ml/min. The signal was monitored at wavelengths of 258 and 230 nm. The chromatograms of the standard mixture and Fy formula are presented in Figure 1.
[image: Figure 1]FIGURE 1 | Multicomponent quantification of the Fy formula. (A) Chromatogram of the mangiferin, paeoniflorin and gentiopicrin standard mixture. Peak one corresponds to gentiopicrin, peak two corresponds to mangiferin, and peak three corresponds to paeoniflorin. Mangiferin (1.5 mg), paeoniflorin (3 mg) and gentiopicrin (9 mg) were accurately weighed and placed in a 20 ml volumetric flask. The mixture was diluted with methanol to the mark on the flask and shaken to obtain a mixed standard mother liquor. Then, 1.5 ml of the mixed standard mother solution was added to a 5 ml volumetric flask and diluted with methanol to the mark on the flask to obtain the reference solution. (B) HPLC profile of the Fy formula. The powered compound extract (0.5 g) was accurately weighed and placed in a stoppered conical flask. Then, 25 ml of methanol was added, and the flask was tightly stoppered and weighed. The compound was subjected to ultrasonic treatment for 30 min, methanol was added until the original weight was obtained, and the compound was shaken well and filtered.
The Fuyou Formula Delays Vaginal Opening in Female Rats With Precocious Puberty
In the model group, vaginal opening was observed at PND21 and was completed vaginal opening by PND26. Vaginal opening occurred at PND25 and PND23 in the leuprorelin and Fy groups, respectively. Complete vaginal opening occurred in six rats in the leuprorelin group, six rats in the Fy group, one rat in the control group and all rats in the model group. The mean time of vaginal opening in the Fy group (25.7 ± 2.1) was obviously delayed compared to that in the model group (22.9 ± 1.7, p < 0.05, Figure 2A).
[image: Figure 2]FIGURE 2 | Effects of the Fy formula on uterine wall thickness and fallopian tubes. The uterine wall was thicker in the model group than the control group and returned to normal thickness after administration of the Fy formula. The fallopian tubes of the model were thicker than those of the control group, and the fallopian tubes returned to normal thickness after administration of the Fy formula. However, in the leuprorelin group, the fallopian tubes were significantly thinner than those in the model group.
The Fuyou Formula Inhibits Sex Organ Development in Rats with Danazol-Induced Precocious Puberty
As shown in Table 3, the wet weights of the uterus and ovaries, organ coefficients and uterine wall thickness in the model group were obviously lower than those in the control group, while the wet weights of the organs, organ coefficients and uterine wall thickness were significantly lower in the leuprorelin and Fy groups than the model group (Figure 3). We found that the fallopian tubes of the model group were obviously thicker than those of the control group and that the thickness of the fallopian tubes became more similar to that of the control group after administration of the Fy formula. The fallopian tubes of the leuprorelin group were thinner than those of the model group (Figure 3), indicating that leuprorelin affects the normal development of rats and should be combined with growth hormone, as described in the literature (Weise et al., 2004).
TABLE 3 | Uterine and ovarian wet weights, organ coefficients and uterine wall thickness (n = 8–10).
[image: Table 3][image: Figure 3]FIGURE 3 | Effects of the Fy formula on vaginal opening (A), serum levels of the hormones E2, LH and FSH (B–D) and gene expression in the hypothalamus (E–G) in female rats with PP. (A) The day of vaginal opening was earlier in the model group than in the control group and was significantly delayed by leuprorelin and the Fy formula. (B–D) The serum levels of the hormones E2, LH and FSH were significantly higher in the model group than the control group and lower in the leuprorelin and Fy formula groups than the model group. (E–G) The gene expression of Kiss1 and GnRH, but not GPR54, in the hypothalamus was higher in the model group than the control group, and the expression of all three genes was decreased after administration of leuprorelin and the Fy formula. *p < 0.05, **p < 0.01, ***p < 0.001 vs the model group.
The Fuyou Formula Decreases Blood Hormone Levels and Inhibits GPR54 Expression in Rats with Danazol-Induced Precocious Puberty
ELISA was employed to evaluate the serum levels of the hormones E2, LH and FSH in PP rats. The results suggested that the levels of hormones E2, LH and FSH were higher in the model group than in the control group (p < 0.001). However, the levels of E2, LH and FSH in the leuprorelin and Fy formula groups were obviously lower than those in the model group (Figures 2B–D).
We observed that the gene expression of kiss1, GPR54 and GnRH was obviously lower in the hypothalamic of SD rats with danazol-induced PP than in the hypothalamic of control rats and that the Fy formula and leuprorelin significantly reduced the expression of kiss1, GPR54 and GnRH genes compared with that in the model group (Figures 2E–G). However, there was no significant difference in GPR54 gene expression between the control and model groups.
The Fuyou Formula Downregulates the Expression and Secretion of GnRH in Hypothalamic GT1-7 Neurons
The effect of the Fy formula on the viability of GT1-7 cells was compared with that of vehicle treatment. The maximum noncytotoxic concentration of the Fy formula was 10 μg/ml (Supplementary Figure S1). To ensure that the Fy formula was administered at a sufficient concentration to exerts the desired effects, the final treatment concentrations for all subsequent experiments in GT1-7 cells were 5 and 10 μg/ml. Changes in GnRH mRNA expression in GT1-7 cells after treatment with different concentrations of kp-10 for 4 or 24 h were evaluated by RT-PCR. The expression of GnRH mRNA was the highest when GT1-7 cells were treated with kp-10 at a concentration of 10−9 M for 24 h (Supplementary Figure S2).
To further evaluate the mechanism by which the Fy formula affects the release of GnRH in GT1-7 cells via the GPR54/GnRH signaling pathway, the gene expression of GPR54, GnRH, estrogen receptor α (Erα) and estrogen receptor β (Erβ) in GT1-7 cells treated with kp-10 was detected by RT-PCR. The RT-PCR results showed that compared with vehicle treatment, treatment with 10−9 M kp-10 for 24 h significantly upregulated the gene expression of GPR54, GnRH, Erα and Erβ (Figures 4A–D) in GT1-7 cells. Additionally, the expression of GnRH, GPR54, and Erβ in the Fy + kp-10 groups, except for Erα expression in the Fy5 + kp-10 group, was significantly lower that than in the kp-10 group.
[image: Figure 4]FIGURE 4 | Effects of the Fy formula on GnRH mRNA expression (A–D) and secretion in GT1-7 cells (E). GT1-7 cells were divided into the vehicle group (untreated GT1-7 cells), kp-10 group (GT1-7 cells treated with kp-10), and Fy + kp-10 group (GT1-7 cells treated with 5 or 10 μg/ml Fy formula and kp-10 for 24 h). (A–D) The gene expression of GPR54, GnRH, Erα and Erβ was higher in the kp-10 group than the vehicle group and lower in the Fy formula group than the vehicle group. (E) Cells treated with kp-10 (24 h) exhibited increased secretion of GnRH and decreased secretion when coincubated with the Fy formula. *p < 0.05, **p < 0.01, ***p < 0.001 vs. the kp-10 group.
To evaluate the effect of the Fy formula on GnRH secretion, GT1-7 cells were treated with five or 10 μg/ml Fy formula. Kp-10 significantly elevated GnRH secretion; however, compared with kp-10, the Fy formula significantly decreased GnRH secretion in a concentration-dependent manner (Figure 4E).
The Fuyou Formula Inhibits the GPR54/GnRH Pathway in GT1-7 Hypothalamic Neuronal Cells
To additionally investigate the potential molecular mechanism underlying the effect of the Fy formula on the release of GnRH via the GPR54/GnRH signaling pathway, western blot analysis of the protein expression of GPR54, GnRH, PKC and pErk1/2 was conducted in GT1-7 cells treated with the Fy formula (5 or 10 μg/ml). GT1-7 cells expressed the GPR54 protein, as previously reported (Novaira et al., 2009b). We also performed western blot analysis of total and phosphorylated PKC and pErk1/2, as phosphorylation of these proteins is considered to be the main cellular signaling event in GPR54/GnRH activation. The protein levels of GnRH and PKC and the phosphorylation of Erk were decreased by incubation with Fy (10 μg/ml), as shown in Figures 5C–E. Compared with the vehicle, Fy formula at concentrations of 5 and 10 μg/ml decreased the protein expression of GPR54 (Figure 5B).
[image: Figure 5]FIGURE 5 | Effects of the Fy formula on GPR54, GnRH, PKC and pErk1/2 expression. (A) Representative images of western blots for GPR54, GnRH, PKC and pErk expression in GT1-7 cells after treatment with the Fy formula (5 or 10 μg/ml) for 24 h (B–E) Statistical analysis of GPR54, GnRH, PKC and pErk1/2 expression. *p < 0.05 vs. the vehicle group.
DISCUSSION
PP is defined as puberty that occurs before the age of 8 years in girls and before the age of 9 years in boys. PP has a far-reaching influence on children’s growth, development and mental health. Chinese herbal medicines have been proven to be effective in regulating the development of puberty, but their mechanisms are still unclear (Wang et al., 2014b; Yu et al., 2014). The GPR54/GnRH signaling pathway plays an important role in puberty development. The purpose of this study was to investigate the effects of the Fy formula on the GPR54/GnRH signaling pathway in GT1-7 cells and female rats with PP.
Danazol, an isoxazole derivative of 17α-ethynyl testosterone, has a variety of effects on the reproductive system, high affinity for androgen receptors, moderate affinity for glucocorticoid receptors and poor affinity for estrogen receptors. This study showed that subcutaneous injection of 300 µg of danazol into PND5 female rats accelerated the onset of sexual development, increased the weights of the uterus and ovary, increased the release of GnRH from the hypothalamus and accelerated HPG axis activation in rats, thus hastening sexual maturity without increasing the body of the rats (Morishita et al., 1993; Sun et al., 2010). These findings suggest that the rat hypothalamus is immature at birth, hypothalamic maturation may occur from 1 to 10 days after birth, and subcutaneous injection of danazol into newborn rats may quicken the maturation of the hypothalamus-pituitary axis and induce true PP (Sun et al., 2007).
Vaginal opening is a sign of puberty in female rats (Sun et al., 2007). Our experiment showed that the time of vaginal opening was significantly advanced in the model group compared with the control group (p < 0.001). After administration of leuprorelin and the Fy formula, vaginal opening was significantly delayed compared with that in the model group (p < 0.05, Figure 2A). The wet weights and organ coefficients of the uterus and ovary in the model group were significantly higher than those in the control group (p < 0.05) and were decreased after leuprorelin and Fy formula treatment (p < 0.05, Table 3). The fallopian tubes were thicker in the model group than the control group and returned to normal thickness after administration of the Fy formula. However, the fallopian tubes were significantly thinner in the leuprorelin group than the model group (Supplementary Figure S2), suggesting that leuprorelin affects the normal development of sex organs and should be combined with growth hormone (Benabbad et al., 2018). The Fy formula and leuprorelin decreased the serum levels of the hormones E2, LH and FSH compared with those in the model group, suggesting that the Fy formula can significantly delay puberty onset in female rats.
Although the physiological structure of humans is different from that of rodents, the Fy formula was shown to have therapeutic effects in both PP patients and a rat model of danazol-induced PP. As an in-hospital formula of Beijing Children’s Hospital, the Fy formula has been used for the management of PP for more than twenty years. These findings confirm the clinical benefits of the Fy formula, which is an advantageous therapeutic approach in our country due to its low cost. We enrolled patients who were treated for more than one year. The clinical data revealed that the Fy formula markedly reduced the serum levels of estrogen in patients, significantly decreased mammary gland size, and delayed bone maturation in girls with PP (Supplementary Table S1). Moreover, several Chinese reports also indicated that the Fy formula of Chinese herbs has a good intervention effect on girl’s ovarian cysts complicated with PP, causing most ovarian cysts to disappear (Pan Yu-chen and Liu, 2019). The clear clinical efficacy of the Fy formula is enough to prove its effective role in the treatment of PP in children. However, the physiological structure and function of humans and rats are different, so more evidence is needed to prove the mechanism of the Fy formula.
The research in humans and mice has shown that mutations or deletions in GPR54 lead to puberty failure and infertility, which suggests that the kisspeptin-GPR54 signaling pathway is absolutely essential for fertility (De Roux et al., 2003; Seminara et al., 2003; Clarkson, 2013). Subsequent research has shown that the loss of Kiss1 gene function in mice and humans results in pubertal disorders and infertility symptoms similar to GPR54 knockout (Topaloglu et al., 2012). Studies in the last decade have shown that kisspeptin and GPR54 are important regulators of GnRH activity. During puberty maturation, the increased expression of kiss1 mRNA and kisspeptin peptide in the hypothalamus is an important in promoting the full activation of GnRH nerve cells, and plays an important role in adolescent maturation and adult reproductive physiology (Clarkson, 2013), Therefore, kisspeptin mainly regulates reproductive events, such as precocious puberty, primarily by activating the GPR54 receptor indicated by GnRH neurons in the hypothalamus.
To further explore the role of GPR54/GnRH in the effects of the Fy formula on PP, gene expression was analyzed. Our results showed that kiss1, GPR54 and GnRH mRNA expression was higher in the model group than in the control group. One of our most obvious findings was that compared to vehicle, the Fy formula significantly downregulated the gene expression of the Kiss1, GPR54 and GnRH in the hypothalamus of female rats with PP (Figures 2E–G). Previous studies have shown that the Kiss1 gene is involved in the development of sexual maturity during early puberty in normal female rats (Sun et al., 2007; Sun et al., 2010) and that kisspeptin administration into the hypothalamus of immature female rats can significantly advance vaginal opening, significantly increase uterine weight (Navarro et al., 2004), and induce precocious activation of the HPG axis and PP development (Plant et al., 2006; Trevisan et al., 2018). These findings suggest that the Fy formula may inhibit the expression of the kiss1 gene, weaken the binding between kisspeptin and GPR54, and ultimately reduce the pulsed secretion of GnRH, weakening the activation of downstream pituitary and gonadal development and thus alleviating PP.
Kisspeptin and its cognate receptor GPR54 are major regulators of the HPG axis (Szereszewski et al., 2010). Kisspeptin is a neuropeptide encoded by the kiss1 gene and secreted in the hypothalamus. Kisspeptin has a highly conservative region at the C-terminal sequence, consisting of 10 amino acids, named kisspeptin-10 (Pasquier et al., 2014). GPR54 couples to the Gq/11 protein when kisspeptin-10 stimulates GPR54, and Gq/11 activates phospholipase C and hydrolyzes PIP2 to produce the second messengers IP3 and DAG. IP3 stimulates the endoplasmic reticulum (ER), increasing the levels of intracellular Ca2+ and activating Ca-dependent signaling pathways in GnRH neurons, and DAG activates protein kinase C (PKC), activates extracellular signal-regulated kinases one and two in GnRH neurons, and promotes hypothalamic secretion of GnRH (Kotani et al., 2001; Harter et al., 2018; Trevisan et al., 2018). The function of kisspeptin in GnRH neurons also requires the activation of additional signaling mechanisms in the family of MAPKs, which have a strong continuous stimulation effect on the phosphorylation of MAPK extracellular signal-regulating kinases Erk1 and Erk2 (Chianese et al., 2016). Kisspeptin is produced by two main groups of neurons located in the hypothalamus, namely, neurons in the rostral periventricular area of the third ventricle (RP3V) and neurons in the arcuate nucleus (ARC). Kisspeptin produced in the ARC is generally considered to be the generator of GnRH. GPR54 is mainly expressed in the hypothalamus, specifically the POA (Herbison et al., 2010), and is expressed by most GnRH-secreting neurons. Human GPR54 is highly expressed in the placenta, anterior pituitary, pancreas, liver, adipose tissue and spinal cord, suggesting that it plays a role in the regulation of endocrine function (Kotani et al., 2001; Ohtaki et al., 2001). In humans and rats, the onset of puberty is caused by an increase in GnRH pulsed secretion. True PP is mediated by a premature increase in GnRH secretion and should be treated with a potent GnRHa (Tian et al., 2005). The administration of exogenous kisspeptin can advance the puberty of immature rodent (rats) and primates (monkeys) (Plant et al., 2006), on the contrary, administration of kisspeptin antagonist delayed puberty in rats and monkeys (Skorupskaite et al., 2014; Li et al., 2020). These findings show that kisspeptin plays an important role in the regulation of HPG axis.
Therefore, kisspeptin mainly regulates reproductive events, such as precocious puberty, primarily by activating the GPR54 receptor indicated by GnRH neurons in the hypothalamus. In the present study, we designed a series of experiments to investigate the mechanism of the Fy formula. First, we determined that kisspeptin at a concentration of 10−9 M had a direct effect on GT1-7 cells and upregulated the expression of the GPR54, GnRH, Erα and Erβ genes (Figure 4; Supplementary Figure S2). These results are consistent with previous reports showing that which kisspeptin can promote the GnRH system (Clarkson et al., 2008; Novaira et al., 2009a). Kisspeptin binds to GPR54 and stimulates hypothalamic neurons to release GnRH, leading to the secretion of gonadotropins (LH and FSH) and sex steroids, which in turn act on the gonads to produce gametes, by the pituitary gland (Trevisan et al., 2018). The Fy formula (10 µg/ml) decreased the gene expression of GPR54, GnRH, Erα and Erβ, which was increased by kisspeptin in GT1-7 cells (Figures 4A–D). Kisspeptin-10 not only upregulated the expression of the GnRH gene but also increased the secretion of GnRH in GT1-7 cells (Figure 4E), which is consistent with previous results (Lehnert and Khadra, 2019). However, after administration of the Fy formula, the secretion of GnRH was significantly decreased (Figure 4E). To confirm the effect of the Fy formula on the GPR54/GnRH signaling pathway in GT1-7 cells, we investigated its effects on related proteins and found that the Fy formula significantly downregulated the protein expression of GPR54, PKC and GnRH and the phosphorylation of Erk1/2 (Figure 5). These results indicate that the Fy formula inhibits Kiss1 gene expression, reduces the expression of kisspeptin, reduces the binding of GPR54 to Gq/11, inhibits the hydrolysis of PIP2 and the Erk1/2 signaling pathway, decreases the secretion of hypothalamic GnRH, weakens the stimulation of the pituitary gland, reduces the secretion of the gonadotropins LH and FSH and sex steroids, inhibits gonadal gamete production and alleviates the symptoms of PP (Figure 6) (Roseweir and Millar, 2009; Trevisan et al., 2018).
[image: Figure 6]FIGURE 6 | The GPR54/GnRH signaling pathway in the HPG axis. The Fy formula inhibits the gene expression of Kiss1, decreases the secretion of kisspeptin, and weakens the stimulating effect on the kisspeptin receptor GPR54. Gq/11 inhibits PLC, which reduces the hydrolysis of PIP2. This process leads to a decrease in the production of the second messenger DAG, which inhibits the downstream Erk1/2 signaling pathway, resulting in a decrease in GnRH secretion, weakening the stimulatory effect on the pituitary gland, reducing the secretion of LH and FSH, and inhibiting gonadal development.
In this study, the therapeutic effect of the Fy formula on PP was studied in GT1-7 cells and in a rodent model. Additionally, it has also been observed clinically that the Fy formula can reduce the estrogen level in girls with PP, significantly decreased mammary gland size, and delayed bone maturation. However, because the clinical sample size in this study was small, the data may have been slightly skewed. Therefore, it is necessary to increase the clinical sample size and evaluate clinical indicators at a later stage to more comprehensively assess the curative effect of the Fy formula.
CONCLUSION
In summary, the Fy formula reduced blood hormone levels, downregulated the gene expression of kiss1, GPR54 and GnRH in female rats with danazol-induced PP and downregulated GnRH gene and protein expression and hormone secretion induced by kp-10 in GT1-7 cells. The GPR54/GnRH signaling pathway may be involved in the effects of the Fy formula on PP. The potential mechanism of action of the Fy formula needs to be further revealed to provide support for its clinical application.
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Many studies have shown that crosstalk exists between apoptosis and autophagy, despite differences in mechanisms between these processes. Paeonol, a major phenolic compound isolated from Moutan Cortex Radicis, the root bark of Paeonia × suffruticosa Andrews (Paeoniaceae), is widely used in traditional Chinese medicine as an antipyretic, analgesic and anti-inflammatory agent. In this study, we investigated the detailed molecular mechanisms of the crosstalk between apoptosis and autophagy underlying the cardioprotective effects of paeonol in rats subjected to myocardial ischemia/reperfusion (I/R) injury. Myocardial I/R injury was induced by occlusion of the left anterior descending coronary artery (LAD) for 1 h followed by 3 h of reperfusion. Paeonol was intravenously administered 15 min before LAD ligation. We found that paeonol significantly improved cardiac function after myocardial I/R injury and significantly decreased myocardial I/R-induced arrhythmia and mortality. Paeonol also significantly decreased myocardial infarction and plasma LDH activity and Troponin-I levels in carotid blood after I/R. Compared with vehicle treatment, paeonol significantly upregulated Bcl-2 protein expression and significantly downregulated the cleaved forms of caspase-8, caspase-9, caspase-3 and PARP protein expression in the I/R injured myocardium. Myocardial I/R-induced autophagy, including the increase of Beclin-1, p62, LC3-I, and LC3-II protein expression in the myocardium was significantly reversed by paeonol treatment. Paeonol also significantly increased the Bcl-2/Bax and Bcl-2/Beclin-1 ratios in the myocardium after I/R injury. The cardioprotective role of paeonol during I/R injury may be due to its mediation of crosstalk between apoptotic and autophagic signaling pathways, which inhibits apoptosis and autophagic cell death.
Keywords: apoptosis, autophagy, paeonol, myocardial ischemia/reperfusion injury, crosstalk
INTRODUCTION
Recent studies have shown that cardiomyocyte death is the main reason for the poor prognosis of patients with ischemic heart disease (Chiong et al., 2011; Teringova and Tousek, 2017). The most appropriate clinical strategy to limit myocardial infarct size, preserve cardiac function and improve both quality of life and survival in patients with ischemic heart disease is to minimize myocardial ischemia/reperfusion (I/R) injury-induced cardiomyocyte death, such as necrosis, apoptosis, or autophagy (Tian et al., 2013). Necrosis is marked by defective plasma membrane integrity, cellular and organellar swelling, and marked inflammation. Apoptosis and autophagy differ from necrosis, in that neither apoptosis nor autophagy exhibit myocardial inflammation and they share many death signals that regulate cell death, which may be important signaling pathways in myocardial I/R injury (Oerlemans et al., 2013). Apoptosis, characterized by chromatin condensation, nuclear fragmentation, cell shrinkage and production of apoptotic bodies, is a major mechanism of regulated cell death during myocardial I/R injury (Xia et al., 2016). Autophagy is activated in order to remove damaged organelles and stimulate phagocytic clearance of apoptotic cells (Zou et al., 2012). Evidence suggests that autophagy is beneficial during ischemia, functioning as a protein quality controller and cellular homeostasis keeper; however, excessive autophagic activity degrades essential proteins and organelles, leading to progressive consumption of proteins or organelles and autophagic cell death during I/R (Zeng et al., 2016). Even if the mechanisms differ between autophagy and apoptosis, some proteins modulate both autophagy and apoptosis. It is well documented that the crosstalk between autophagy and apoptosis is mediated by the functional and structural interactions between Beclin-1 and Bcl-2. Beclin-1, the mammalian orthologue of yeast Atg6, is part of the class III phosphatidylinositol 3-kinase (PI3K) complex that induces autophagy. Bcl-2 is not only an important regulator in apoptosis, but also an anti-autophagic protein via its inhibitory interaction with Beclin-1 (Pattingre et al., 2005). Notably, after interacting with Bcl-2, Beclin-1 is sequestrated away from the Vps34/class III PI3K complex and autophagy is inhibited, whereas Bcl-2 maintains anti-apoptotic potential (Levine et al., 2008; Ciechomska et al., 2009). Evidence has shown that the interplay between autophagy and apoptosis is closely related to I/R injury, so recent studies have therefore focused on the crosstalk between these cell death processes (Li M. et al., 2016; Dong et al., 2019).
Paeonol, a major phenolic constituent extracted from Moutan Cortex Radicus, the root bark of Paeonia × suffruticosa Andrews (Paeoniaceae), and the root of Paeonia lactiflora Pall, is widely used as a nutrient supplement and as an antipyretic, analgesic and anti-inflammatory agent in traditional Chinese medicine. Paeonol is associated with a wide range of biological effects, including antiplatelet aggregation (Koo et al., 2010), antioxidative (Ding et al., 2016) and anti-inflammatory activity (Lei et al., 2016). Paeonol also demonstrates antiatherosclerotic activity via the upregulation of autophagy and inhibition of vascular smooth muscle cell proliferation (Wu et al., 2017), and prevents oxidized low-density lipoprotein (ox-LDL)-induced injury to vascular endothelial cells by inhibiting excessive autophagy, increasing miR-30a levels and reducing Beclin-1 protein expression (Li et al., 2018). Furthermore, paeonol decreases cerebral infarction and neurological deficits in rats subjected to focal cerebral I/R injury (Hsieh et al., 2006; Liao et al., 2016) and has proven cardioprotective effects in rats subjected to myocardial I/R injury, improving hemorrheology indexes, decreasing oxidative injury and repairing endothelial function (Yang et al., 2010). Paeonol has also demonstrated activity against cardiotoxicity induced by epirubicin, a chemotherapeutic agent, by upregulating epirubicin-induced reductions in miR-1 expression and suppressing the phosphatidylinositol 3-kinase (PI3K)/AKT and the mammalian target of rapamycin (mTOR) signaling pathways, and NF-κB signaling pathways (Wu et al., 2018).
None of these previous reports has determined whether the crosstalk between apoptosis and autophagy may play a role in the cardioprotective effect of paeonol. Our investigation is the first to examine the molecular mechanisms involved in the crosstalk between apoptosis and autophagy that underlie the cardioprotective effects of paeonol in rats subjected to myocardial I/R injury.
MATERIALS AND METHODS
Methods
All study protocols were performed in accordance with those in the Guide for the Care and Use of Laboratory Animals published by the National Research Council (United States) Committee (National Academies of Sciences, 2011). All efforts were taken to reduce the numbers of sacrificed animals and to minimize animal suffering.
Animals
All experiments and postoperative animal care were reviewed and approved by the Institutional Animal Care and Use Committee of Chung Shan Medical University (IACUC-1772). We used male Sprague-Dawley rats (LASCO Co., Charles River Technology, Taipei, Taiwan) weighing 250–350 g. The animals were housed in a room under controlled temperature (24 ± 1 °C) and humidity (55 ± 5%) conditions and subjected to a 12:12 h light-dark cycle. They were allowed free access to food and water.
Surgical Procedure
Myocardial I/R injury was induced by temporary occlusion of the left anterior descending coronary artery (LAD), as per previously described procedures (Wang et al., 2016). Briefly, the rats were anesthetized with a single intraperitoneal injection of urethane (1.25 g/kg) and then placed on a heated, small animal operating table. After tracheotomy, the intubated animals were ventilated with room air through a respirator for small rodents (Model 131, NEMI, United States) with a stroke volume of 15 ml/kg body weight and rate of 60 strokes/min. The jugular vein was cannulated to administer drugs and polyethylene catheters (PE-50) were inserted into the common carotid artery with a Statham P23 XL transducer to continuously monitor heart rate (HR) and arterial blood pressure (BP). A standard 1-lead ECG recorded heart rhythm via silver electrodes attached to the extremities and the adequacy of anesthetic depth. Data were acquired with a MP35 physiological recorder (BIOPAC Systems, Inc., United States).
The heart was exposed via left thoracotomy and the fourth and fifth ribs were sectioned approximately 2 mm to the left of the sternum. The heart was rapidly externalized and inverted. A 6/0 silk ligature was then placed around the left main coronary artery. The heart was repositioned in the chest and the animal was allowed to recover for 15 mins. Animals that developed arrhythmia or sustained a decrease in mean BP to less than 70 mmHg during the procedure were not included in the study. A small plastic snare from a Portex P-270 cannula was threaded through the ligature and placed in contact with the heart. The left coronary artery was then occluded by tightening the ligature and reperfusion was achieved by releasing the tension applied to the ligature (operated groups). Successful ligation of the coronary artery was validated by decreased arterial pressure and ECG changes (increase in R wave and ST segment elevation), which are indicators of ischemia. Sham-operated animals underwent the same surgical procedure, except that the silk ligature that was placed around the left coronary artery was not tied. Changes in HR, BP, and ECG were simultaneously recorded using a personal computer with waveform analysis software (AcqKnowledge, Biopac System, Goleta, CA, United States) before and during the ischemia and reperfusion periods. To evaluate antiarrhythmic effects of paeonol during myocardial I/R injury, we occluded the coronary artery for 1 h and then subjected it to reperfusion for 3 h. The ventricular ectopic activity was evaluated according to the diagnostic criteria advocated by the Lambeth Conventions (Curtis et al., 2013). Incidence and duration of ventricular tachyarrhythmias, including ventricular tachycardia (VT) and ventricular fibrillation (VF), were determined in the surviving rats and in the rats that eventually died. In rats with irreversible VF, the duration of VF was recorded until mean BP was <15 mmHg. To evaluate the effect of paeonol on cardiac function during myocardial I/R injury, a Millar catheter was inserted into the left ventricular cavity via the right common carotid artery and changes in the left ventricular systolic pressure (LVSP), left ventricular diastolic pressure (LVDP), maximal slope of systolic pressure increment (max dP/dt) and diastolic decrement (min dP/dt) were continuously recorded using a Transonic Scisense Pressure Measurement system (SP200, Transonic Scisense Inc., Ontario, Canada).
Experimental Groups
Most research has shown that the effective dose range for paeonol cardioprotection is 2.5–100 mg/kg by intragastric or intraperitoneal administration (Yang et al., 2010; Li et al., 2012; Ma et al., 2015; Li H. et al., 2016; Wu et al., 2018). However, recent data indicate that paeonol has higher bioavailability by intranasal and intravenous administration routes in rats compared with the intragastric route (Chen et al., 2010; Adki and Kulkarni, 2020). We therefore investigated the cardioprotective effects of 0.1 and 1 mg/kg paeonol by intravenous administration in rats subjected to myocardial I/R injury. In this study, the solution of paeonol (purity ≧ 98%, Cat. sc-205787, Santa Cruz, Dallas, TX, United States) was freshly prepared and intravenously administered 15 mins before LAD ligation. The rats were randomly assigned to one of five groups: 1) Sham-vehicle: rats underwent all surgical procedures except LAD occlusion and were treated with vehicle (0.1% dimethyl sulfoxide [DMSO] in normal saline); 2) Sham-P-1: rats underwent all surgical procedures except LAD occlusion and were treated with paeonol (1 mg/kg); 3) I/R-Control: rats were treated with vehicle and underwent myocardial I/R injury; 4) I/R-P-0.1: rats were treated with paeonol (0.1 mg/kg) and underwent myocardial I/R injury; or 5) I/R-P-1: rats were treated with paeonol (1 mg/kg) and underwent myocardial I/R injury.
Estimation of Myocardial Infarct Size and Myocardial Damage
The sizes of both the ischemic zone and infarct zone in the rats’ hearts were determined by previously described procedures (Wang et al., 2016). Evaluation of the infarct zone and collection of myocardium samples for further analyses were carried out in rats that survived 1 h of ischemia and 3 h of reperfusion. At the end of the experiment, the coronary artery was reoccluded, and 2.0 ml of 0.1% Evans blue solution was intravenously injected to stain non-ischemic myocardium and determine the area at risk. The heart was then excised and the atria were removed. Ventricular tissues were sliced into 2 mm sections and incubated in tetrazolium dye (2% 2,3,5-triphenyltetrazolium chloride [Sigma, United States] in normal saline) at 37 °C for 30 mins in darkness. The sections were placed in a solution of 10% formaldehyde in saline for 1 day before excision of infarcted (white) tissues. The weight of the infarcted tissues is expressed as a percentage of the total ventricle or the area at risk. In addition, arterial blood collected from the carotid catheter in rats that survived after 1 h of ischemia and 3 h of reperfusion was centrifuged at 3,000 g for 10 mins to isolate plasma and determine in vivo heart injury. Myocardial cellular damage was determined using automated clinical analyzers to measure plasma activities of lactate dehydrogenase (LDH) (ADVIA 1800; Siemens Healthcare Diagnostics Inc., NY, United States) and the levels of Troponin-I (Centaur, Siemens Healthcare Diagnostics Inc., NY, United States).
Western Blot
For reducing the number of animal sacrifices in this study, the effective dose of paeonol 1 mg/kg was applied to investigate the underlying mechanism involved in the cardioprotective effect of paeonol. Protein expression was evaluated by Western blot, as per previously described procedures (Su et al., 2019). The hearts of rats with myocardial I/R injury were homogenized in T-PER Tissue Protein Extraction Reagent (Thermo Scientific, United States) containing protease Inhibitor Cocktail (Thermo Scientific, United States). The homogenates were centrifuged at 10,000 g for 10 mins at 4 °C. Protein concentration was determined with protein assay kits (BioRad, United States) using bovine serum albumin (BSA) as the standard. Samples were mixed with an equal volume of loading buffer (62.5 mM Tris-HCl, pH 6.8, 10% [v/v] glycerol, 2% SDS, 5% [v/v] 2-mercaptoethanol and 0.05% [w/v] bromophenol blue) and heated for 10 min at 95 °C. The mixture was subjected to SDS-PAGE and transferred electrophoretically to nitrocellulose membranes at a constant current of 70 V for 120 mins. Membranes were blocked with 5% (w/v) non-fat milk in PBS containing 0.1% (v/v) Tween 20 (PBST) for 1 h at room temperature. Membranes were reacted with primary antibodies at 37 °C for 1 h. Membranes were washed three times with PBST and HRP-conjugated secondary antibody (1:10,000 dilution) was added and incubated at 37 °C for 1 h to detect primary bound antibody. Reactive proteins were detected by enhanced chemiluminescence (T-Pro Biotechnology, Taiwan R.O.C.) and the density of specific immunoreactive bands was quantified by densitometric scanning.
Antibodies
Primary Antibodies
Anti-caspase 3, anti-caspase 9, anti-caspase 8, anti-PARP (Cell Signaling, Danvers, MA, United States), anti-mTOR (Spring Bioscience, Pleasanton, CA, United States), anti-phospho mTOR (Santa Cruz, Dallas, TX, United States), anti-Bcl-2, anti-Bax (Abcam, Cambridge, MA, United States), anti-p62, anti-Beclin-1, anti-light chain 3 (LC3) and anti-GAPDH (Novus Biologicals, Littleton, CO, United States).
Secondary Antibodies
HRP-conjugated goat anti-mouse IgG (H + L) antibody and HRP-conjugated goat anti-rabbit IgG (H + L) antibody (Jackson ImmunoResearch Laboratories, United States).
Statistical Analysis
All results are presented as the mean ± the standard error of the mean (S.E.M.). Statistical analyses of differences were assessed by analysis of variance (ANOVA) for combined data and followed by the Student-Newman-Keuls test. The difference in the percentage incidence of VT, VF and mortality was analyzed with a χ2 test. p < 0.05 was considered to be statistically significant.
RESULTS
Hemodynamic Changes
The hemodynamic parameters did not significantly differ among the four experimental groups in the pre-ischemic period. Intravenous injection of paeonol did not change HR (Figure 1A) or mean BP (Figure 1B) in rats before and during myocardial I/R injury. No significant differences were recorded in LVSP, +dp/dtmax or −dp/dtmax values before the LAD ligation, amongst the sham, control and paeonol-treated groups. However, the administration of 1 mg/kg paeonol ameliorated the myocardial function of rats, as reflected by the increase in LVSP (Figure 1C) and ±dp/dtmax (Figures 1D,E) during myocardial I/R injury and significantly increased +dp/dtmax (Figure 1D) after myocardial I/R injury.
[image: Figure 1]FIGURE 1 | Effect of paeonol on hemodynamic parameters in rats subjected to myocardial I/R injury. (A) heart rate, (B) mean arterial blood pressure, (C) left ventricular systolic pressure (LVSP) (D) maximum rates of pressure change in the LV (+dP/dtmax) and (E) minimum rates of pressure change in the LV (−dP/dtmax) were recorded by physiological parameters during myocardial I-R injury (Basal, pre-ischemic period; CAO1H, 1 h after LAD coronary arterial occlusion; CAR3H, 3 h after LAD coronary arterial reperfusion). Values are means ± S.E.M.; (n = 10–11 per group); *p < 0.05 compared with the sham vehicle-treated group; #p < 0.05 compared with the I/R-control group.
Myocardial I/R Injury-Induced Rhythm Disturbances
The effects of paeonol on arrhythmias and mortality elicited by myocardial I/R injury in anesthetzed rats are shown in Supplementary Table S1. Jugular vein injection of vehicle or paeonol had no induced VT and VF, and none of them died in sham-operated animals. In the control group, severe ventricular arrhythmias occurred at 6–7 mins and peaked at 8–12 mins after LAD ligation. Among the 12 rats in the control group, all animals (100%) exhibited VT (75.44 ± 12.80 s in duration) and 11 rats (92%) exhibited VF (134.36 ± 27.66 s in duration). Administration of paeonol at the dose of 1 mg/kg significantly decreased the incidence of VF (17%), as well as the duration of each (VT: 13.33 ± 6.06 s; VF: 2.00 ± 1.60 s). The mortality rate from myocardial I/R injury was significantly rescued from 50% to 0% in rats treated with paeonol 1 mg/kg.
Myocardial Infarct Size and Myocardial Damage
The effects of paeonol on myocardial infarct size are shown in Figures 2A–C. There was no significant difference in the AAR between the control and paeonol-treated groups, indicating that in each group, a similar amount of tissue was at risk from myocardial ischemia (Figure 2B). In the control group, the infarct size was 25.20 ± 1.12% of the AAR. Paeonol 1 mg/kg significantly rescued the infarct size to 18.92 ± 0.76% of the AAR (Figure 2C).
[image: Figure 2]FIGURE 2 | Effect of paeonol on I/R induced myocardial damage in rats. (A) Representative Evans blue/TTC staining of heart sections from the control group and different paeonol dose groups (0.1 and 1 mg/kg) after 1 h of ischemia and 3 h of reperfusion. The perfused area is seen in blue; the area at risk (AAR) is seen in red and white. Infarction is seen in white. Quantitative analysis of the AAR/Ventricle % (ratio of non-blue area to total area) (B), and the risk zone infarcted % (ratio of white area to AAR) (C) in control and paeonol-treated rats, plasma lactate dehydrogenase (LDH) activity (D), and plasma Troponin-I levels (E) in the sham-operated and I/R-operated groups. The results are shown as means ± S.E.M. (n = 10–11 per group); *p < 0.05 compared with the sham vehicle-treated group; #p < 0.05 compared with the I/R-control group.
Plasma LDH activity and Troponin-I levels were used as diagnostic biomarkers for acute myocardial infarction. The effects of paeonol on LDH activity and Troponin-I levels after myocardial I/R injury are shown in Figures 2D,E. Low LDH activity and Troponin-I levels in the plasma were recorded in the sham-operated animals, whereas both biomarkers were dramatically increased in the control group after myocardial I/R injury. Paeonol 1 mg/kg significantly reduced plasma LDH activity (Figure 2D) and Troponin-I levels (Figure 2E) compared with values in the control group during the same period. These results are consistent with the findings of myocardial infarction.
Apoptosis and Autophagy Protein Expression
Under the sham-operated non-I/R condition, Bcl-2, the cleaved forms of caspase-3, caspase-8, caspase-9 and PARP protein expression in the myocardium did not differ significantly between the groups. Myocardial I/R injury often leads to apoptosis of cardiomyocytes. In this study, we found that myocardial I/R injury significantly reduced the protein expression of Bcl-2 and the ratio of Bcl-2 to Bax, and significantly increased the cleaved forms of caspase-8, caspase-9, caspase-3 and PARP protein expression in the myocardium, compared with the sham-vehicle-treated group. Paeonol treatment significantly reversed changes in protein expression induced by myocardial I/R injury (Figure 3). These results indicate that paeonol attenuates apoptotic cell death in I/R-injured myocardium.
[image: Figure 3]FIGURE 3 | Paeonol decreased apoptosis after myocardial I/R injury. (A) Representative images of Western blot results in heart tissue. (B) Graphs represent the quantitative differences between vehicle- and paeonol-treated groups in sham- and myocardial I/R-operated animals. GAPDH was used as a loading control for the blots. Data are normalized with the mean expression from the sham vehicle-treated group. *p < 0.05 compared with the sham vehicle-treated group; #p < 0.05 compared with the I/R-control group. Values are expressed as means ± S.E.M. (n = 6).
We also investigated the role of autophagy in the cardioprotective effects of paeonol in rats subjected to myocardial I/R injury (Figure 4). We found that myocardial I/R injury significantly increased the levels of Beclin-1, p62, LC3-I and LC3-II protein expression in the myocardium in the control group compared with the sham-vehicle-treated group. Paeonol treatment significantly reversed the changes in protein expression induced by myocardial I/R injury. This suggests that paeonol reduced autophagy in the myocardium after I/R injury.
[image: Figure 4]FIGURE 4 | Paeonol decreased autophagy after myocardial I/R injury. (A) Representative Western blot images show the expression levels of p-mTOR, mTOR, Beclin-1, p62, LC3-I, LC3-II and GAPDH in heart tissue. (B) Graphs represent the quantitative differences between vehicle and paeonol-treated groups in sham and myocardial I/R-operated animals. GAPDH was used as a loading control for the blots. Data are normalized with the mean expression from the sham vehicle-treated group. *p < 0.05 compared with the sham-vehicle group; #p < 0.05 compared with the I/R-control group. Values are expressed as mean ± S.E.M. (n = 6).
The autophagy induction pathway of Beclin-1 is considered harmful during myocardial I/R injury (Ma et al., 2015). In this study, we found that myocardial I/R injury significantly decreased the ratio of Bcl-2 to Beclin-1 protein expression and significantly increased the ratio of cleaved form of caspase-3 to Beclin-1 protein expression in the control group compared with the sham-vehicle-treated group. Paeonol treatment reversed the protein expression ratio changes induced by myocardial I/R injury. We found that paeonol significantly increased the ratio of Bcl-2 to Beclin-1 protein expression, but without changing the ratio of cleaved-caspase 8 and cleaved-caspase 3 to Beclin-1 protein expression after myocardial I/R injury compared with the control group (Figure 5). Finally, paeonol significantly decreased the expression of Beclin-1 protein in the myocardium in the paeonol-treated group compared with the control group.
[image: Figure 5]FIGURE 5 | Effect of paeonol on crosstalk between apoptosis and autophagy after myocardial I/R injury in rats. (A) Representative images of the Western blots results in heart tissue. Graphs represent the quantitative differences of (B) the ratio of Bcl-2 to Beclin-1 (C) the ratio of cleaved caspase-8 to Beclin-1 (D) the ratio of cleaved caspase-3 to Beclin-1 between vehicle and paeonol-treated groups in sham- and myocardial I/R-operated animals. GAPDH was used as a loading control for the blots. Data are normalized with the mean expression from the sham-vehicle-treated group. *p < 0.05 compared with the sham-vehicle group; #p < 0.05 compared with the I/R-control group. Values are expressed as means ± S.E.M. (n = 6).
DISCUSSION
In this study, we provide evidence showing that paeonol protects the heart against myocardial I/R injury by improving cardiac function, reducing myocardial extrinsic and intrinsic apoptosis and attenuating autophagy.
Paeonol is a major phenolic compound of Moutan Cortex Radicis that is widely used as a nutrient supplement and in traditional Chinese medicine to regulate human disorders by removing blood stasis, promoting blood flow, attenuating inflammatory responses, relieving pain and eliminating heat (Fu et al., 2012). Yang et al. reported that paeonol improves blood hemorrheology, reduces oxidative injury and repairs endothelial function, and acts as an effective cardioprotective agent in a rabbit model of myocardial ischemia induced by intravenous administration of pituitrin (Yang et al., 2010). Our results suggest that administration of paeonol 1 mg/kg significantly suppressed the incidence of VF, shortened the durations of VT and VF, and completely prevented mortality during myocardial I/R injury. In addition, pretreatment with paeonol significantly reduced cardiac infarction size and protected against cardiomyocyte injury, as indicated by the decreasing carotid blood Troponin-I levels and LDH activity, which serve as indicators of cellular damage, in rats subjected to cardiac ischemia for 1 h and reperfusion for 3 h. Our results indicate that paeonol is a potent cardioprotective agent in rats with myocardial I/R injury.
Among the many underlying mechanisms of myocardial I/R injury, apoptosis is one of the most important (Xia et al., 2016). Apoptosis is a form of programmed cell death that is positively and negatively regulated by the Bcl-2 family, which includes both pro- and antiapoptotic proteins. The ratio of proapoptotic to antiapoptotic molecules helps determine the susceptibility of cells to a death signal (Gross et al., 1999). In this study, we found that compared with vehicle treatment, paeonol significantly increased the ratio of Bcl-2 to Bax in the myocardium after ischemia for 1 h and reperfusion for 3 h. Much evidence suggests that suppressing apoptosis may protect the heart against myocardial I/R injury (Wang et al., 2015; Wu et al., 2015). We found that paeonol treatment significantly reduced the protein expression levels of cleaved forms of caspase-8, caspase-9, caspase 3 and PARP, when compared with vehicle treatment. These results illustrate that paeonol upregulates Bcl-2 levels and suppresses apoptosis to protect the heart from I/R injury in rats through inhibition of both intrinsic and extrinsic apoptotic pathways.
Besides apoptosis, autophagy may also contribute to myocardial I/R injury (Matsui et al., 2007). Evidence indicates that autophagy plays dual roles in myocardial I/R injury; at low levels, autophagy is protective, by degrading damaged mitochondria and protein aggregates, whereas excessive autophagy such as during myocardial I/R may be deleterious for cardiac function, due to overwhelming degradation of essential proteins and organelles (Li M. et al., 2016; Wang et al., 2017). It is known that Beclin-1-dependent autophagy mediates autophagic cell death during myocardial I/R injury (Peng et al., 2013). Beclin-1 is a key autophagic protein that plays a vital role in autophagy in myocardial I/R and therefore serves as a marker for autophagy. Elevated Beclin-1 protein expression induces high levels of autophagy, while inhibition of Beclin-1 protein expression correlates with decreased autophagy and reduced cardiac myocyte death induced by myocardial I/R injury (Matsui et al., 2007). In our studies, we found that paeonol significantly decreased Beclin-1 expression in the occluded zone of rats subjected to myocardial I/R injury. In addition to inhibiting Beclin-1 expression, paeonol also attenuated myocardial I/R injury by dramatically reducing p62, LC3-I and LC3-II expression. Both LC3 and p62 are routinely used as biomarkers to monitor autophagic levels. During autophagy initiation, cytosolic-associated protein LC3-I is converted to the membrane-bound LC3-II form and then binds to the adaptor protein p62, facilitating the autophagic degradation of ubiquitinated protein aggregates in autolysosomes (Aghaei et al., 2019). Our results suggest that paeonol decreases autophagic cell death during myocardial I/R injury.
In this study, we focused on investigating the underlying mechanisms through which the crosstalk between apoptosis and autophagy was involved in the cardioprotective effect of paeonol on rats subjected to myocardial I/R injury. Both apoptosis and autophagy are two highly regulated biological processes with complex protein networks that play a vital role in tissue homeostasis, development, and disease. Autophagy is inhibited downstream of apoptosis induction due to Beclin-1 cleavage by caspases, most prominently caspase-3 (Fairlie et al., 2020). Recent evidence indicates that active caspase-8, a death receptor effector, can be degraded by autophagy, suggesting the existence of a feedback mechanism that cross-regulates autophagy and apoptosis (Hou et al., 2010). However, we found that paeonol did not affect the ratios of cleaved-caspase 8 and cleaved-caspase 3 to Beclin-1 protein expression after myocardial I/R injury compared with those ratios in the control group. It also appears that several inducers of apoptosis, such as p53 and Bcl-2, can activate autophagy. Phosphorylation of p53 is known to inhibit the activity of mTOR through AMPK activation (Mendieta et al., 2019). In this study, we found that paeonol treatment did not change the protein expression of mTOR in rats after myocardial I/R injury, which means that p53 phosphorylation is not involved in the cardioprotective effects of paeonol. Mitochondria-associated proteins are responsible for interactions between autophagy and apoptosis. Bcl-2 is an anti-apoptotic protein that interferes with Beclin-1 at the mitochondrial outer membrane, resulting in dual regulation of apoptosis and autophagy. In this study, we found that paeonol (1 mM) significantly increased cell viability against OGD/R insult in H9c2 cells, and the protective effect is reversed by Bcl-2-selective inhibitor ABT199 (Supplementary Figure S2). The specific Bcl-2 inhibitor, ABT199, is a selective small-molecule B-cell lymphoma 2 Homology 3 (BH3) mimetic, has been shown to disrupt the BH3 dependent Bcl-2/Beclin-1 interaction, thereby induce apoptosis and autophagy (Chiang et al., 2018; Folkerts et al., 2019). Therefore, we suggest that the cardioprotective effects of paeonol against I/R injury may mediated by Bcl-2/Beclin-1 interaction. It is generally believed that Beclin-1-mediated autophagy is not only regulated by its own expression, but is also promoted by the binding of Beclin-1 and Bcl-2 (Marquez and Xu, 2012). Previous studies have shown that the balance between Bcl-2 and Beclin-1 protein expression affects the levels of autophagy (Yi et al., 2020). We therefore explored the association between Bcl-2 and Beclin-1 protein expression in the crosstalk between apoptosis and autophagy in rat heart after I/R injury. Our data verified that compared with vehicle treatment, treatment with paeonol significantly upregulates the expression of Bcl-2 and downregulates the expression of Beclin-1, increasing the ratio of Bcl-2 to Beclin-1 in the I/R-injured myocardium. Upregulation of Bcl-2 and downregulation of Bax, Beclin-1, LC3, and p62 following paeonol treatment suggests that crosstalk exists between apoptosis and autophagy processes during myocardial I/R. Thus, the cardioprotective effects of paeonol against I/R injury may involve upregulation of Bcl-2 that inhibits apoptosis and prevents autophagic cell death.
CONCLUSION
Our results provide valuable insights into the signaling pathways involved in programmed cell death, including crosstalk between apoptosis and autophagy, in paeonol-induced amelioration of myocardial I/R injury in rats (Figure 6). Paeonol shows potential as a preventive treatment for ischemic heart diseases or post-coronary revascularization.
[image: Figure 6]FIGURE 6 | Schematic diagram of paeonol mediating apoptosis and autophagy crosstalk in myocardial I/R injury.
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±dp/dtmax, the maximal rate of left ventricular pressure increase and decrease; AAR, Area at risk; Bax, B-cell lymphoma-2-associated X protein; Bcl-2, B-cell lymphoma-2; BP, arterial blood pressure; HR, heart rate; I/R, ischemia/reperfusion; LAD, left anterior descending coronary artery; LC3, light chain 3; LDH, lactate dehydrogenase; LVSP, left ventricular systolic pressure; mTOR, mammalian target of rapamycin; PARP, poly (ADP-ribose) polymerase; VT, ventricular tachycardia; VF, ventricular fibrillation.
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Hepatic fibrosis (HF) represents the excessive wound healing where an excess amount of connective tissues is formed within the liver, finally resulting in cirrhosis or even hepatocellular carcinoma (HCC). Therefore, it is significant to discover the efficient agents and components to treat HF, thus restraining the further progression of hepatopathy. Astragalus membranaceus (Fisch.) Bunge [also called Astragali Radix (AR)] is a famous herb in traditional Chinese medicine (TCM), which possesses a variety of biological activities and exerts good therapeutic effects in the treatment of HF. Flavonoids account for the major active ingredients related to the AR pharmacological effects. Total AR flavonoids have been proved to exert inhibitory effects on hepatic fibrosis. This study aimed to further undertake network pharmacology analysis coupled with experimental validation and molecular docking to investigate the effects and mechanism of multiple flavonoid components from AR against liver fibrosis. The results of the network pharmacology analysis showed that the flavonoids from AR exerted their pharmacological effects against liver fibrosis by modulating multiple targets and pathways. The experimental validation data showed that the flavonoids from AR were able to suppress transforming growth factor beta 1 (TGF-β1)-mediated activation of hepatic stellate cells (HSCs) and reduce extracellular matrix deposition in HSC-T6 cells via regulating the nuclear factor kappa B (NF-κB) signal transduction pathway. The results of the molecular docking study further showed that the flavonoids had a strong binding affinity for IκB kinase (IKKβ) after docking into the crystal structure. The above results indicated that, flavonoids possibly exerted the anti-inflammatory effect on treating HF by mediating inflammatory signaling pathways. The potential mechanism of these flavonoids against liver fibrosis may be related to suppression of the NF-κB pathway through effective inhibition of IKKβ. This study not only provides a scientific basis for clarifying the effects and mechanism of AR flavonoids against liver fibrosis but also suggests a novel promising therapeutic strategy for the treatment of liver fibrosis.
Keywords: flavonoids, Astragalus membranaceus (fisch) bunge, liver fibrosis, anti-inflammation, network pharmacology
INTRODUCTION
Hepatic fibrosis (HF) is a pathological event where connective tissues abnormally proliferate in liver, which is associated with a variety of factors, causing excess extracellular matrix (ECM) deposition within liver (Trautwein et al., 2015). When there is acute injury, liver can recover the structural integrity of liver, in the meantime of sustaining the unfavorable chronic injury-derived stimuli, resulting in liver parenchymal distortion (Parola and Pinzani, 2019). For HF, its pathogenic mechanisms are chronic virus infection, nonalcoholic steatohepatitis (NASH), alcoholic liver disease (ALD), together with toxin-related stimuli (such as drugs and alcohol), autoimmune hepatitis, hereditary metabolic disease and cholestatic diseases (Fan et al., 2019). Such injury to liver parenchyma will activate the hepatic stellate cells (HSCs), the cells responsible for storing vitamin A and are involved in HF occurrence (Huang et al., 2017). Upon activation, HSCs gradually transform into myofibroblasts, a heterogeneous cell population with proliferating, migrating, and fibrotic characteristics. This transformation causes a continuous accumulation of alpha smooth muscle actin (α-SMA), ECM, and a large amount of type I and type III collagen, leading to scar deposition (Parola and Pinzani, 2019). In addition, HSCs can produce the transforming growth factor beta 1 (TGF-β1) to induce a fibrotic response, as well as the subsequent connective tissue proliferation (Xu et al., 2020). Cirrhosis is the end-stage disease of HF, and it stands for a major reason for the morbidity and mortality in the world (Scaglione et al., 2015). At present, liver transplantation (LT) remains the unique effective way to treat cirrhosis patients; as a result, it is significant to discover the efficient agents and components to treat HF, thus restraining the further progression of hepatopathy and preventing death. HF or even the early cirrhosis, is suggested to be reversible (Friedman et al., 2000). Certain herbs in the traditional Chinese medicine (TCM) are utilized in clinical treatments for a long history due to the efficient therapeutic effect and usability, particularly in treating hepatopathy (Xie et al., 2013). As a result, applying TCM herbs may serve as the efficient way to prevent and treat HF.
Astragalus membranaceus (Fisch.) Bunge is also called Astragali Radix (AR), and it accounts for an extensively used TCM herb in China, with a usage history of more than 2,000 years. Traditionally, AR is frequently applied to treat various diseases, including weakness, anemia, fever, chronic fatigue, wounds, loss of appetite, multiple allergies, and uterine bleeding (Guo et al., 2019). For these bioactive functions, AR has been widely used as a kind of health food additive supplemented in various drinks or in additional food forms for the effective body immunity reinforcement (Bai et al., 2018). Modern pharmacological experiments have indicated that AR has different biological activities, like antioxidation, immunomodulation, anticancer and anti-inflammation, which has been extensively utilized in treating nephritis, diabetes and cancers (Xu et al., 2006; Guo et al., 2019). AR has also been recognized to significantly protect from injuries to intestine, heart, liver, lung, kidney, and brain (Shahzad et al., 2016). Beyond that, AR is commonly used in Chinese herb prescription to treat HF in Chinese clinical practice (Ding et al., 2011; Xu et al., 2015). Modern pharmacological studies has also confirmed that AR can effectively suppress HF (Liang and Yuan, 2013; Zhou et al., 2016; Wang et al., 2019). So far, over 200 components are separated in AR. Typically, flavonoids represent the leading ingredients related to the efficacy and pharmacological effects (Guo et al., 2019). The total flavonoids from AR have been proved to exert inhibitory effects on HF (Liu et al., 2005; Li et al., 2019). However, the specific AR flavonoid components responsible for inhibition on HF, as well as the precise molecular mechanisms, are not completely understood.
TCM herbs are the effective herbal medicines adopted for treating a variety of disorders, which exert pivotal parts in healthcare in the history of China or even numerous other countries. However, it is difficult to elucidate the effects of TCMs because of their multiple targets, multiple pathways, and multiple mechanisms of action. The above features have severely restricted the internationalization and modernization of herbal medicines (Gan et al., 2019). Recently, network pharmacology has been developed to be the effective approach for observing the interactions and impacts of different drugs on disease network (Li and Zhang, 2013; Hao and Xiao, 2014). It integrates chemoinformatics, bioinformatics, network biology, network analysis, and traditional pharmacology (Berger and Iyengar, 2009). Therefore, network pharmacology provides a novel and effective tool that can combine the TCM target database in a variety of disorders and verify at molecular level, thus providing evidence regarding the molecular targets as well as possible underlying mechanisms of herbal medicines (Gan et al., 2019).
Therefore, the present work applied network pharmacology in combination with experimental validation for clarifying the activities and possible mechanisms of flavonoids derived from AR to treat HF (Figure 1). The main objectives of the present study were 1) to screen the active flavonoid compounds of AR, to predict the potential targets of these flavonoids against liver fibrosis, and to analyze the potential mechanism of the flavonoids against liver fibrosis by using network pharmacology; 2) to employ TGF-β1 to stimulate HSC transdifferentiation into myofibroblasts to investigate the antifibrotic activity of the flavonoids; 3) to elucidate the potential influence of the flavonoids on HSC activation from the aspect of the inflammatory signaling pathway; and 4) to study the binding ability between flavonoids and key target genes by using molecular docking. Our results may help to understand the mechanisms of AR against liver fibrosis and suggest a novel promising therapeutic strategy for its treatment.
[image: Figure 1]FIGURE 1 | Flowchart showing the systems pharmacology approach for determining the pharmacological effects and mechanism of Astragali Radix (AR) in the treatment of liver fibrosis by integrating target identification, network construction, enrichment analysis, experimental validation and a molecular docking study.
MATERIALS AND METHODS
Screening for Active Flavonoid Compounds in AR
According to ADME (absorption, distribution, metabolism, excretion) parameters (Xu et al., 2012), the active flavonoid compounds of AR were screened by searching the Traditional Chinese Medicine Systems Pharmacology (TCMSP, https://tcmspw.com/tcmspsearch.php) (Ru et al., 2014), the Encyclopedia of Traditional Chinese Medicine (ETCM, http://www.ehbio.com/ETCM), and the Integrative Pharmacology-based Research Platform of Traditional Chinese Medicine (TCMIP, http://www.tcmip.cn) databases (Xu et al., 2019). Oral bioavailability (OB) > 30%, along with drug similarity (DL) > 0.18, was used for screening (Li et al., 2015).
Prediction of the Targets of the Active Ingredients in AR
The target prediction for the main active compounds was performed by searching the TCMSP (Ru et al., 2014), PubChem (https://pubchem.ncbi.nlm.nih.gov/) (Zhu et al., 2019), STITCH (http://stitch.embl.de/) (Zhu et al., 2019), SuperPred (http://prediction.charite.de/) (Nickel et al., 2014) and Swiss Target Prediction (http://www.swisstargetprediction.ch/) (Gan et al., 2019) databases with the “Homo sapiens” species setting. All targets were combined and identified using the UniProt database (https://www.uniprot.org/) (Gan et al., 2019). Duplicates of the validated and predicted targets were eliminated, and the targets of the active ingredients were screened. Finally, a visual compound-target network was established with Cytoscape v3.7.2, the open-source software utilized to visualize the complicated networks and integrate all attribute data (Shannon et al., 2003).
Screening of Potential Targets for Liver Fibrosis
The GeneCards (https://www.gene-cards.org/) (Safran et al., 2003) and DisGeNET (http://www.disgenet.org/web/DisGeNET/menu/home) (Ren et al., 2019) databases were searched with the keywords “HF” or “liver fibrosis” to identify targets related to HF.
Network Construction
The common targets of the flavonoid ingredients and liver fibrosis were collected. The STRING database (https://string-db.org/) was utilized to construct the measureable targets of the protein-protein interaction (PPI) network for those main components to treat HF (Szklarczyk et al., 2015). Additionally, Cytoscape was adopted for visualizing and integrating those topological parameters in PPI network regarding the main components to treat HF. The key biological targets were acquired based on the Cytoscape degree.
Enrichment Analysis
OmicShare tools (http://www.omicshare.com/tools), the freely accessible online platform to analyze data, was utilized for Gene Ontology (GO) as well as Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis for the key targets. GO annotation was classified into three distinct categories, namely, biological process (BP), cell component (CC), and molecular function (MF), and such method was adopted for identifying those potential mechanisms based on the high-throughput transcriptome and genome data (Ashburner et al., 2000). In addition, the KEGG database (https://www.kegg.jp/) was used to identify the systematic functions and biological relevance of candidate targets (Chen et al., 2015). In the current study, the top 20 enriched KEGG pathways were displayed, and only terms with an FDR < 0.05 were selected for analysis. Finally, according to results of KEGG analysis, Cytoscape v3.7.2 was applied in constructing a compound-target-pathway network. The characteristics of multiple components, multiple targets and multiple pathways of the active ingredients against liver fibrosis were revealed through the construction of a network.
Chemicals and Reagents
Formononetin (For, A0232), isorhamnetin (Iso, A0514), kaempferol (Kae, A0129), calycosin (Cal, A0190), and quercetin (Que, A0083) (purity ≥ 98%) were provided by Chengdu Must Biotechnology Co., Ltd. (Chengdu, China), which were mixed with dimethyl sulfoxide (DMSO, 0.1%, v/v; Sigma, St. Louis, MO, United States). In the meantime, the HEK293-derived recombinant human TGF-β1 (100-21) was purchased from PeproTech (New Jersey, United States). The anti-α-SMA (14395-1-AP) and anti-GAPDH (6004-1-lg) antibodies, together with the HRP-labeled AffiniPure goat anti-mouse IgG antibody (H + L) (SA00001-1), were provided by Proteintech (Wuhan, China). The HRP-labeled goat anti-rabbit IgG antibody (H + L) (BS13278) was provided by Bioworld Technology (St. Paul, MN, United States). The Alexa fluor 568-conjugated goat anti-rabbit IgG (H + L) antibody was purchased from Abcam (Cambridge, MA, United States). The enhanced BCA protein assay kit (P0010), RIPA lysis buffer (P0013) and DAPI staining solution (C1005) were provided by Beyotime Institute of Biotechnology (Shanghai, China).
Cell Culture and Treatment
HSC-T6, a rat HSC line, was kindly presented by Zhejiang Cancer Hospital (Zhejiang, China) and cultured in DMEM (Thermo Fisher Scientific, MA, United States) containing 10% fetal bovine serum (FBS, Thermo Fisher Scientific, MA, United States), 100 μg/ml streptomycin and 100 U/ml penicillin. Afterward, cells were subjected to incubation under 37°C and 5% CO2 conditions. When cells reached confluence, PBS was used to wash cells for two times and the serum-free medium was used for further cell culture prior to subsequent experiment.
Cell Viability Assay
Cellular viability was detected with a CCK-8 assay kit (GLPBIO, California, United States). The HSC-T6 cell line was planted into the 96-well culture plate, followed by 24 h of exposure to various doses of For, Iso, Cal, Que and Kae (0.1–200 μM). Thereafter, 10 μl CCK-8 solution was placed into all wells to incubate for 1 h, and the microplate reader (Thermo Varioskan LUX, MA, United States) was used to measure the absorbance (OD) value at 450 nm.
Quantitative Real-Time Polymerase Chain Reaction (RT-qPCR)
The total pulmonary or cellular RNA was extracted using the TRIzol reagent (Accurate Biotechnology, Human, China) in accordance with specific instructions. Then, 1 ng RNA was used to synthesize cDNA via the Evo M-MLV RT Kit as well as the gDNA Clean to carry out RT-qPCR (Accurate Biotechnology, Human, China). We performed RT-qPCR for each cDNA sample in triplicate using the SYBR Green Premix Pro Taq HS qPCR kit (Accurate Biotechnology, Human, China) and gene-specific primer pairs for Gapdh, Acta2, Fn1, Col1a1, Col3a1, Rela, Jun, Il1β, Il6, Tnfa, Ifng, Ccl2, Cxcl2, Cox2, Mmp1, Mmp2, and Mmp9 (Table 1). A QuantStudio 5 Real-Time PCR instrument (Thermo Fisher Scientific, MA, United States) was applied in PCR amplification under the conditions below: 30 s of enzyme activation under 95°C, 5 s of denaturation under 95°C, followed by 40 cycles of 30 s of annealing and extending under 60°C. In this study, those semi-quantitative RT-qPCR data of every target gene were expressed as 2−ΔΔCt relative expression compared with endogenous GAPDH, and the error bar represented standard error of the mean (SEM) from three independent experiments.
TABLE 1 | Nucleotide sequences of the gene-specific primers used for RT-qPCR.
[image: Table 1]Western Blot Analysis
Cell lysates were produced within the RIPA buffer that contained the fresh phosphatase and protease inhibitors. Following 15 min of centrifugation at 13,000 rpm and 4°C, we collected supernatants to a new tube, followed by boiling within the 1% SDS loading buffer for obtaining samples. Afterward, the resultant samples were added onto the 10% SDS-PAGE, and the protein were transferred onto the NC membranes, followed by 2 h of incubation with 5% nonfat skim milk (FUJIFILM Wako Pure Chemical Corporation, Fuji, Japan) supplemented within the Tris-buffered saline that contained 0.1% Tween. Later, the membranes were incubated with anti-α-SMA and anti-p50 antibodies (1:800) overnight, washed, and further incubated by the HRP-labeled anti-rabbit or anti-mouse IgG secondary antibodies (1:10,000). ECL-enhanced chemiluminescence (Yeasen, Shanghai, China) was used to develop bands, whereas Image-ProPlus 6.0 (Rockville, MD, United States) was utilized for visualization.
Immunofluorescence Assay
The HSC-T6 cell line was exposed to 10 ng/ml TGF-β1 for 24 h in the presence or absence of 10 μM diverse compounds. Thereafter, all cells were rinsed by the cold PBS, followed by 20 min of 4% paraformaldehyde fixation. Later, 0.2% Triton X 100 was used to permeabilize cells, followed by 5% BSA incubation for blocking the nonspecific staining as well as incubation using α-SMA antibody staining under 4°C overnight within the humid chamber. Then, cells were rinsed repeatedly before further 1 h of incubation using Alexa fluor 568-conjugated goat anti-rabbit IgG (H + L) antibody (1:200) under 37°C. Finally, PBS was used to rinse cells for two times, followed by 15 min of incubation with DAPI under 37°C. Images were viewed by confocal scanning microscopy (Leica TCS SP8, Leica, Germany) at an excitation wavelength of 568 nm.
Molecular Docking
Nuclear factor kappa B (NF-κB) proteins are a crucial family of transcription factors in the signal transduction cascade of inflammatory signaling (Hoesel and Schmid, 2013). NF-κB activation is determined by IκB kinase (IKKβ)-mediated IκBα phosphorylation, as well as the later p50–p65 subunit nuclear translocation of NF-κB, finally inducing the expression of pro-inflammatory cytokines (Hoesel and Schmid, 2013). Therefore, the IKKβ selective inhibitor might be used as the candidate drug to resist inflammation. Accordingly, to further analyze the way in which the flavonoids of AR inhibit the inflammatory NF-κB pathway, the interactions between the flavonoids and IKKβ were further measured by AutoDock Vina software. The X-ray crystallographic structure of IKKβ was retrieved from the Protein Data Bank (PDB ID: 3RZF) (Xu et al., 2011). The 3D structures of the AR flavonoids taken as ligands were retrieved from the PubChem database. The grid box for IKKβ used centers of 92.23, −25.49, and 53.01 Å with corresponding sizes of 60, 60, and 60 (x, y, and z positions, respectively) for comprising each amino acid residue of the protein simulated. The other detailed docking procedures were performed as previously described (Ruan et al., 2020). After docking, the flavonoid ligands with the lowest affinity score for the receptor IKKβ were selected for further analysis. All the structure-based features were visualized by using PyMOL software.
Data Analysis
Values were presented in the manner of mean ± SD from three independent replicates. GraphPad Prism 7.0 (San Diego, CA, United States) was used for all statistical analyses. Significant differences were analyzed by single-factor ANOVA and two-tailed Student’s t-test between the samples and their respective controls. Differences were considered statistically significant at p-values of <0.05.
RESULTS
Active AR Flavonoid Compounds
A total of 87 reported active ingredients of AR were retrieved by searching the TCMSP database. A total of 27 reported active ingredients of AR were retrieved by searching the ETCM and TCMIP databases. In this study, we mainly focused on the active flavonoid compounds, and in line with the OB ≥ 30% and DL ≥ 0.18 thresholds, five active flavonoids were selected: For, Iso, Cal, Que, and Kae (Figure 2A; Supplementary Table S1). These five flavonoids were used for the subsequent network pharmacology analysis and experimental validation.
[image: Figure 2]FIGURE 2 | Screening for active flavonoid compounds in AR and their targets. (A) Molecular formulas of the five flavonoids, including For, Iso, Cal, Que, and Kae. (B) Compound target network (C-T network). Network of five active flavonoids of AR and 443 putative targets, among which there were 141 for Cal, 144 for Iso, 167 for, 212 for Kae and 315 for Que.
Target Prediction and Analysis
In this process, we conducted target fishing on the five flavonoids based on the TCMSP, PubChem, STITCH, SuperPred and Swiss Target Prediction databases, obtaining 443 related targets, among which there were 141 for Cal, 144 for Iso, 167 for For, 212 for Kae and 315 for Que (Figure 2B). All of these targets were combined and identified using the UniProt database. By searching the GeneCards and DisGeNET databases for related research reports, 6,703 targets were obtained, which are closely related to the occurrence and development of “HF” or “liver fibrosis.” Three hundred and twenty-two targets that matched the related targets of the five flavonoids and HF were then collected as the potential targets of the five flavonoids against HF (Figure 3A). Then, the PPI network of those 322 targets was established in the database String. There were 320 nodes and 5,476 edges in total.
[image: Figure 3]FIGURE 3 | Analysis of the key targets of the flavonoids for the treatment of liver fibrosis. (A) Venn diagram summarizing the differential targets of the flavonoids and liver fibrosis. (B) The process of topological screening for the protein-protein interaction (PPI) network. Finally, 82 candidate targets were predicted. (C) The PPI network of the 82 nodes. Different colors represent nodes of different sizes. The red nodes represent the large hub nodes and the green nodes represent the small hub nodes. The node size is proportional to the target degree in the network. (D) Compound target network (C-T network) of the flavonoids and 82 key targets.
Afterward, the topological feature analysis of the PPI network was conducted with the Cytoscape software platform based on three major parameters: degree, betweenness, and closeness. Those targets greater than the median were chosen to be key targets, then, hub nodes were established from those five anti-HF flavonoids. In the initial screening, the thresholds were set at degree ≥ 28, betweenness ≥ 0.00115124, and closeness ≥ 0.47399703. At last, 3,473 edges and 161 hub nodes were screened. Thereafter, those 161 key targets were subjected to secondary screening, at the thresholds of degree ≥ 43, betweenness ≥ 0.00312659, and closeness ≥ 0.51203852. The second screening ended with 82 large hub nodes and 1,776 edges (Figure 3B). Then, Cytoscape was adopted for visualizing and integrating those PPI network-involved topological parameters for those 82 screened key targets. The crucial biotargets were obtained and visualized, which included AKT1, TP53, MAPK3, IL6, TNF, JUN, MAPK1, and EGFR, etc (Figure 3C). Finally, based on 82 key targets, a large hub node-compound network was further constructed according to the five flavonoids. It was observed that Cal held relevancy to 23 key targets, For was related to 34 key targets, Iso was connected to 41 key targets, Kae was related to 50 key targets, whereas Que was associated with 72 key targets (Figure 3D).
GO Biological Process and KEGG Pathway Enrichment Analysis
The top significant (cutoff criterion with a significant difference of p < 0.05) GO categories are shown in Figure 4A. In biological processes (BPs), the common targets were mainly enriched in cellular response to chemical stimuli (GO: 0070887), response to oxygen-containing compounds (GO: 1901700), response to organic substances (GO: 0010033), cellular response to oxygen-containing compounds (GO: 1901701), cellular response to organic substances (GO: 0071310), etc. In molecular functions (MFs), the common targets were mainly associated with enzyme binding (GO: 0019899), identical protein binding (GO: 0042802), protein kinase activity (GO: 0004672), kinase binding (GO: 0019900), and protein kinase binding (GO: 0019901), etc. In addition, cellular component (CC) analysis showed that the common targets were the membrane-enclosed lumen (GO: 0031974), organelle lumen (GO: 0043233), intracellular lumen (GO: 0070013), nucleoplasm (GO: 0005654), and cytoplasmic part (GO: 0044444), etc.
[image: Figure 4]FIGURE 4 | Enrichment analysis of the key targets of the flavonoids against liver fibrosis. (A) GO enrichment analysis of the 82 key targets. Biological processes, cellular components, and molecular function terms were performed on the targets. The top significant (the cutoff criterion for a significant difference was p < 0.05) GO categories are shown. (B) KEGG enrichment analysis of the 82 key targets. The top 20 KEGG pathway enrichments are displayed, and only terms with FDR < 0.05 were selected for analysis. (C) Compound-target-pathway network. The red round nodes represent the top ten pathways, the green round nodes represent the flavonoids, and the blue triangles represent the related targets.
To further reveal the potential mechanism of the five flavonoids against HF, KEGG analysis was carried out on those 82 key targets. The top 20 KEGG pathway enrichments were displayed based on the threshold of FDR < 0.01; for instance, AGE-RAGE signal transduction pathway in diabetes-related complications (ko04933), pathways in cancer (ko05200), fluid shear stress and atherosclerosis (ko05418), pancreatic cancer (ko05212), IL-17 signal transduction pathway (ko04657), hepatitis B (ko05161), relaxin signal transduction pathway (ko04926), TNF signaling pathway (ko04668), Chagas disease (American trypanosomiasis) (ko05142), and endocrine resistance (ko01522), etc (Figure 4B). Moreover, those 10 most significant KEGG pathways were used to construct the compound-target-pathway network (Figure 4C). The characteristics of multiple components, multiple targets and multiple pathways of the active ingredients against liver fibrosis were revealed through the construction of a network. Further analysis revealed that the molecular mechanisms were mainly concentrated in immune and inflammatory pathways, with the main pathway being the classical IL-17 signaling pathway (Supplementary Figure S1). The key targets of the IL-17 signaling pathway mainly include NF-κB, AP-1, IL-6, IL-1β, TNFα, IFN-γ, CCL2, COX2, MMP1, MMP3, and MMP9.
The Five Flavonoids of AR Did Not Show Cytotoxicity to HSCs
To elucidate the efficacy of the five flavonoids against HF, the first step should be to investigate the cellular toxicity of these compounds against HSCs. The results showed that in resting cells, a concentration of 20 μM Iso produced a significant effect on cell viability in HSC-T6 cells (p < 0.05), whereas 0.1–10 μM flavonoids had no toxicity. Thus, the five flavonoids at concentrations of 1, 5, and 10 μM were chosen for the following experiments, excluding the possibility that these five flavonoids inhibited HSC activation via cytotoxicity (Figure 5).
[image: Figure 5]FIGURE 5 | The five flavonoids of AR had no cellular toxicity in HSCs at concentrations of 1, 5, and 10 μM. HSC-T6 cells were treated with For, Iso, Cal, Que, and Kae at concentrations ranging from 0.1 to 200 μM for 24 h. Cell viability was detected by performing a CCK-8 assay (n = 3). Data are expressed as the mean ± SD. *p < 0.05 vs. the blank control.
The Five Flavonoids Were Able to Suppress HSC Activation
In order to further study the effects of the five flavonoids on HSC transdifferentiation, the expression of α-SMA, a hallmark in the process of HSC activation (31258636), was detected in TGF-β1-challenged HSC-T6 cells. As suggested by Western blotting, those five flavonoids significantly decreased α-SMA protein level within HSC-T6 cells induced by TGF-β1 (Figure 6A; p < 0.05). Additionally, visualization by confocal microscopy and the quantified data confirmed the functional role of the five flavonoids in reducing α-SMA overexpression induced by TGF-β1 (Figure 6B; p < 0.05). These data revealed that the five flavonoids of AR impeded HSC activation, possibly contributing to the prevention of liver fibrosis.
[image: Figure 6]FIGURE 6 | The five flavonoids were able to suppress HSC activation. HSC-T6 cells were stimulated with TGF-β1 (10 ng/ml) for 24 h and prepared for further experiments. (A) Alpha-SMA protein expression in TGF-β1-induced HSC-T6 cells (n = 3). (B) Confocal scanning images and quantified data of α-SMA in HSC-T6 cells stimulated with TGF-β1 (10 ng/ml) for 24 h (n = 3), scale bar = 50 μm for 400×. Data are expressed as the mean ± SD. *p < 0.05 vs. TGF-β1 treatment.
The Five Flavonoids Regulated the Phenotypes of HF
In the process of HSC transdifferentiation into myofibroblasts, increasing amounts of α-SMA, collagen, fibronectin, and other ECM proteins induced by TGF-β1 eventually give rise to HF (Parola and Pinzani, 2019). The results showed that TGF-β1 stimulation remarkedly increased Acta2, Fn1, Col1a1 and Col3a1 mRNA expression approximately 4∼6-fold (p < 0.001) in HSC-T6 cells, whereas these effects were significantly reversed by For in a dose-dependent manner (Figure 7; p < 0.05). Similar results were noted for other flavonoid treatments (p < 0.05). These results demonstrated that the five flavonoid interventions increased the resistance of liver stellate cells to TGF-β1-induced fibrogenic responses.
[image: Figure 7]FIGURE 7 | HF phenotypes were improved by the five flavonoids of AR. HSCs were stimulated with TGF-β1 (10 ng/ml) for 24 h and prepared for RT-qPCR experiments. Illustrations are shown for the HF phenotypes of Acta2 (upper left panel, n = 4), Fn1 (upper right panel, n = 4), Col1a1 (lower left panel, n = 4), and Col3a1 (lower right panel, n = 4). Data are expressed as the mean ± SD. *p < 0.05 vs. TGF-β1 treatment.
The Inflammatory Pathway Might Be Involved in the Antifibrotic Effects of the Five Flavonoids
Based on the enrichment analysis by using network pharmacology, we noted a number of differentially expressed genes and proteins associated with the inflammatory process, including the inflammatory cytokines IL-1β, IL-6, tumor necrosis factor alpha (TNF-α), and interferon gamma (IFNγ); chemokines CCL2 and CXCL1; the enzyme COX2; and matrix metalloproteinases (MMPs) MMP1, MMP2, and MMP9. We detected these factors by utilizing the RT-qPCR method. The results showed that TGF-β1 stimulation increased the mRNA expression of Rela, Jun, cytokines Il1b, Il6, Tnfa, and Ifng, chemokines Ccl2, and Cxcl1, the related enzyme Cox2, and MMP family members Mmp2, and Mmp9 from ∼2 to ∼17-fold (p < 0.05), whereas the five flavonoids could effectively reverse these effects in HSC-T6 cells (p < 0.05). The protein MMP1 was able to degrade ECM in HSCs, especially type I and type III collagen. As Figure 8 shows, the five flavonoids could effectively elevate Mmp1 expression (p < 0.05); however, there was no significant difference after treatment with For, Que, or Kae. Collectively, these compounds were shown to significantly suppress the inflammatory process (Figure 8).
[image: Figure 8]FIGURE 8 | Inflammatory factors were involved in the process of flavonoid inhibition of HSC activation. HSCs were stimulated with TGF-β1 (10 ng/ml) for 24 h and prepared for RT-qPCR experiments. The figures show the mRNA expression of different inflammatory factors with or without interference with For, Iso, Cal, Que, or Kae in TGF-β1-induced HSC-T6 cells (n = 4). Data includes Rela, Jun, Il1b, Il6, Tnfa, Ifng, Ccl2, Cxcl1, Cox2, Mmp1, Mmp2, and Mmp9. Data are expressed as the mean ± SD. *p < 0.05 vs. TGF-β1 treatment.
The Five Flavonoids of AR Exhibited Anti-Inflammatory Effects via the NF-κB Signaling Pathway
The results from KEGG enrichment showed that the IL-17 pathway, mainly including NF-κB, AP-1 and various related inflammatory factors, might be involved in the treatment of the five flavonoids against liver cirrhosis. Accordingly, it needs to be confirmed whether these flavonoids exhibit antifibrotic effects via the regulation of NF-κB or AP-1. Although the five flavonoids showed regulation in AP-1 at the transcriptional level to a certain extent (Figure 8), the protein level had no marked change. Moreover, it was found that there were higher protein levels of NF-κB after TGF-β1 treatment than in the flavonoid treatment groups. Moreover, Western blot analysis and the semiquantitative illustration demonstrated that all five flavonoids could decrease NF-κB protein levels in a dose-dependent manner (Figure 9; p < 0.05). These data suggested that the anti-inflammatory effects of the flavonoids involved NF-κB, indicating that these active flavonoids repressed HSC activation via the NF-κB signaling pathway.
[image: Figure 9]FIGURE 9 | The five flavonoids might exhibit antifibrotic effects via the NF-κB signaling pathway. HSC-T6 cells were stimulated with TGF-β1 (10 ng/ml) for 24 h and prepared for protein level analysis. The diagrams show the NF-κB protein level with or without interference with For, Iso, Cal, Que, and Kae in TGF-β1-induced HSC-T6 cells (n = 3). Data are expressed as the mean ± SD. *p < 0.05 vs. TGF-β1 treatment.
Analysis of Molecular Docking Results
The docking results of the five flavonoids with the target protein IKKβ are shown in Figure 10. The residues docked with the molecular ligands are shown as yellow sticks. Amino acid residues Glu100 and Gly102 in the crystal structure of IKKβ formed hydrogen bonds with Cal (Figure 10A). For could bind to the residues Cys99, Glu100, and Asp166 in the IKKβ crystal structure by hydrogen bonds (Figure 10B). Both Iso and Kae could bind to the residues Glu100 and Gly102 of the IKKβ crystal structure by hydrogen bonds (Figures 10C,D). Amino acid residues Gly22, Thr23, Glu97, Cys99, and Gly102 in the crystal structure of IKKβ formed hydrogen bonds with Que (Figure 10E). The docking scores for the five flavonoids (Cal, For, Iso, Kae, and Que) with the IKKβ crystal structure were −8.5, −8.7, −8.4, −8.4 and −8.2 kcal/mol, respectively (Figure 10F). The docking score represents the binding affinity, and when the score is lower, the binding affinity is stronger. An affinity <−7 indicates strong binding activity (19,499,576). Our results indicate that the flavonoids have a strong binding affinity for IKKβ.
[image: Figure 10]FIGURE 10 | Molecular docking diagrams of IKKβ with (A) Cal, (B) For (C) Iso, (D) Kae, and (E) Que. (F) The binding energies for the five flavonoids docked into the IKKβ crystal structure. The yellow dashed lines show H-bonds.
DISCUSSION
Liver cirrhosis severely decreases the quality of life of patients. It is of great significance to seek an effective therapeutic strategy to restrain liver disease deterioration. AR, a well-known traditional Chinese medicine, has been reported to be therapeutically effective against liver cirrhosis. However, the molecular mechanism has yet to be completely deciphered. Flavonoids are the main bioactive compounds involved in the functions of AR. Thus, in the current study, investigation into the effects and mechanism of the flavonoids from AR against liver fibrosis was conducted based on a network pharmacology approach coupled with experimental validation and molecular docking analysis. These results expand our knowledge pertaining to the basis of the effects and mechanism of AR-induced anti-liver fibrosis.
The use of TCMs, including AR, in the prevention and treatment of liver fibrosis has increased worldwide due to their privileged properties. However, it is difficult to elucidate the effects of AR because of its multiple compounds, multiple targets, multiple pathways, and multiple mechanisms of action (Guo et al., 2019), which greatly restrict the processes of modernization and internationalization of AR. In recent years, along with the generalization of systems biology, network pharmacology, which integrates chemoinformatics, bioinformatics, network biology, network analysis and traditional pharmacology, has emerged as a powerful tool to analyze the mechanism of the complex components of TCMs (Berger and Iyengar, 2009; Li and Zhang, 2013; Hao and Xiao, 2014). Thus, this study is the first to comprehensively screen the active ingredients of AR, predict the targets of these active ingredients and the genes related to liver fibrosis and analyze the potential mechanism of AR against liver fibrosis by using a network pharmacology approach.
After screening AR for OB ≥ 30% and DL ≥ 0.18, a total of 87 reported active ingredients of AR were retrieved by searching the TCMSP database. Modern pharmacological studies indicate that flavonoids are the leading favorable compounds related to different AR pharmacological effects and efficacy (Guo et al., 2019). However, whether the flavonoids of AR can exert inhibitory effects on HF is not yet completely understood. There is little information regarding how flavonoids contribute to the treatment of HF by AR. There is an urgent need for systematic evaluation of the flavonoid components in AR to determine the definite bioactive component responsible for the activity of AR against HF. Thus, five potential bioactive flavonoids were selected: For, Iso, Cal, Que, and Kae (Figure 2A; Supplementary Table S1), for subsequent network pharmacology analysis and experimental validation. Then, the PPI network of candidate targets for flavonoids in the treatment of liver fibrosis was established based on the flavonoid and liver fibrosis target networks with 322 overlapping genes (Figures 2B,3A).
Afterward, the topological feature analysis of the PPI network was conducted according those three main parameters, namely, degree, closeness and betweenness. A total of 82 targets greater than the median were screened to be the key targets for those five anti-HF flavonoids (Figures 3B,C). It was apparent that most of these targets, including AKT1, TP53, MAPK3, IL6, TNF, JUN, MAPK1, EGFR, and many other inflammation-related proteins, were closely involved in the inflammation process. It was also observed that Que was linked to the greatest number of key targets, followed by Kae, Iso, For, and Cal (Figure 3D), suggesting that Que could be the most significant compound in AR against liver fibrosis.
Next, crucial target-related enrichment analyses of the GO and KEGG pathways were performed. GO enrichment analysis, which was based on three different terms, including BP, CC, and MF terms, was used to identify the biological mechanisms of key targets in disease (Ashburner et al., 2000). Based on the GO terms, it was proposed that the pharmacological effects of AR against liver fibrosis occurred by simultaneously activating various biological processes, cellular components, and molecular functions (Figure 4A). KEGG database can be adopted to identify potential target biological relevance and systematic functions (Chen et al., 2015). After KEGG enrichment analysis, it was found that the five flavonoids could potentially suppress liver fibrosis through multiple pathways, including pathways in cancer, the AGE-RAGE signal transduction pathway in diabetes-related complications, fluid shear stress and atherosclerosis, the IL-17 signal transduction pathway, the relaxin signal transduction pathway, hepatitis B, and the TNF signaling pathway, etc (Figures 4B,C). Further analysis revealed that the molecular mechanisms were mainly concentrated in the immune and inflammatory pathways, with the main pathway being the classical IL-17 signaling pathway (Supplementary Figure S1). The key targets of the IL-17 signaling pathway include NF-κB, AP-1, IL-6, IL-1β, TNFα, IFN-γ, CCL2, COX2, MMP1, MMP3, and MMP9, which all exert vital parts in HF development (Tan et al., 2020; Zhou et al., 2020). Accordingly, in addition to the network pharmacology analysis, we next performed experimental validation to clarify the potential inflammatory mechanism of the flavonoids against liver fibrosis.
HSCs are pericytes found in the perisinusoidal space of the liver. Stellate cells are the major cell type involved in liver fibrosis, which is the formation of scar tissue in response to liver damage (Tsuchida and Friedman, 2017). Based on this, we used HSCs for subsequent biological verification experiments. To determine the effects of the five flavonoid compounds screened by network pharmacology on HSCs, the first step was to explore whether these compounds had cellular toxicity. Figure 5 shows that except for the Que panel, the cell survival rate of all treatments was higher than 70% in the concentration range of 0.1–200 μM. The cell viability was greater than 70% in the 40 μM group of HSCs treated with Que. However, in all flavonoid intervention groups, a concentration less than or equal to 10 μM compound did not decrease the survival rate of HSCs, indicative of the nontoxicity of the five flavonoids for further experiments.
Liver fibrogenic responses are characterized by the differentiation of HSCs into myofibroblasts, and excessive ECM deposition is a major consequence of myofibroblast activation. HSCs activation to the proliferating fibrogenic myofibroblasts has been extensively recognized to be a pivotal factor of HF in human or experimental liver damage (Parola and Pinzani, 2019). Myofibroblasts are important but transient mediators of normal wound contraction and are characterized phenotypically by their high levels of α-SMA. Therefore, α-SMA is often used as a marker of myofibroblast formation (Peng et al., 2019). In the present study, we applied multiple biological methods for evaluating those flavonoid effects on α-SMA expression within the HSC-T6 cells treated with TGF-β1. As indicated, the five flavonoids had a remarkable inhibitory effect on the transdifferentiation of HSCs (Figure 6). Upon HSC activation, formative myofibroblasts secrete large amounts of ECM. Once secreted, the formative myofibroblasts then aggregate with the existing matrix, which eventually leads to liver fibrosis. Collagens are the most abundant protein in the ECM, especially type I collagen (Col-I) and type III collagen (Col-III). Collagen fibers are connected to cells by fibronectins in the ECM (Ricard-Blum, 2011). Hence, these fibrogenic factors are good indicators of the severity of HF. In Figure 7, we detected all of these related HF phenotypes, and the RT-qPCR analysis showed that the main flavonoids of AR could counteract the effects induced by TGF-β1 in HSC-T6 cells. Given the critical role of α-SMA and ECM deposition in HSC activation and differentiation, these results indicated that the main flavonoids from AR restrained HF by inhibiting HSC activation, an effect likely resulting from interference with the inflammatory process when the KEGG map was taken into account.
Inflammatory pathways are associated with numerous diseases. The scientific evidence and KEGG results from our work suggested that the IL-17 pathway, mainly NF-κB and its associated inflammatory factors, accounts for an evolutionarily conservative pathway that can regulate HF (Luedde and Schwabe, 2011). NF-κB is suggested to regulate the liver fibrogenesis mainly in three diverse cell fractions, including regulating hepatocyte injury, inflammatory signals, and fibrogenic responses of HSCs. Among these, there is growing evidence that NF-κB acts as a key mediator of fibrosis in the transdifferentiation of HSCs to myofibroblasts (Friedman, 2004). The potential mechanisms appear through direct fibrogenic effects, anti-apoptotic effects, and secretion of macrophage-recruiting chemokines. NF-κB participates in down-regulating members of the miR-29 family within HSCs, thereby increasing the levels of all collagens together with additional ECM proteins within HSCs (Roderburg et al., 2011). Since NF-κB is primarily composed of the p50 and p65 subunits, we investigated different subunits at different biological levels. In this study, we confirmed that there was a remarkable elevation in NF-κB mRNA (Rela) and protein (p50) levels in the process of HSC activation, and all five flavonoids reversed these effects in response to TGF-β1 stimulation in HSC-T6 cells. As shown in Figures 8, 9, Que demonstrated the optimal effect among the five flavonoids.
Activation of NF-κB also promotes the secretion of various inflammatory mediators. Indeed, in the network pharmacology study, we identified several related inflammatory factors, including cytokines, chemokines, enzymes, and the MMP family. Cytokines, the small proteins with the molecular weight of 5–20 kDa, play vital roles in cell signaling. Of these cytokines, IL-1β can directly trigger the synthesis of collagen together with the proliferation of myofibroblasts (Kähäri et al., 1987). IL-6, IFN-γ, and TNF-α are secreted by T cells, biliary cells, and Kupffer cells, respectively, which contributes to HSC activation (Bataller and Brenner, 2005). As Figure 8 shows, Que and Kae might have better inhibitory effects on these cytokines than the other flavonoids. In addition to cytokines, the increased secretion of chemokines such as CCL2 and CXCL1 results in inflammatory cell influx, like the macrophages, and they show interactions with HSCs and have certain effect on HSC activation as well as wound healing (Seki et al., 2007). In this study, we found that all five flavonoids could downregulate chemokine expression induced by TGF-β1.
Furthermore, we analyzed a vital inducible sensor, COX-2, which exerts a vital part in liver fibrogenesis development. COX-2 is a rate-limiting enzyme responsible for catalyzing arachidonic acid in converting to thromboxane and inflammatory prostaglandins (Yang et al., 2020). Despite the controversial relationship between COX-2 and TGF-β1, we observed a marked increase in Cox2 mRNA expression after TGF-β1 induction, and this elevation was reversed after flavonoid treatment. Accompanying cellular activation, ECM constituents change from the matrix with abundant laminin and collagen IV to the concentrated interstitial ECM, which suggested the possible occurrence of proteolytic degradation for altering sinusoid microenvironment and HSCs fate (Han, 2006). As a matter of fact, members in MMP family are rapidly expressed via HSCs to respond to a variety of hepatic toxins. Depending on timing and other reasons, MMPs play dual roles in liver fibrosis. It has been reported that MMP2 and MMP9 are expressed in human fibrotic injury, while MMP1 can degrade ECM in HF (Takahara et al., 1997; Iimuro et al., 2003). Our work not only confirmed this phenomenon but also noted that Kae showed better MMP family regulatory ability than the other flavonoids. However, MMPs have different functions during the different processes of HF, and more in-depth experiments are needed. Besides, the antifibrotic effects of the five flavonoids should be further demonstrated using pathway inhibitors in vitro and animal model in vivo. Transgenic animal experiments have been conducted to clarify the exact mechanism(s).
Finally, the potential mechanism of AR flavonoids against liver fibrosis was further validated by using molecular docking. Molecular docking is a quick and effective method of predicting the binding affinity between TCM ingredients and their targets based on the spatial structure of ligands and receptors (Gan et al., 2019). Molecular docking analysis was conducted by using AutoDock Vina software, which may serve as the AutoDock successor docking analysis, due to its effect on apparently improving performance and accuracy in comparison with those of Lamarckian Genetic Algorithm (Kist et al., 2018). Based on results of network pharmacology, it was known that flavonoids can possibly suppress liver fibrosis by inhibiting the IL-17 signaling pathway, which includes NF-κB, AP-1, IL-6, IL-1β, TNFα, IFN-γ, CCL2, COX2, MMP1, MMP3, and MMP9. The experimental validation results further confirmed that the flavonoids could exhibit potent inhibitory activity against liver fibrosis via suppression of NF-κB and its various downstream inflammatory factors. NF-κB represents the key transcription factor related to the inflammatory signaling cascade (Hoesel and Schmid, 2013). Normally, NF-κB can be found in cytoplasm, which can be inactivated by the IκB inhibitors. The NF-κB inflammatory activation is dependent on the IKKβ-mediated IκB protein phosphorylation, as well as p50–p65 subunit nuclear translocation in NF-κB, thus inducing the expression of proinflammatory cytokines (Hoesel and Schmid, 2013). As a result, specifically inhibiting IKKβ is a reasonable way to more effectively treat inflammatory disorders, like HF (Baig et al., 2018). The results of molecular docking showed that the flavonoids had high affinity for IKKβ (Figure 10), suggesting that the mechanism of the flavonoids against liver fibrosis may be related to suppression of the NF-κB pathway through effective inhibition of IKKβ.
CONCLUSION
This study aimed to undertake network pharmacology analysis coupled with experimental validation and molecular docking to investigate the effects and mechanism of AR flavonoids against liver fibrosis. The network pharmacology analysis findings showed that the flavonoids from AR exerted their pharmacological effects against liver fibrosis by modulating multiple targets and pathways. The experimental validation results suggested that flavonoids might play an anti-inflammatory role in the treatment of liver fibrosis by mediating inflammation signaling pathways. Our molecular docking study results also indicated that the mechanism of the flavonoids against liver fibrosis may be related to suppression of the NF-κB pathway through effective inhibition of IKKβ. These findings not only provide a scientific basis for clarifying the mechanism of action of AR in the treatment of liver fibrosis but also suggest a novel promising therapeutic strategy for the treatment of liver fibrosis. However, as this study was based on data mining and experimental validation, further clinical validation studies should be undertaken to determine the role of AR in liver fibrosis.
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GLOSSARY
Acta2 alpha smooth muscle actin
α-SMA alpha smooth muscle actin
AR Astragalus membranaceus (Fisch.) Bunge
BP biological process
Cal calycosin
CC cellular component
Ccl2 C-C motif chemokine two
Col-I type I collagen
Col-III type III collagen
Col1a1 type I collagen
Col3a1 type III collagen
Cox2 prostaglandin G/H synthase two
Cxcl1 growth-regulated alpha protein
DL drug similarity
ECM extracellular matrix
Fn1 fibronectin
For formononetin
Gapdh glyceraldehyde-3-phosphate dehydrogenase
GO gene ontology
HF hepatic fibrosis
HSCs Hepatic stellate cells
Ifng interferon gamma
Il1β interleukin-1 beta
Il6 interleukin-6
Iso isorhamnetin
Jun transcription factor AP-1
Kae kaempferol
KEGG encyclopedia of genes and genomes
MF molecular function
Mmp1 matrix metalloproteinase one
Mmp2 matrix metalloproteinase two
Mmp9 matrix metalloproteinase nine
NF-κB nuclear factor kappa B
OB oral bioavailability
PPI protein to protein interaction
Que quercetin
Rela nuclear factor kappa B subunit p65
TCMs traditional Chinese medicines
TCMSP traditional Chinese medicine systems pharmacology
TGF-β1 transforming growth factor beta one
Tnfa tumor necrosis factor
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Background. Chinese herbal medicines are widely used to lower serum uric acid levels. However, no systemic review summarizes and evaluates their efficacies and the underlying mechanisms of action. Objectives. To evaluate the clinical and experimental evidences for the effectiveness and the potential mechanism of Chinese herbal medicines in lowering serum uric acid levels. Methods. Four electronic databases PubMed, Wed of Science, the Cochrane Library and Embase were used to search for Chinese herbal medicines for their effects in lowering serum uric acid levels, dated from 1 January 2009 to 19 August 2020. For clinical trials, randomized controlled trials (RCTs) were included; and for experimental studies, original articles were included. The methodological quality of RCTs was assessed according to the Cochrane criteria. For clinical trials, a meta-analysis of continuous variables was used to obtain pooled effects. For experimental studies, lists were used to summarize and integrate the mechanisms involved. Results. A total of 10 clinical trials and 184 experimental studies were included. Current data showed that Chinese herbal medicines have promising clinical efficacies in patients with elevated serum uric acid levels (SMD: −1.65, 95% CI: −3.09 to −0.22; p = 0.024). There was no significant difference in serum uric acid levels between Chinese herbal medicine treatments and Western medicine treatments (SMD: −0.13, 95% CI: −0.99 to 0.74; p = 0.772). Experimental studies revealed that the mechanistic signaling pathways involved in the serum uric acid lowering effects include uric acid synthesis, uric acid transport, inflammation, renal fibrosis and oxidative stress. Conclusions. The clinical studies indicate that Chinese herbal medicines lower serum uric acid levels. Further studies with sophisticated research design can further demonstrate the efficacy and safety of these Chinese herbal medicines in lowering serum uric acid levels and reveal a comprehensive picture of the underlying mechanisms of action.
Keywords: Chinese herbal medicine, serum uric acid, serum urate, efficacy, mechanism
INTRODUCTION
Hyperuricemia refers to an abnormally high concentration of serum uric acid (sUA), typically defined as >7 mg/dL in men and >6 mg/dL in women. The data from the National Health and Nutrition Examination Survey (NHANES) 2007–2016 showed that the prevalence rates of hyperuricemia were 20.2% among men and 20.0% among women between 2015 and 2016 in the United States (Chen-Xu et al., 2019). A cross-sectional survey in China showed that the prevalence of hyperuricemia was 8.4% among Chinese adults from 2009 to 2010 (Liu et al., 2014a). Hyperuricemia and gout remain as a considerable burden, which not only adversely affect patients’ health and quality of life (Burke et al., 2015; Gamala and Jacobs, 2019), but also cast an economic burden in the society (Rai et al., 2015). SUA is associated with cardiovascular diseases, such as hypertension (Kuwabara et al., 2018) and atrial fibrillation (Tang et al., 2014). Elevated sUA can lead to decreased renal function, which in turn reduces the excretion of UA in urine, resulting in an increased risk of hyperuricemia or gout (Sato et al., 2019). Elevated sUA may also contribute to the pathogenesis of metabolic syndrome (Battelli et al., 2018; Battelli et al., 2019), non-alcoholic fatty liver disease (Xu et al., 2015), diabetes (Kim et al., 2015). Urate-lowering therapy is a therapeutic strategy for controlling gout, chronic kidney disease, metabolic syndrome and many other diseases. Current interventions for elevated sUA include xanthine oxidase inhibitors, uricosuric agents and anti-inflammatory drugs. Although both febuxostat and allopurinol are effective in reducing sUA, allopurinol may produce a mild skin rash and severe cutaneous reactions (Strilchuk et al., 2019), while febuxostat has a higher risk of all-cause and cardiovascular mortality (White et al., 2018). Benzbromarone is a uricosuric drug which is widely used, but studies have reported possible complications such as hepatotoxicity (Strilchuk et al., 2019). Although these drugs are clinically used, their efficacies are unsatisfactory, and are usually coupled with adverse side effects in the long-term use (Dalbeth et al., 2016).
Hyperuricemia belongs to the arthromyodynia disease category in traditional Chinese medicine. Chinese herbal medicine has been used to treat hyperuricemia for a long time and has significant clinical efficacy (Lin et al., 2016). Chinese herbal medicines with high efficacy and low incidence of adverse reactions have drawn increasing attention from scholars. Studies have compared Chinese herbal medicine with Western medicine for their efficacies in lowering sUA levels. However, these studies differ in their treatment protocols and evaluation methodologies, which greatly limit their clinical applicability. In addition, the mechanism of Chinese herbal medicine in lowering sUA levels is still being explored. Some herbs such as Phellodendri Chinrnsis Cortex, Atractylodes Lancea (Thunb.)Dc. (Chen et al., 2015b), Smilacis Glabrae Rhixoma (Liu et al., 2015), reduce UA intake and/or increase UA excretion by regulating various physiological and cellular pathways. Some herbs like bergenin (Chen et al., 2020a), alpinia oxyphylla seed extract (Lee et al., 2019b) and rhizoma smilacis glabrae extracts (Liang et al., 2019), promote renal and gut uric acid excretion in hyperuricemia models and also decrease the serum levels of inflammatory cytokines. Most Chinese herbal medicines act on multiple targets to achieve their sUA lowering effects. Therefore, the aim of this systematic review is to evaluate the evidence for the efficacy of Chinese herbal medicines in lowering sUA levels in patients with hyperuricemia, compared to no intervention, placebo or urate-lowering agents, and to comprehensively summarize the mechanisms underlying the sUA lowering effects reported from experimental studies.
MATERIALS AND METHODS
Data Source and Search Strategy
Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) (Moher et al., 2009) was used to construct the report of the current study and the completed checklist is provided in Supplementary material, Supplementary Table S1. The electronic databases PubMed, Wed of Science, the Cochrane Library and Embase were systematically searched by three researchers (Liqian Chen, Zhengmao Luo and Ming Wang). For any discrepancies between researchers, consensus was reached through discussion. We reviewed literatures published from 1 January 2009 to 19 August 2020 on elevated sUA that had been treated with Chinese herbal medicines. The following combination of terms were used as search keywords: (Traditional Chinese Medicine OR Herbal Medicine OR Chinese Herbal Drugs OR Chinese Plant Extracts OR (Plants, Medicinal) OR Phytochemicals OR herb* OR natural product) combined with (gout OR pain paralysis OR hyperuricemia OR uric acid). The full search strategy in PubMed was provided in Supplementary material, Supplementary Table S2. The search did not exclude articles based on language. To look for additional relevant studies, references of all potentially relevant articles were also retrieved, and authors of studies that met the inclusion criteria but lacked data would be contacted. Abstracts, meeting proceedings, and personal communications were not used for the purpose of this study.
Study Selection
The articles in this review included clinical trials and in vivo and in vitro studies. When screening clinical trials, the followings are the inclusion criteria:
A). Types of trials: All randomized controlled trials (RCTs) investigating the use of Chinese herbal medicine in lowering sUA will be eligible for inclusion.
B). Types of participants: In accordance with the NHANES-III laboratory definition, hyperuricemia is typically defined as >7 mg/dL in men and >6 mg/dL in women (Choi et al., 2020). All adult patients (18 years and older, no upper age limit) with a diagnosis of hyperuricemia will be considered for this review.
C). Types of interventions: According the General guidelines for methodologies on research and evaluation of traditional medicine from WHO, herbal medicines are defined as materials or products derived from plants that have medical or other beneficial effects on human health, including herbs, herbal materials, herbal products, finished herbal products that contain parts of plants or other plant materials or compositions as active ingredients, as well as materials of inorganic or animal sources. The interventions included in this study include Chinese herbal medicine in various prescriptions, such as herbal formulas, herbal extracts, active ingredients of herbs. Clinical trials comparing Chinese herbal medicine with no intervention, placebo or urate-lowering agents were included in our study. Chinese herbal medicine plus placebo or combined with urate-lowering agents compared to the same medications was also included. We do not limit the formulations or administration of herbal preparations for clinical use.
D). Types of outcome measures: Outcome measures should include at least one essential outcome, such as change in sUA levels after treatment and the overall efficacy.
When screening in vivo or vitro experimental studies using the herbs, the following conditions should be met before inclusion: A) Original article investigating the use of Chinese herbal medicine in lowering sUA will be eligible for inclusion. B) Studies using experimental models of mice, rats, rabbits or cell cultures will be considered. All models used should present corresponding pathological symptoms. C) The model should only be treated with Chinese herbal medicine before or after intervention. If medication other than herbs were being used, both the treatment group and the control group must be administered. D) Outcome measures should include change in sUA after treatment.
Data extraction
The data were extracted by three researchers (Jingru Cheng, Fei Li and Hanqi Lu) independently to obtain the following information: A) the design of study; B) characteristics of trial participants (including sample size, age, period); C) type of intervention (including dose regimen, duration); D) type of outcome measure (including the level of sUA). The reported mean (standard deviation [SD]) or risk estimates and 95% confidence intervals (CIs) of sUA were also extracted.
Quality Assessment
The quality assessment of the studies was performed independently by three researchers (Qiuxing He, Yanting You and Xinghong Zhou), and all discrepancies between researchers were resolved through discussion. The methodological quality of RCTs was assessed according to the Cochrane Handbook for Systematic reviews of Interventions. The scores for each bias domain and the final score of risk of systematic bias were graded as low, high or unclear risk. The overall level of evidence was considered “strong” if there were consistent findings among multiple high quality RCTs, and “moderate” if findings were consistent among multiple low-quality RCTs and/or one high-quality RCT. Level of evidence was “conflicting” if findings were inconsistent across the studies, and “no evidence from trials,” if there were no RCTs.
Statistical Analysis
Statistical analysis was performed with the software STATA version 16.0. The d index and the standard deviation (SDd) values of sUA for each RCT were calculated before using STATA. The d index and SDd values of sUA were continuous, standard mean difference (SMD) with 95% confidence interval (95% CI) was calculated. The overall effect was calculated by a Z-test, and p < 0.05 (2-tailed) was deemed statistically significant. Potential heterogeneity was assessed by I2 statistics. A fixed effects model was chosen if I2 ≤ 50%, otherwise, a random effects model was applied. Subgroup analysis was performed to illuminate the heterogeneity according to the study characteristics, such as interventions other than Chinese herbal medicine. A ‘leave-one-out’ sensitivity analysis was carried out to test the reliability of the results. Potential publication bias was evaluated by the Egger’s test and Begg’s test. When the geometric mean and CIs were reported, tools provided in the Cochrane Handbook were used to convert the geometric mean and CIs to arithmetic mean and SD of the raw data.
RESULTS
Literature Flow
The initial electronic search of the literature yielded 4981 potentially relevant citations. After duplicate removal and title/abstract screening, 374 full-text articles were retrieved for detailed assessment. Of these studies, 180 articles did not meet the inclusion criteria. Finally, 194 articles were included in the review with 10 clinical trials, 169 in vivo experiments, 0 in vitro experiments, and 15 that were a combination of both in vitro and in vivo experiments (Figure 1).
[image: Figure 1]FIGURE 1 | Flowchart of study selection for the systematic review.
Results of clinical trials
Study Characteristics
The specified characteristics of the included clinical trials as well as their study populations were summarized in Table 1. All clinical trials included were RCTs which mainly explored the effects of Chinese herbal medicine on patients with elevated sUA levels such as hyperuricemia and gout. In order to objectively observe the therapeutic effects of herbs on lowering sUA levels, the changes of sUA levels before and after treatment in 10 clinical trials were listed in Supplementary material, Supplementary Table S3. Of the 10 included trials, nine were treated with herbal formula, and the remaining one was treated with a combination of herbal extracts and active ingredients. In the subgroup analyses of intervention, two studies compared the therapeutic effects of Chinese herbal medicine and placebo (Rozza et al., 2016; Xie et al., 2017), three studies compared Chinese herbal medicine and Western medicine (Zhang et al., 2009; Zhou et al., 2013; Wang et al., 2014), two studies compared Chinese herbal medicine, Western medicine and placebo or no intervention (Zhang et al., 2011; Wang et al., 2019b), one compared two kinds of Chinese herbal medicine and Western medicine (Yu et al., 2018), and two compared Chinese herbal medicine combined Western medicine and Western medicine (Chen et al., 2009; Xiang et al., 2009).
TABLE 1 | Clinical trials for herbs lowering serum uric acid.
[image: Table 1]Meta-Analysis
In order to investigate the efficacy of Chinese herbal medicine in lowering sUA, we performed a subgroup analysis based on interventions. A random effects model was used for the analysis because I2 = 96.4%.
Chinese Herbal Medicine vs Placebo or No Intervention
Four RCTs were analyzed. The subgroup meta-analysis showed that all of them were statistically significant differences between Chinese herbal medicine and placebo or no intervention. The combined SMD was −1.65 with a 95% CI of −3.09 to −0.22 (p = 0.024). Therefore, there was a significant difference between the Chinese herbal medicine and placebo or no intervention in the reduction of sUA (Figure 2).
[image: Figure 2]FIGURE 2 | Effects of Chinese herbal medicine on serum uric acid in patients with elevated serum uric acid.
Chinese Herbal Medicine vs Western Medicine
Seven RCTs were analyzed. On subgroup meta-analysis, the combined SMD was −0.13 with a 95% CI of −0.99 to 0.74 (p = 0.772), indicating no significant difference between the Chinese herbal medicine and Western medicine in the reduction of sUA (Figure 2).
Chinese Herbal Medicine Plus Western Medicine vs Western Medicine
Two RCTs were analyzed. Subgroup meta-analysis (Figure 2) showed no statistical significance between the Chinese herbal medicine plus Western medicine and Western medicine in the reduction of sUA (SMD −2.27, 95% CI: −5.84 to 1.31, p = 0.214).
Meta-regression Analyses
The meta-regression showed that samples size, duration of treatment, type of diseases and intervention other than Chinese herbal medicine did not influence these results (all p values >0.05) (Supplementary Figure S1).
Quality Assessment
RCT was assessed according to the Cochrane Handbook for Systematic reviews of Interventions (Table 2). Generally, the methodological quality was assessed to be moderate. Most of the studies (8/10, 80%) have details on the random grouping of patients, but only half of the studies (5/10, 50%) fully reported the scheme of concealment allocation. Only four trials (4/10, 40%) had their subjects and investigators blinded during the study, and four trials (4/10, 40%) had all the subjects, investigators and outcome evaluators blinded.
TABLE 2 | Methodological quality assessment of randomized controlled trials according to the Cochrane Handbook.
[image: Table 2]Sensitivity Analysis
Sensitivity analysis was conducted to confirm the efficacy Chinese herbal medicine in lowering sUA. The pooled SMDs were repeated by sequentially removing one of the included studies with a random-effects model (Supplementary Figure S2). None of the studies changed the overall effect.
Publication Bias
There was no evidence of publication bias according to the Begg’s test (p = 0.428) and Egger’s test (p = 0.344) for the meta-analysis of Chinese herbal medicine on lowering sUA (Supplementary Figure S3).
Results of experimental studies
We categorized 184 in vivo and in vitro experiments into three groups: 56 active ingredients (Table 3), 78 natural products (Table 4), and 52 herbal formulas (Table 5). Among them, one article described two active ingredients (Lin et al., 2018), and one article (Su et al., 2014) studied one active ingredient and one natural product concurrently. To assure the quality of the studies included, detailed information on herbs (including source, concentration, quality assessment, chemical analysis, and compound purity) was summarized in Supplementary material, Supplementary Tables S4–S6.
TABLE 3 | Active ingredients on lowering serum uric acid based on in vivo and in vitro studies.
[image: Table 3]TABLE 4 | Natural products that lower serum uric acid based on in vivo and in vitro studies.
[image: Table 4]TABLE 5 | Herbal formulas that lower serum uric acid based on in vivo and in vitro studies.
[image: Table 5]Active Ingredients That Lower Serum Urate in vivo and in vitro Studies
Active ingredient is a single ingredient and studies have shown that it plays an important therapeutic role in reducing sUA. Among the active ingredients with potential of lowering sUA (Table 3), 25 of which act on uric acid synthesis, 28 target uric acid transporter, 19 resolve inflammation, nine possess kidney protective function, and four regulate the oxidative stress.
Natural Products That Lower Serum Urate in vivo and in vitro Studies
Natural products include herbs and relatively complex extracts derived from herbs. Among the natural products with potential of lowering sUA (Table 4), 40 of which act on uric acid synthesis, 29 target uric acid transporter, 17 resolve inflammation, eight possess kidney protective functions, and three regulate the oxidative stress.
Herbal Formulas That Lower Serum Urate in vivo and in vitro Studies
Herbal formula is a combination of a variety of herbs. The composition of the herbal formula included in the current study were listed in Supplementary material, Supplementary Table S7. Among the herbal formula with lowering sUA effects (Table 5), 18 of which act on uric acid synthesis, 15 target uric acid transporter, 15 resolve inflammation, seven possess kidney protective functions, and five regulate the oxidative stress.
DISCUSSION
The efficacies of Chinese herbal medicines lowering Serum uric Acid levels
This systematic review compares the efficacies of the Chinese herbal medicines and the Western medicine in lowering sUA levels by analysing10 RCTs with a total of 1,060 patients. The meta-analysis has three important findings. First, there is a significant difference between the Chinese herbal medicine, placebo or no intervention in the reduction of sUA levels. Second, the efficacies of Chinese herbal medicines in lowering sUA levels are comparable to that of Western medicine. Third, the efficacies of Chinese herbal medicines plus Western medicine in lowering sUA levels are comparable to that of Western medicine. The heterogeneity of the meta-analysis was high. To investigate the source of heterogeneity in our analysis, we conducted a sensitivity analysis, removing one study at one time from the primary analysis did not change the main finding. In addition, our findings were confirmed by the lack of publication bias and effect modifiers according to the Begg’s test, Egger’s test and meta-regression analysis.
The results indicate that the efficacies of Chinese herbal medicines in lowering sUA levels are comparable to that of Western medicine, which is consistent with the analysis result of Lin et al. (Lin et al., 2016). Compared with the study of Lin et al., our study is more comprehensive, because we also compared the sUA lowering efficacy between Chinese herbal medicine and placebo or no intervention, and between Chinese herbal medicine plus western medicine and western medicine. In addition, we have summarized the underlying mechanisms of herbs in lowering sUA. It should be noted that among the 10 RCTs included, a total of six RCTs used one or several components of Simiao Pills, which is a famous formula in traditional Chinese medicine, including Cortex Phellodendri Chinensis, Atractylodes Lancea (Thunb.) DC., Coix lacryma-jobi L.var.ma-yuen (Roman.) Stapf (Yi Yi), Cyathula officinalis Kuan (Xiang et al., 2009; Zhang et al., 2009; Zhang et al., 2011; Zhou et al., 2013; Xie et al., 2017; Yu et al., 2018). The specific doses of herbs in each study have been listed in the Supplementary Tables S4–S6. According to the Pharmacopoeia of the People’s Republic of China revised by the Food and Drug Administration in 2015, except for the use of Cortex Phellodendri Chinensis, Atractylodes Lancea (Thunb.) DC., Cyathula officinalis Kuan in one RCT (Xiang et al., 2009) exceeded the recommended dosage, the dosages of these four herbs in the remaining five RCTs were within the recommended dosage range. Except for the RCT in which the dosage exceeded the recommended dosage (Xiang et al., 2009), the dosage of these four herbs in the remaining five RCTs were all at the high level or even reached the critical value within the recommended range. Despite the high dosage, the three RCTs describing the adverse reactions in the six RCTs showed that the incidence of adverse reactions was either lower than that of the placebo group or was not statistically significant compared with the control group.
In addition to clinical studies, experimental studies have also suggested the urate lowering effects of Simiao Pills, which act on xanthine oxidase (XO), uric acid transport-related proteins urate anion transporter 1 (URAT1) and glucose transporter 9 (GLUT9), and also modulate the inflammation, oxidative stress and other processes (Hu et al., 2010; Hua et al., 2012; Shi et al., 2013; Pan et al., 2014; Ma et al., 2015; Lin et al., 2020). The finding suggests that Chinese herbal medicines are mostly multi-targeted or have interplay with other signaling pathways to lower sUA levels. In contrast, conventional Western medicines used to lower sUA levels include allopurinol, probenecid and benzbromarone, which generally act on specific targets. Allopurinol competitively inhibits xanthine oxidase (Strilchuk et al., 2019). Probenecid and benzbromarone are typical urate-promoting drugs target at URAT1 (Azevedo et al., 2019). These may partly explain why the combination of Chinese and Western medicine can improve the index of renal function while lowering sUA levels in patients with hyperuricemia (Chen et al., 2009; Xiang et al., 2009).
Nevertheless, several limitations of the meta-analysis are worth considering. Due to limited reports, participants with elevated sUA levels in this meta-analysis included patients with hyperuricemia and gout, and most participants were from China. These facts indicate that the current meta-analysis could have potential bias. Further trials need to be carried out in a larger comprehensive population to demonstrate the efficacy of Chinese herbal medicines in lowering sUA. In addition, long-term tracking of sUA is necessary to determine whether Chinese herbal medicine can effectively control sUA. However, long-term follow-ups were not available in the current included studies. The incidence of adverse reactions is an important indicator to compare the efficacy and safety of Chinese herbal medicine and Western medicine in lowering sUA levels. However, of the six included studies comparing Chinese herbal medicine and Western medicine, only 2 has reported the adverse reaction events in details. Thus, we cannot evaluate the safety of Chinese herbal medicine vs. western medicine in lowering sUA levels. Moreover, the standardization of the methodologies and the small number of the included trials may lead to an overestimation of the overall efficacy of Chinese herbal medicine. Therefore, studies with high quality are needed to confirm the efficacy and safety of Chinese herbal medicine in lowering sUA levels.
The mechanisms of Chinese herbal medicines in lowering Serum uric Acid
In current review, 186 in vivo and in vitro experiments with 56 active ingredients (Table 3), 78 natural products (Table 4), and 52 herbal formulas (Table 5) are included to explore the common mechanism of Chinese herbal medicine in lowering sUA levels. According to the summary of the targets of Chinese herbal medicine in lowering sUA, it is clearly revealed that most Chinese herbal medicine lowers sUA by acting on multiple targets or multiple pathways. The therapeutic mechanism of Chinese herbal medicine included in this study mainly involved the UA synthesis, UA transport, inflammation, renal fibrosis and oxidative stress.
Uric acid, produced primarily in the liver, is the final product of diet and endogenous purine metabolism. Problems with key enzymes involved in UA production can cause abnormal UA levels, including phosphoribosyl pyrophosphate (PRPP) synthetase, purine nucleoside phosphorylase, xanthine oxidase, hypoxanthine-guanine phosphoribosyl transferase (HGPRT) (Cammalleri and Malaguarnera, 2007; Maiuolo et al., 2016). In the circulation, UA exists mainly in the form of urate anion under physiologic pH. The saturation level of monosodium urate in human plasma is limited. Hence, UA must be excreted continuously to prevent its accumulation and reduce the toxicity. The primary scavenger of urate is the kidney, which expels about 75% of urate every day (Chaudhary et al., 2013). In recent years, studies have revealed the complex interaction of transporters involved in urate metabolism (Wright et al., 2010). Several transporters involved in urate metabolism have been identified, including URAT1, GLUT9, organic anion transporters (OAT1/3), and adenosine triphosphate (ATP)-binding cassette transporter 2 (ABCG2) (Enomoto et al., 2002; Lipkowitz, 2012; Mandal and Mount, 2015). Previous studies have found that inflammation, oxidative stress, mitochondrial dysfunction and other factors cause abnormalities in these critical proteins, and thus lead to the disorders in UA metabolism (Lanaspa et al., 2012; Zhou et al., 2018b). On the contrary, abnormal UA levels can also lead to the release of some cytokines, such as tumor necrosis factor-α (TNF-α), nuclear factor-kappa B (NF-κΒ), the NOD-like receptor P3 (NLRP3) inflammasome, interleukin-6 (IL-6), interleukin-1β (IL-1β), and so on (Major et al., 2018; Singh et al., 2019).
Herbs Lower Serum Uric Acid by Targeting Uric Acid Synthesis
The substrate for UA synthesis is ribose-5-phosphate which can be converted to PRPP via PRPP synthase and then to inosine monophosphate. This intermediate compound produces adenosine monophosphate and guanosine monophosphate, which subsequently release adenosine and guanosine molecules, respectively. Adenosine deaminase converts adenosine to inosine, while guanosine to free guanine. Inosine is degraded to hypoxanthine via purine nucleoside phosphorylase. Xanthine oxidase, one of the key enzymes involved in UA synthesis, converts hypoxanthine to xanthine which then converts to UA. Guanine is directly converted to xanthine, which subsequently to UA by XO. On the other hand, hypoxanthine and guanine enter a salvage pathway through the activity of HGPRT, which converts these purine into their respective nucleotides (Lipkowitz, 2012; Lima et al., 2015; Maiuolo et al., 2016). Thus, PRPP synthase, XO and HGPRT are all key enzymes that can cause abnormal sUA levels. PRPP gene mutations have been implicated in a number of human diseases. Overexpression of PRPP results in the enhanced activity of phosphoribosyl pyrophosphate synthetase-I, which can lead to excessive production of purine. Patients with active phosphoribosyl pyrophosphate synthetase-I may result in UA over production (Mittal et al., 2015). Lesch-Nyhan disease is caused by a wide variety of mutations in the HGPRT gene and is one of the models of gout caused by the increased production of UA (Fu et al., 2014; Harris, 2018). Lack of HGPRT can lead to Kelley-Seegmiller syndrome, which is characterized by hyperuricemia, hyperuricosuria, gouty arthritis and urolithiasis (Chavarriaga et al., 2019). Among these key enzymes, XO is the most commonly studied enzyme. 3,5,2′,4′-tetrahydroxychalcone significantly inhibits the activities of XO in liver, and the decreased content of PRPP in liver will suppresse the UA production (Niu et al., 2018). In our review, nearly half of the studies (83/186, 45%) confirm that herbs regulate XO synthesis and activity. For example, pallidifloside D, a saponin glycoside constituent from the total saponins of Smilax riparia, enhances the hypouricemic effect of allopurinol by regulating XO activity. The combination of allopurinol and Pallidifloside D significantly up-regulates HGPRT expression and down-regulates the expressions of PRPP in PC12 cells (Li et al., 2016).
Herbs Lower Serum Uric Acid by Targeting Uric Acid Transporter
About two-thirds of UA is excreted by the kidneys, and the remaining is excreted via the gastrointestinal tract. Renal excretion of UA consists of four steps: 1) glomerular filtration, 2) presecretory reabsorption, 3) secretion and 4) post-secretory reabsorption (Maiuolo et al., 2016). Urate is filtered through the glomerulus, so the reabsorption and secretion of UA after glomerulus play an important role in regulating the excretion of UA. Most of the urate (99%) filtered through the glomerulus is reabsorbed in the early S1 segment of the proximal tubule (presecretory reabsorption). Uric acid is then secreted in the S2 segment of the proximal tubule to return approximately 50% of the filtered urate into the tubule lumen. Post-secretory reabsorption occurs primarily in the distal S3 segment of the proximal tubule, followed by about 10% of the secreted urate in the urine (Diamond and Paolino, 1973; Mandal and Mount, 2015). Urate transporters such as URAT1, OAT1, OAT3, GLUT9, ABCG2 play important roles in regulating sUA, and their dysfunction may cause abnormal urate transport. URAT1, the main urate-anion exchanger in the luminal membrane of the proximal tubules, can be inhibited by the uricosuric agents, likes probenecid, benzbromarone and losartan (Enomoto et al., 2002). URAT1 mutations have been found in patients with familial hypouricemia and UA levels below 1 mg/dL, and the UA transport is inactivated when this mutant transporter is expressed in xenopus oocytes (Dinour et al., 2011). Clinical studies have shown that inhibition of URAT1 effectively reduces sUA levels and resolves the gout symptoms (Lee et al., 2019a). URAT1 is a branch of the organic anion transporter (OAT). OAT1 and OAT3 exchange urate with bivalent anions, suggesting that they are suitable for basolateral entry of urate during urate secretion (Mandal and Mount, 2015). Among the 14 members of the GLUT family transport glucose or other monosaccharides, GLUT9 does transport essentially urate (Caulfield et al., 2008). GLUT9 mediates urate transport, which is independent of sodium, chlorine and anions, but voltage-dependent (Anzai et al., 2008). Compared with the mutation in URAT1, the complete loss of GLUT9 results in the net secretion of urate (Preitner et al., 2009). ABCG2 is a multidrug resistance transporter that is also implicated as an important urate transporter. Its gene variation has become the main cause of elevated sUA levels (Dehghan et al., 2008). ABCG2-mediated loss or reduction of renal urate secretion will lead to increased renal urate reabsorption (Woodward et al., 2009).
In our review, more than one-third of the studies (72/186, 39%) show that Chinese herbal medicines target uric acid transporters. Alpinia oxyphylla seed extract enhances UA excretion in the kidney by reducing URAT1 and up-regulating OTA1 (Lee et al., 2019b). Wuling San down-regulates mRNA and protein levels of URAT1 and GLUT9, as well as up-regulates OAT1 in the kidney of hyperuricemic mice. Moreover, Wuling San also up-regulates organic cation/carnitine transporters which are associated with impaired renal function, leading to kidney protection (Ding et al., 2013). Gypenosides, natural saponins extracted from Gynostemma pentaphyllum, significantly lower sUA levels by reducing XO and increasing in urate excretion through regulating URAT1, GLUT9, and OAT1 (Pang et al., 2017).
Herbs Lowering Serum Uric Acid Resolve Inflammation
Uric acid belongs to the damage-associated molecular patterns, altered metabolites of necrotic or stressed cells that the innate immune system sees as an alarm signal (Patel, 2018). Elevated UA levels alters the physiology, boosting the expressions of inflammatory proteins by triggering complex pro-inflammatory cascades that damage cells and tissues (Chen and Lan, 2017). Clinical trials have shown that serum levels of IL-6 and TNF-α are significantly higher in hyperuricemia patients than in healthy people, and that of IL-6 and TNF-α are significantly increased as sUA levels increase (Zhou et al., 2018b). SUA above 9 mg/dl is associated with a gouty arthritis incidence of 4.9%. The accumulation of monosodium urate (MSU) crystals induce a mass of inflammatory cells (such as neutrophils and monocytes) to infiltrate into the site of MSU crystal deposits in patients, resulting in an acute inflammatory response, manifested as acute gout flares (Dalbeth et al., 2016). IL-1 released from these immune cells further triggers the release of various pro-inflammatory cytokines and chemokines, such as IL-8, IL-6 and TNF-α, which can further enhance neutrophil recruitment (El Ridi and Tallima, 2017). Inflammatory cytokines, especially IL-1β, are the key mediators of gouty inflammation. A phase III, international safety study of patients with acute gout arthritis treated with rilonacept (an IL-1 blocker) for 16 weeks shows that rilonacept significantly reduces the risk of gout attacks by 70.3% (Sundy et al., 2014). In experimental studies included in this review, 37 articles (11 active ingredients, 13 natural products, and 13 herbal formulas) describe the effects of these herbs on IL-1. It is worth mentioning that these herbs not only act on IL-1, but also as XO, UA transporter, other inflammatory factors such as IL-6, IL-8, TNF-α, NF-κB, NLRP3, caspase 1, etc.
There are 16 herbs included in this review that interfere with the NLRP3 inflammasome. Consistent with reported studies, elevated UA can be effectively reduced by regulating NLRP3 inflammasome - IL-1 pathway (Dhanasekar and Rasool, 2016; Szekanecz et al., 2019). Acute gout is an inflammatory response to MSU crystals. Innate immune pathways are essential in the pathogenesis of gout, particularly the activation of NLRP3 inflammasome, which leads to the release of IL-1β and other pro-inflammatory cytokines (So and Martinon, 2017). MSU crystals must first be coated with serum proteins and then interact with articular cell’s surface membrane directly or via receptors, to stimulate a cytosolic molecular platform involved in innate immunity and promote the assembly and activation of the NLRP3 inflammasome (El Ridi and Tallima, 2017). NLRP3 inflammasomes are formed by the recruitment of the apoptosis-associated speck-like protein containing a caspase recruitment domain (ASC), and subsequent recruitment of caspase-1. Caspase-1 activates pro-inflammatory cytokines IL-1β and IL-18 by cleaving their respective precursor proteins, pro-IL-1β and pro-IL-18 (So and Martinon, 2017). Neutrophils are recruited and activated in response to the spillover of IL-1, producing ROS, proteolytic enzymes, pro-inflammatory chemokines, cytokines and so on, which recruit and activate macrophages (El Ridi and Tallima, 2017). Thus, the release of IL-1β mediated by inflammasome and the rapid recruitment of neutrophils lead to acute inflammatory episodes in gout patients. It is noteworthy that hyperuricemia may stimulate inflammatory leukocytes through epigenetic modification such as histone methylation, even without MSU crystals, thereby increasing production of IL-1β, IL-6, and TNF-α (Wasilewska et al., 2012; Zhou et al., 2018b).
The activation and maturation of IL-1β in response to endogenous and exogenous stimuli are also involved in the NF-κB pathway (Chen and Lan, 2017). In our review, there are 13 articles focused on NF-κB signaling pathway, showing the inhibitory effect of herbs on NF-κB activation under elevated sUA levels. It has been proved that NF-κB can be activated by UA (Spiga et al., 2017). Its activation transcribes a large number of pro-inflammatory genes. In a resting state, NF-κB combines with IκBα (inhibitor of NF-κB kinase subunit α) form a dimer in the cytoplasm, after IκBα kinase is activated, it phosphorylates IκBα. Subsequently, NF-κB is transferred from the cytoplasm to the nucleus, leading to the transcription and expression of genes related to inflammation. Studies have shown that inhibition of NF-κB restrains inflammation and improves hyperuricemia or gout conditions (Chen et al., 2019a; Wang et al., 2019c). Interestingly, studies focused on NF-κB activity is also related to NLRP3. NF-κB is essential for the initiation, assembly and activation of NLRP3 inflammasome, which is also a key step in the release of inflammatory cytokines in MSU crystal-induced inflammation (So and Martinon, 2017). P38 mitogen-activated protein kinase (MAPK) is also involved in the inflammatory cascade of NF-κB. Uric acid activates NF-κB through MAPK signal pathway, thus leading to the release of inflammatory factors such as TNF-α (Tang et al., 2017).
Herbs Lowering Serum Uric Acid Protect Against Renal Fibrosis
Evidence suggests that UA levels can be used to predict the prognosis of chronic kidney disease and end-stage kidney disease. Elevated sUA level is an independent risk factor for kidney disease and lead to renal fibrosis (Fan et al., 2019). Mice with systemic GLUT9 knockout showed moderate hyperuricemia, excessive hyperaciduria and obstructive nephropathy, along with progressive inflammatory fibrosis (Preitner et al., 2009). Once UA exceeds the maximum amount the kidneys can excrete, it gets deposit in the kidney and firstly causes direct pathological damage to the kidney. Secondly, the deposition of UA in the kidney results in the accumulation of neutrophils and monocytes as well as the release of inflammatory factors, which lead to glomerulosclerosis and interstitial fibrosis and aggravate renal injury (Ye et al., 2018). Prevention and treatment of renal fibrosis is the best treatment for kidney diseases caused by elevated sUA. However, at present, modern medical treatments are not effective in reducing renal fibrosis and preventing the progression of diseases.
A total of 24 studies included in this review are focused on hyperuricemic nephropathy, suggesting that herbal medicines improve renal injury induced by elevated sUA levels by regulating renal fibrosis-related signal pathways. Fibrosis is usually associated with strong inflammatory reactions and immunocyte infiltration. Therefore, inhibition of inflammatory cytokines might be a potential method to prevent fibrosis. Vaticaffinol, one of the herbs included in this review, markedly down-regulates NLRP3, ASC, caspase-1, IL-1β, IL-18, IL-6 and TNF-α in hyperuricemic mice, thus significantly decreases sUA levels and improves kidney function (Chen et al., 2017b). Transforming growth factor-β1/Mothers against decapentaplegic homolog 3 (TGF-β1/Smad3) signaling is the most potent fibrogenic factor in the regulation of renal interstitial fibrosis process (Loeffler and Wolf, 2015). Pterostilbene, also mentioned in this review, suppresses the activation of TGF-β1/Smad3 and proto-oncogene tyrosine-protein kinase Src/Signal transducer and activator of transcription 3 (Src/STAT3) signaling pathway as to decrease sUA level and alleviate renal fibrosis in hyperuricemic mice (Pan et al., 2019). These findings highlight the fact that herbal medicines may be the potential antifibrotic therapeutics for hyperuricemic nephropathy treatment.
Herbs Lowering Serum Uric Acid Modulate Oxidative Stress
In addition to the inflammatory process, oxidative stress is one of the early events related to the elevated sUA. Uric acid entering cells can rapidly induce oxidative stress (Ko et al., 2019; Yin et al., 2019). This state of oxidative stress is governed by the balance between ROS production and their elimination by antioxidants. Since the cell membrane is impermeable to urate anion, cellular concentration of urate depends on the specific transporter of urate and xanthine oxidoreductase (XOR). In mammals, this enzyme exists in two forms, xanthine dehydrogenase (XDH) and XO. XDH transfers electron to NAD+ and generates NADH, and XO transfers electron to O2 and generates oxidative stress (Isaka et al., 2016). In addition, XOR may lead to the production of the superoxide anion and nitric oxide, especially under low pH or hypoxia conditions (Godber et al., 2000; Battelli et al., 2019). It can be seen that the generation of UA mediated by XO is closely related to the production of ROS. On the other hand, antioxidant enzymes that scavenge ROS are ubiquitous, including superoxide dismutase, glutathione peroxidase and catalase, the changes of these enzymatic activities may lead to oxidative stress. However, in inflammatory diseases including hyperuricemia, the production of the superoxide anion is often faster than its removal by superoxide dismutase (Zamudio-Cuevas et al., 2015).
There is an increasing interest in using herbs to resolve the inflammatory conditions, including hyperuricemia, because they play an anti-inflammatory role by inhibiting the production of ROS, such as procyanidins, Shizhifang, Zisheng Shenqi decoction, quercetin, Modified Simiao decoction and other herbs included in this review. Antioxidants like quercetin inhibits inflammation in rat models of chronic MSU-induced arthritis by decreasing inflammatory mediators such as IL-1β (Huang et al., 2012). Other herbs mentioned above also show significant antioxidant effects. For example, Shizhifang effectively suppresses the NLRP3-ASC-caspase-1 axis through accommodating the ROS pathway, thereby alleviates potassium oxonate - induced hyperuricemia (Wu et al., 2017). In summary, the herbs that possess anti-oxidant effects may be developed as anti-inflammatory agents to treat inflammatory diseases such as gout and hyperuricemia.
Limitations and Perspectives From the Experimental Studies
As shown in Tables 3–5, there are fewer studies on the active ingredients of herbs than on the herbal extracts and herbal formulas. Aside from herbal formula, there can be hundreds of active ingredients in a single-flavored herb, making it difficult to identify the ones that actually mediate the therapeutic effects. This partly explains why multiple signaling pathways are involved in herbal treatments. Extraction of components that mediate the therapeutic effects is difficult. In general, safe and effective single-flavored herb can be screened out from literatures or experimental studies, and its effective active ingredients can be separated by pharmacological methods. Then, the mechanism of action of the drug can be explored based on the identified active ingredients from the herbs. In recent years, there are new approaches to identify the active ingredients of herbs and predict their targets, such as Systems Pharmacology. Researchers used Systems Pharmacology as a basis to screen out active ingredients from herbal formulas or herbs, and predict the targets of active ingredients, and finally verify them through in vivo and in vitro experimental studies (Zhou et al., 2016; Hong et al., 2017; Zhao et al., 2019). It really opens up new ideas for the studies of herbs and shortens the time to find out the mechanisms of action underlying the therapeutic effects of the herbs. However, with the increasing number of herbal studies using Systems Pharmacology, we can find that it also has disadvantages, such as limited Systems Pharmacology databases, data not updated, limited prediction results and so on. In view of this, it is still necessary to explore how to efficiently screen out the active ingredients of the herbs and identify their molecular targets.
CONCLUSION
In conclusion, the results of meta-analysis indicate that Chinese herbal medicines have potent therapeutic effects in lowering sUA levels. The signaling pathways involved in the sUA lowering effects include UA synthesis, UA transport, inflammation, renal fibrosis and oxidative stress. Further studies with sophisticated research design can further demonstrate the efficacy and safety of these Chinese herbal medicines in lowering sUA levels. Identification of the active ingredients and delineation of the underlying mechanisms of action can facilitate the clinical translation and application of these ingredients.
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Green tea extract (GTE) is popular in weight loss, and epigallocatechin gallate (EGCG) is considered as the main active component. However, GTE is the primary cause of herbal and dietary supplement-induced liver injury in the United States. Whether there is a greater risk of liver injury when EGCG is consumed during dieting for weight loss has not been previously reported. This study found for the first time that EGCG could induce enhanced lipid metabolism pathways, suggesting that EGCG had the so-called “fat burning” effect, although EGCG did not cause liver injury at doses of 400 or 800 mg/kg in normal mice. Intriguingly, we found that EGCG caused dose-dependent hepatotoxicity on mice under dietary restriction, suggesting the potential combination effects of dietary restriction and EGCG. The combination effect between EGCG and dietary restriction led to overactivation of linoleic acid and arachidonic acid oxidation pathways, significantly increasing the accumulation of pro-inflammatory lipid metabolites and thus mediating liver injury. We also found that the disruption of Lands’ cycle and sphingomyelin-ceramides cycle and the high expression of taurine-conjugated bile acids were important metabolomic characteristics in EGCG-induced liver injury under dietary restriction. This original discovery suggests that people should not go on a diet while consuming EGCG for weight loss; otherwise the risk of liver injury will be significantly increased. This discovery provides new evidence for understanding the “drug-host” interaction hypothesis of drug hepatotoxicity and provides experimental reference for clinical safe use of green tea-related dietary supplements.
Keywords: green tea extract, epigallocatechin gallate, hepatotoxicity, combination effect, lipid metabolism, metabolomics, herbal and dietary supplements
INTRODUCTION
Green tea is a beverage that has been brewed for thousands of years and has been widely popular across the world for hundreds of years. It is rich in catechin compounds with antioxidant effect, and epigallocatechin gallate (EGCG) is the most important component of green tea extract (GTE). It is popularly believed to have a wide range of health benefits, including preventing cancer, lowering cholesterol, reducing inflammation, and delaying aging (Li et al., 2019). In recent years, GTE and its principal component EGCG have been reported to have the so-called “fat-burning” weight loss effect (Chen et al., 2016), which makes it one of the most popular herbal and dietary supplement (HDS) in the world. However, in contrast to these health benefits, the number of drug-induced liver injury (DILI) cases when GTE is used for weight loss has consistently increased, with GTE being the leading cause of HDS-DILI in the United States (Navarro et al., 2017). GTE accounts for more than 50% of the suspected HDS products that cause DILI (Navarro et al., 2013). In severe cases, there is risk of acute liver failure or mortality. According to clinical observational research results, individuals who fasted or lost significant weight seemed to be more prone to liver injury, or liver injury was more severe when consuming GTE (Pillukat et al., 2014; Zheng et al., 2016). Although the hepatotoxicity of GTE and its main component EGCG has been reported (Emoto et al., 2014; Wang et al., 2015), it is not clear why there are more reports of liver injury when GTE is used for weight loss.
The “fat-burning” functions of EGCG were considered to include promoting energy consumption and fatty acid oxidation, inhibiting fatty acid synthesis, and reducing nutrition absorption (Wolfram et al., 2006; Rains et al., 2011; Yamashita et al., 2018). Some studies have shown that the process of weight loss through dieting (calorie restriction) is also accompanied by the remodeling of fatty acid metabolic pathways, such as decomposing more fatty acids to provide calories, thus achieving the effect of fat loss (Bruss et al., 2010; Lee et al., 2015; Collet et al., 2017; Green et al., 2019). Dieting while consuming EGCG can enhance the catabolism of fatty acids, which may increase the effect of fat loss. However, there is no experimental evidence as to whether this superposition of fatty acid metabolism regulation may be involved in the occurrence process of EGCG liver injury, thereby increasing the risk of EGCG-induced liver injury. In this regard, we try to characterize the metabolic alterations induced by EGCG and the dietary restriction in mice plasma using metabolomics approach and investigate the potential liver injury due to EGCG and dietary restriction alone or in combination, so as to provide experimental reference for rational use of GTE products for weight loss.
MATERIALS AND METHODS
Animal Grouping and Administration
Healthy female C57BL/6J mice, SPF grade, weighing 22–24 g, were purchased from SPF Experimental Technology Co., Ltd (License No.: SCXK (BJ) 2018-0010). Mice were provided with food and water and kept at 25 ± 2°C, 50–60% humidity, with 12 h/12 h light and dark cycles, in separate cages in the experimental animal center of the Fifth Medical Center of the Chinese PLA General Hospital. All animal experiments were approved by the Center for Laboratory Animal Welfare and Ethics of the Fifth Medical Center of the Chinese PLA General Hospital and followed the Animal Research Guidelines of National Institutes of Health. Epigallocatechin gallate (EGCG, purity ≥ 98%) was purchased from Chengdu Preferred Biotech Co., Ltd.
The mice were adaptively fed for 7 days, during which their food intake was monitored to obtain the average daily food intake per cage. The basic feed composition has crude protein (≥180 g/kg), crude fat (≥40 g/kg), total amino acids (≥76.6 g/kg), and various vitamins and micronutrients. The mice were then fed in the following two ways at 17:00 every day for 6 days: 1) free diet and 2) fixed diet, that is, 50% of the average daily food intake (limited less than 2 g each mouse 1 day). On the sixth day, the mice on the free diet were randomly divided into a control group (control), low-dose EGCG group (400 mg/kg), and high-dose EGCG group (800 mg/kg). Meanwhile, the mice on the fixed diet were randomly divided into three groups: dieting group, dieting/low-dose EGCG group (400 mg/kg), and dieting/high-dose EGCG group (800 mg/kg). The four administration groups were treated with intragastric EGCG of the corresponding dose at the same time. The control group and the dieting group were given equal volume of normal saline through intragastric means. There were eight mice in each group. After 24 h, the animals were sacrificed, blood was collected, and plasma was centrifuged at 4°C and frozen at −80°C. Fresh mice liver tissues were washed with normal saline and soaked in 4% neutral paraformaldehyde solution.
Evaluation of Blood Biochemistry and Liver Histology
The frozen plasma was returned to room temperature, and alanine aminotransferase (ALT) and aspartate aminotransferase (AST), glutathione S-transferase (GST) activity, and total bile acid (TBA) concentration were measured and calculated according to the kit instructions. ALT kit (No.: C009-2), AST kit (No.: C010-2), GST kit (No.: A004), and TBA kit (No.: E003-2-1) were purchased from Nanjing Jiancheng Bioengineering Institute.
The liver tissues of mice were collected, and routine histological sections were stained with hematoxylin and eosin (HE). Then, the pathological sections were photographed under a microscope. Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) was used to detect and analyze the apoptosis of hepatocytes. Image-Pro Plus 6.0 software was used to label and calculate the apoptosis rate.
Metabolomics Analysis
We selected plasma from the control, dieting, high-dose EGCG (800 mg/kg), and dieting/high-dose EGCG (800 mg/kg) groups as metabolomics test samples. The mice samples stored at −80°C refrigeration were thawed to 4°C, and 50 μl of each sample was pipetted into the 1.5 ml EP tube; three times the volume of precooled methanol was added, vortexed for 30 s, and kept standing at 4°C for 30 min. It was then centrifuged at 14,000 rpm for 15 min in a precooled 4°C centrifuge; 100 μl of supernatant was pipetted and dried with nitrogen. 75% methanol of the same volume was added to reconstitute the sample to be tested. Meanwhile, 10 μl of each sample was taken and mixed evenly and used as the quality control (QC) sample. For plasma metabolite chromatographic separation conditions and non-targeted metabolomics mass spectrometry detection conditions, please see the Supplementary Material.
Using MassHunter Qualitative Analysis software (version B06.00, Agilent, United States), LC-MS raw data was converted into visual data. MZmine software (version 2.5) was used for peak extraction, data correction, chromatographic deconvolution, and comparison. The raw data was displayed on the MetaboAnalyst webpage (https://www.metaboanalyst.ca/) and normalized and compared between groups, and metabolites with group differences were screened by calculating the fold change (FC) values and significant differences (p value) between groups. The criteria for differences between groups were as follows: FC was greater than 1.5 or less than 0.67, and p value was less than 0.05. At the same time, the obtained data matrix was imported into SIMCA-P software (version 14.1, Umetrics AB, Umea, Sweden) for principal component analysis (PCA) and orthogonal partial least squares discriminant analysis (OPLS-DA). Under the OPLS-DA model, the important variable (VIP) > 0.5 and |p (corr) |≥0.5 were used as the screening criteria for metabolites with inter-group differences. These metabolites were then identified using the Metlin database (http://www.metlin.scipps.edu/) and HMDB (http://www.hmdb.ca/) (mass error limited to 30 ppm). Pathway analysis based on the identified metabolites was conducted using MetaboAnalyst according to the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway database (www.genome.jp/kegg/). MS/MS spectra of mainly representative metabolites were in Supplementary Figure S4.
Statistical Analysis
The experimental data was expressed as mean ± SD. GraphPad Prism software version 8 was used for statistical analysis, Student’s t-test was used for inter-group comparison, and analysis of variance (ANOVA) was used for one-way ANOVA. p < 0.05, p < 0.01, and p < 0.001 were considered to be statistically significant.
RESULTS
EGCG Simulates Dieting Effects for Lipid Metabolism
We screened and identified differential metabolites to study the metabolic changes caused by EGCG and diet on the mice. EGCG and diet coregulated metabolites as shown in the Venn diagram in Figure 1A. The pathways altered by EGCG and dieting mainly focused on fatty acid biosynthesis and pentose phosphate pathway (Figure 1B). Biomarkers included gluconic acid, oleic acid, heptanoic acid, (E)-2, 6-dimethyl-2, 5-heptadienoic acid, vitamin D2 3-glucuronide, and 3-oxo-tetradecanoic acid. The corresponding abundance changes were shown in Figure 1C, and the specific identification information was shown in Supplementary Table S1. We found that dietary restriction could slow down fatty acid synthesis, which could explain the fat loss effect caused by dieting. EGCG could also slow down fatty acid synthesis, which was consistent with its claimed weight loss effect. At the same time, we found that, in the dieting/EGCG group, the content of related biomarkers decreased further, but the excessive metabolic changes brought about by this combination may also cause adverse results. Therefore, we compared the liver injury induced by EGCG with that induced by EGCG under dietary restriction in vitro and in vivo.
[image: Graphical ABSTARCT]GRAPHICAL ABSTARCT | The metabolic alteration induced by EGCG in normal state and the metabolic homeostasis disturbance induced by EGCG during dieting. Tau-BAs, taurine-conjugated bile acids; PC, phosphatidylcholine; LPC, lysophosphatidylcholine; CM, ceramides; SM, sphingomyelin.
[image: Figure 1]FIGURE 1 | EGCG simulates the effect of dieting on fat loss. (A) The differential metabolites amount between dieting and control is displayed as pink, while that between EGCG and control is displayed as purple. The Venn diagram shows the shared metabolites between EGCG and dieting. (B) Pathway enrichment of 38 common metabolites. (C) Relative abundance of fat loss biomarkers. ***p < 0.001.
Dietary Restriction Exacerbates EGCG Hepatotoxicity In Vivo
The experimental animal results (Figure 2A) showed that, compared with the control group, there were no statistical differences in biochemical indexes between dieting group and each EGCG single administration group (p > 0.05). However, there were significant increases on ALT, AST, GST, and TBA in the combination groups of dieting with EGCG (p < 0.01). The liver injury indicators in the high-dose (800 mg/kg) EGCG with dieting group were higher than those of the low-dose combination group (400 mg/kg).
[image: Figure 2]FIGURE 2 | Dieting exacerbates EGCG hepatotoxicity in mice. (A) Plasma ALT; AST; GST; TBA. The data were expressed as mean ± SD. (B) Histological assessment of mice liver (HE staining ×200 magnification). (C) Hepatocyte apoptosis determination in mice liver using TUNEL assay (×200 magnification). *p < 0.05, **p < 0.01, and ***p < 0.001.
The results of HE staining (Figure 2B) showed that the hepatocytes in the control, EGCG, and dieting groups represented with normal morphology. By contrast, obvious histological changes occurred in the diet combined with EGCG treatment group, including a decrease in the number of hepatocytes and some vacuolar degeneration, accompanied by infiltration of inflammatory cells. In the TUNEL staining results (Figure 2C), there were basically no green fluorescence positive cells in the visual field of the single administration group compared with the control group, and there was no statistical difference in the calculated apoptosis rate. Under dietary restriction conditions, green fluorescence positive cells were scattered in the visual field of 400 mg/kg EGCG administration group, and the apoptosis rate was significantly different from that of the control group (p < 0.05). There was more hepatocyte apoptosis in the visual field of 800 mg/kg EGCG combined with diet, and the apoptosis rate was significantly different from that in the control group (p < 0.01) (Supplementary Figure S1). The above results indicate that EGCG can cause increased hepatocyte apoptosis under dietary restriction.
Metabolomics Analysis of Dietary Restriction Exacerbating EGCG Hepatotoxicity
PCA and OPLS-DA analysis were carried out on the data in positive and negative ion modes using SIMCA-P. Figures 3A,B displayed the scattered point plots of PCA of all samples in positive ion and negative ion modes. It could be seen that QC samples were concentrated in the middle of the score matrix projection plot, which indicated that the instrument remained stable during the analysis process. In addition, in positive ion mode, control, EGCG, and dieting groups were distributed on the left side of the first principal component, while dieting/EGCG group was located on the right side of the first principal component and was far away from control, EGCG, and dieting groups, suggesting that the metabolic profile of the dieting/EGCG group had obviously changed, which was consistent with the experimental phenotype of liver injury caused by EGCG under dietary restriction.
[image: Figure 3]FIGURE 3 | Metabolomic analysis of mice plasma. (A) The principal component analysis (PCA) score plot in positive ESI model. (B) The PCA score plot in negative ESI model. (C) The orthogonal projection to latent structures discriminant analysis (OPLS-DA) score plots in positive ESI model between dieting, EGCG, dieting/EGCG, and control. (D) The volcano plots in positive ESI model between dieting, EGCG, dieting/EGCG, and control.
In order to further obtain the differences between groups and different compounds, OPLS-DA modeling and analysis were carried out. In the positive ion mode, dieting and control, EGCG and control, dieting/EGCG and control groups were located on both sides of the ordinate and were completely separated. Volcanic plots showed the metabolic changes in mice induced by dieting, EGCG, or dieting/EGCG (Figures 3C,D for positive ion and Supplementary Figure S2 for negative ion). Further, we used dieting/EGCG and control to screen the metabolic pathways related to liver injury. We found that some important pathways were alteration, including linoleic acid metabolism, glycerophospholipid metabolism, sphingolipid metabolism, taurine, and hypotaurine metabolism (Supplementary Figure S3).
Dietary Restriction Exacerbating EGCG Hepatotoxicity Was Associated With Increased Production of Pro-Inflammatory Metabolites Through Arachidonic Acid and Linoleic Acid Metabolism
Unsaturated fatty acid catabolism was significantly enhanced, which may be an important marker of lipid peroxidation; the plasma levels of arachidonic acid (Figure 4A) decreased significantly in the dieting/EGCG group, while the levels of its derived eicosanoid acids including 15-deoxy-delta12, 14-PGJ2, leukotriene D4, and thromboxane A2 significantly increased (Figure 4B). We also found that linoleic acid metabolism (Figure 4C) was disrupted, and the level of linoleate in dieting/EGCG group was significantly reduced. Its downstream metabolites including 9(10)-EpOME, 9,10-DHOME, 12(13)-EpOME, 12,13-DHOME showed different degrees of upregulation in the combined treatment group (Figure 4D). The above specific identification information is shown in Supplementary Tables S2, S3.
[image: Figure 4]FIGURE 4 | Dieting exacerbating EGCG hepatotoxicity promotes arachidonic acid and linoleate metabolism. (A) Alteration of arachidonic acid metabolism. Blue represents downregulation and red represents upregulation. (B) Relative abundance of arachidonate, 15-deoxy-delta12, 14-PGJ2, leukotriene D4, and thromboxane A2. (C) Alteration of linoleate metabolism. (D) Relative abundance of linoleate, 9 (10)-EpOME, 9,10-DHOME, 12 (13)-EpOME, 12,13-DHOME. *p < 0.05, **p < 0.01, and ***p < 0.001; ns, no significance.
Dietary Restriction Exacerbating EGCG Hepatotoxicity Disrupts Lands’ Cycle
Metabolic remodeling is an important manifestation of the liver’s stress response, wherein the dynamic transition between phosphatidylcholine (PC) and lysophosphatidylcholine (LPC) (Lands’ cycle) is the key regulatory pathway (Figure 5A). We found that dieting/EGCG group significantly upregulated PC, while LPC, a precursor for synthesizing PC, significantly decreased; for example, LPC (20:3) is converted to PC (20:3/18:1) by lysophosphatidylcholine acyltransferases (LPCAT) using oleoyl-CoA (18:1-CoA). We identified 12 groups of LPC to PC transformations (Figure 5B) and eight phospholipid metabolites with no corresponding relationship. The specific identification information was shown in Supplementary Table S4. As can be clearly seen from Figure 5B, the LPCs tended to decrease in the EGCG and dieting groups and further decreased in the dieting/EGCG group. We could see that the length of the carbon chain affected by liver injury ranged from 14 to 22, including both saturated and unsaturated chains, indicating that this metabolic change did not have anything to do with the length of fatty acid side chain and the number of double bonds, but was only related to the formation of PC corresponding to the addition of a fatty acid side chain on LPC. It could be seen that the changes in phospholipid component were extensive and not specific to a specific phospholipid component. The changes of these biomarkers showed that dietary restriction exacerbating liver injury induced by EGCG could cause metabolic abnormalities in Lands’ cycle.
[image: Figure 5]FIGURE 5 | Dieting exacerbating EGCG hepatotoxicity disrupts Lands’ cycle. (A) Lands’ cycle. Blue represents downregulation and red represents upregulation. (B) Heatmap analysis of the identified Lands’ cycle biomarkers. PC is synthesized by LPC on the same line. The values are based on Log2FCs of biomarkers relative peak intensity compared to the control. PC, phosphatidylcholine; LPC, lysophosphatidylcholine.
Dietary Restriction Exacerbating EGCG Hepatotoxicity Disrupts SM-CM Cycle
The dynamic conversion between sphingomyelin (SM) and ceramides (CM) is another crucial regulatory pathway in the process of liver’s stress response (Figure 6A). Through metabolomics analysis, we found that the SM-CM cycle was broken during liver injury, which is manifested in the following: multiple sphingomyelins, including SM (d18:0/24:1 (15Z) (OH)), SM (d18:0/14:1 (9Z) (OH)), SM (d18:1/16:0), and SM (d18:0/12:0), were significantly downregulated in the dieting/EGCG group; at the same time, several ceramide metabolites, including lactosylceramide (d18:1/12:0), 3-O-sulfogalactosylceramide (d18:1/18:0), 3-O-sulfogalactosylceramide (d18:1/20:0), and 3-O-sulfogalactosylceramide (d18:1/16:0), were significantly upregulated in the dieting/EGCG group (Figure 6B). The specific identification information is shown in Supplementary Table S5. These results showed that the metabolic transition from SM to CM was one of the important characteristics of dieting exacerbating liver injury induced by EGCG.
[image: Figure 6]FIGURE 6 | Dieting exacerbating EGCG hepatotoxicity disrupts SM-CM cycle. (A) SM-CM cycle. Blue represents downregulation and red represents upregulation. (B) Relative abundance of metabolites in SM-CM cycle. *p < 0.05, **p < 0.01, and ***p < 0.001; CM, ceramides; ns, no significance; SM, sphingomyelin.
Dietary Restriction Exacerbating EGCG Hepatotoxicity Increases Taurine Metabolites and Taurine-Conjugated Bile Acids Levels
In addition to the above metabolic characteristics, we also found that the levels of taurine and taurine-conjugated bile acids increased significantly. Taurine and its metabolites, hypotaurine and taurocyamine, were significantly higher in the dieting/EGCG group than in the dieting or EGCG group (Figure 7A). Taurine-conjugated bile acids, including taurodeoxycholic acid, tauro-b-muricholic acid, taurocholic acid, sodium taurocholate, and taurochenodesoxycholic acid, were not significantly different between the dieting and EGCG groups but increased more than three times in the dieting/EGCG group (Figure 7B). Specific identification information is shown in Supplementary Table S6.
[image: Figure 7]FIGURE 7 | Dieting exacerbating EGCG hepatotoxicity increases taurine metabolites and taurine-conjugated bile acids. (A) Relative abundance of taurine, hypotaurine, taurocyamine. (B) Relative abundance of taurine-conjugated bile acids. *p < 0.05, **p < 0.01, and ***p < 0.001; ns, no significance.
DISCUSSION
With increasing obesity globally, there has been a steady increase in the consumption of GTE for weight loss. EGCG is the main component of GTE, and its big selling point is fat burning. However, the potential mechanism of such claimed weight loss effect of EGCG has not been fully characterized. Thus, we used metabolomics to reveal the effects between EGCG and dietary restriction on mice. The results showed that either EGCG treatment or dieting could regulate lipid metabolism, pentose phosphate pathway and other metabolic pathways, to inhibit fatty acid synthesis and to enhance the oxidation of fatty acid in mice. In addition, either EGCG or dietary restriction could reduce gluconic acid, indicating that pentose phosphate pathway may be inhibited, and nicotinamide adenine dinucleotide phosphate (NADPH), an important raw material for fatty acid elongation, could be reduced, which in turn would lead to the slowdown of fatty acid synthesis. These results suggested that EGCG could simulate the fatty acid consumption effect caused by dieting and had the so-called “fat-burning” effect.
However, the reports of adverse reactions related to HDS for weight loss, especially the liver injury caused by GTE, have increased significantly to a leading cause of HDS-DILI in recent years. It has been shown that a single large dose of EGCG (1,500 mg/kg) can cause liver injury in normal mice (Lambert et al., 2010). As known, drug-induced liver injury is affected by drugs, the host and the environment, of which the host’s state could be an important risk factor (Fontana, 2014). In this study, we observed for the first time that 400 mg/kg EGCG (equivalent to four times the common daily dose) could cause significant increase of transaminase and hepatocyte damage on a dietary restriction mice model; however, in normal mice, the same dose of EGCG did not cause liver injury. The above results suggested that dieting could increase the risk of EGCG-induced liver injury, with the characterization of combined toxicity potentiation. This is the first time that dieting has been proved to be a risk factor for EGCG hepatotoxicity by experimental evidence.
We further investigated the metabolic underlying mechanism wherein dietary restriction could increase the risk of EGCG-induced liver injury. We found that enhancement of fatty acid peroxidation pathway was caused by combining EGCG treatment and dietary restriction. It generated excessive oxidative pro-inflammatory lipid metabolites (9(10)-EpOME, 9,10-DHOME, 12(13)-EpOME, 12,13-DHOME) of linoleic acid. Moreover, the levels of eicosanoid oxidative metabolites (15-deoxy-delta12, 14-PGJ2, leukotriene D4, and thromboxane A2) in the downstream of arachidonic acid increased, which have been shown to promote inflammation and cell damage (Hall et al., 2017). It could be seen that liver injury caused by EGCG and dieting may be related to the increase of pro-inflammatory lipid peroxidation products, which further mediates tissue inflammation and injury. Except for the overlap of metabolic pathways regulation, other mechanisms could lead to the rising risks of EGCG administration during diet. For example, the blood concentration of EGCG increased more than 3.5-fold in the fasting condition that the EGCG exposure of liver tissue lifted in Beagle dogs, thus exacerbating the risk of liver injury (Kapetanovic et al., 2009).
We also characterized some metabolic features related to EGCG treatment plus dietary restriction-induced liver injury. Among them, the disturbances of Lands’ cycle, SM-CM cycle, and bile acids are crucial. Firstly, we observed the significant decrease of LPC and increase of its corresponding PC components in dieting/EGCG group. This feature of disturbance in Lands’ cycle has been reported as an important metabolic feature of various liver injuries such as steatohepatitis or alcoholic liver disease (Matsubara et al., 2011), which illustrated the liver injury phenotype found in our experiment. Similarly, the second metabolic feature—SM level decrease and CM level increase—reflects the disturbance of SM-CM cycle. Notably, the conversation of LPC-PC cycle and SM-CM cycle is controlled by LPCAT and sphingomyelin phosphodiesterase (SMPD, also known as sphingomyelinase), respectively. Such two key metabolic enzymes’ overexpression has been demonstrated as important features of hepatocytes in response to chemical toxin-induced liver injury (Liu et al., 2014). In addition, due to the combined inhibition of EGCG and dietary restriction on fatty acid synthase (FASN) and carnitine palmitoyl transferase-1 (CPT-1), cytoplasmic fatty acyl CoA accumulates and condenses with serine to produce 3-ketosphinganin and is then metabolized by ceramide synthetase to produce CM (Khiewkamrop et al., 2018). CM is a functional sphingolipid, and the upregulation of CM is an important signal for the activation of apoptosis cascade increasing the expression of pro-apoptotic protein Bcl2 and inducing apoptosis of various cells (Siskind et al., 2010). The high abundance of CM could promote ROS production by directly acting on mitochondrial respiratory electron chains (Abadie et al., 2001). It was indicated that increased CM may not only be a metabolomic characteristic of EGCG liver injury, but also participate in the process of liver injury. Last but not least, dysregulated taurine-conjugated bile acids are suggested to play roles in several diseases, which may be related to the high expression of bile acid transporter induced by hepatocyte injury signal.
Taken together, the disturbances of Lands’ cycle, SM-CM cycle, and taurine-conjugated bile acids may be the metabolomic characteristics of EGCG and dieting-induced liver injury, and some active metabolites may also be partially involved in the liver injury process. These metabolic characteristics could be utilized in clinical monitoring of the incidence risk of EGCG hepatotoxicity. Though this paper fully characterizes the metabolic alteration reflecting in vivo biological processes, further causality relationship and mechanism researches are worthy explored.
It is worth pointing out that few reports of liver injury were a result of the consumption of green tea in China, which is significantly different from the situation in the United States. Green tea is mainly used as a beverage in China, with 2–3 g of natural tea leaves soaked in water each time, where the average EGCG content is 0.7% in the natural tea beverage (James et al., 2018). However, in the United States, HDS products using GTEs are made up of complete polyphenols extracted from tea leaves with further purified EGCG or artificially added EGCG, and the EGCG content in some GTE products exceeds 90% (Hopley, 2005). The dose of tea polyphenols ingested when consuming tea is very low and obviously lower than that of GTE products in the United States, which means that we take the daily GTE product containing 800 mg of EGCG as the dosage comparable to drinking 114 g of green tea in one day. In addition, tea is traditionally consumed as a beverage in China; its extracts are not concentrated and used for weight loss, nor is it used for dieting, and people often drink tea before or after meals, so it can be explained from one aspect that green tea does not cause liver injury in China.
CONCLUSION
To summarize, low dose of EGCG can increase fatty acid decomposition and inhibit fatty acid synthesis to a certain extent, which simulates the effect of dietary restriction on fatty acid metabolism and has certain fat loss effect. However, consuming EGCG while dieting could excessively disturb lipid metabolic pathways and lead to liver injury in mice, which indicates that dietary restriction could increase the risk of liver injury caused by EGCG. This happens to be a dilemma for people who plan to lose weight, as dieting and consuming EGCG concurrently may speed up weight loss, but it also leads to a higher risk of liver injury.
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Portulaca oleracea L., known as the “vegetable for long life,” is an annual succulent herb that is widely distributed worldwide. Many clinical and experimental studies have demonstrated that purslane seed (MCXZ) can be used as an adjunctive and alternative therapy for the treatment of diabetes mellitus (DM). However, the underlying active constituents and pharmacological mechanisms through which MCXZ exerts effects in DM remain unclear. In the present study, we confirmed that MCXZ treatment resulted in hypoglycemic activity, lowering the fasting blood glucose and glycated hemoglobin levels in streptozotocin-induced diabetic mice. Then, ultra-high-pressure liquid chromatography coupled with linear ion trap-Orbitrap tandem mass spectrometry was used to systematically analyze the chemical profile of MCXZ, resulting in the identification of 84 constituents, including 31 organic acids and nine flavonoids. Finally, the Integrative Pharmacology-based Research Platform of Traditional Chinese Medicine was employed to analyze the key active components of MCXZ and the molecular mechanisms through which these components acted in DM. Ten key active compounds were identified based on the topological importance of their corresponding putative targets within the known DM-associated therapeutic target network of known MCXZ putative targets. Functionally, these candidate targets play critical anti-hyperlipidemia, anti-hyperglycemia, immunity regulation, and inflammatory roles involving DM-related pathways, such as the vascular endothelial growth factor (VEGF) signaling pathway and Fc gamma R-mediated phagocytosis, which indicated that MCXZ exhibited anti-diabetic activity through multi-faced actions.
Keywords: purslane seed, diabetes mellitus, UHPLC-LTQ-orbitrap, TCMIP v20, molecular network
INTRODUCTION
Diabetes mellitus (DM) represents a major public health issue, causing serious economic burdens for both developed and developing countries (Papatheodorou et al., 2018). The International Diabetes Federation (IDF) reported that approximately 463 million individuals had diabetes worldwide in 2019, including 116 million patients in China, which was ranked first in the world (International Diabetes Federation (IDF), 2019). Persistent hyperglycemia and long-term metabolic disorders may lead to the development of nephropathy, retinopathy, neuropathy, and cardiovascular disease (Zhang H. et al., 2018). Currently, the drugs used to treat DM include biguanide, sulfonylureas, α-glycosidase inhibitors, benzoin acid, and derivative secretagogues, most of which aim to control blood glucose levels and must be used long-term. Gradual increases in the required doses of these drugs can lead to liver and kidney dysfunction, which can be associated with various complications, in addition to those resulting from the disease process (Moukette et al., 2017). Therefore, the development of safer, more effective drugs, especially those derived from natural products, which can provide improved management for blood glucose and diabetes-associated complications, has long been the focus of DM studies.
Traditional Chinese medicine (TCM) is practiced as a form of holistic and personalized medicine and has been shown to effectively lower blood glucose levels, control diabetic complications, and cause fewer side-effects than western medicines, based on syndrome differentiation and treatments (Zhang, 2014) that are multi-component, multi-pattern, and multi-target. As a result, increasing research has focused on the TCM-based treatment of DM. In TCM theory, DM belongs to the category of “Xiao-Ke-Zheng,” which was first recorded in the classical medical text “Huangdi Neijing” over a thousand years ago. Purslane is an annual succulent herb best known as the “vegetable for long life” and is distributed throughout diverse geographical environments worldwide. Purslane seed (MCXZ) has been used as both food and medicine for thousands of years in China (Aberoumand, 2009). Clinically, MCXZ, as an adjuvant combined with other treatments, has been shown to alleviate DM symptoms, including reduced inflammation and improved liver function (El-Sayed, 2011; Dehghan et al., 2016). Chemically, a wide variety of compounds have been identified in MCXZ, including flavonoids, polysaccharides, fatty acids, proteins, glutathione, antioxidants, and vitamins (El-Sayed, 2011). Pharmacologically, MCXZ has been associated with various biological activities, including hypoglycemic (A. Mohamed et al., 2019), hypocholesterolemic (Movahedian et al., 2007), anti-oxidative (Guo et al., 2016), diuretic, antipyretic, analgesic, and anti-inflammatory (Daniel, 2006) processes. Currently, MCXZ is used as an adjuvant treatment for DM to improve glucose tolerance, lipid metabolism disorders, liver functions, and insulin sensitivity and reduce hyperinsulinemia (Mohanapriya et al., 2006; El-Sayed, 2011). However, the potential active components and molecular mechanisms through which MCXZ acts and that may be applied to the direct treatment of DM remain unclear, which limits the clinical applications of MCXZ.
In the current study, an integrative pharmacology approach was used to investigate the active constituents and the underlying pharmacological mechanisms through which MCXZ acts during the treatment of DM. This study combined high-throughput chemical analysis, target prediction, and network construction and analysis, which was performed by following a three-step analytical process (Figure 1). 1) Chemical information databases, including the Encyclopedia of Traditional Chinese Medicine (ETCM) and other electronic databases, were searched for the constituents of purslane. 2) Ultra-high-pressure liquid chromatography coupled with linear ion trap-Orbitrap tandem mass spectrometry (UHPLC-LTQ-Orbitrap) was performed to rapidly characterize the preliminary chemical profile of MCXZ. 3) The TCMIP V2.0 platform was utilized to predict MCXZ putative targets, construct a drug target-disease-gene network based on predicted interactions among MCXZ putative targets and known therapeutic targets associated with DM-related diseases, and identify potential active constituents correlated with the candidate MCXZ targets during the treatment of DM.
[image: Figure 1]FIGURE 1 | Schematic diagram for revealing the active constituents and the underlying pharmacological mechanisms of MCXZ in the treatment of DM by combining high-throughput technology and integrative pharmacology method.
MATERIALS AND METHODS
Chemicals and Materials
Mass spectrometry-grade methanol, acetonitrile, and formic acid were acquired from Fisher Scientific Co. (Loughborough, United Kingdom). Purified water was prepared by a Milli-Q system (Millipore, Billerica, MA, United States). Other reagents used in the experiment were of analytical grade. MCXZ was supplied by Guangzhou Zhongda Pharmaceutical Development Co., Ltd. (Batch NO. 180201; Guangzhou, China). This drug was identified as a dry, mature seed from Portulaca oleracea by the pharmacist Yan Jin (research assistant at the China Academy of Chinese Medical Sciences).
Animals and Experimental Design
Healthy specific-pathogen-free (SPF)-grade male Balb/c mice (body weight: 18.0–21.0 g) were purchased from the Department of Experimental Animal Science, Department of Medicine, Peking University (Beijing, China). The project identification code was 20160010. All animal experiments were approved by the Committee on Animal Care and Use of the Institute of Chinese Materia Medica, China Academy of Chinese Medical Sciences. Before the experiment began, all animals were placed in a standard laboratory environment, during which they were provided free access to food and water. The experiment did not begin until the animals had adapted to the environment for 3 days.
Dried MCXZ was ground into a powder with 80 mesh by a high-speed multi-function grinder (JP-500C, Yongkang Jiupin Industry and Trade Co., Ltd.). Before administration, the powder was dissolved in normal saline containing 0.5% carboxymethyl cellulose sodium to prepare 54.17, 108.33, and 216.67 mg/ml suspensions (Liu, 2018).
Streptozotocin (STZ, 60 mg/kg, dissolved in 0.1 M sodium citrate buffer, pH 4.5) was injected intraperitoneally, continuously for 5 days to induce DM in mice (Goodarzi et al., 2019). To establish the normal control group, 12 healthy mice were injected intraperitoneally with an equal volume of sodium citrate buffer. One week after the last injections, the mice were fasted for 5 h, after which blood was collected from the tail vein, and the fasting blood glucose (FBG) levels were measured using a blood glucose monitor (GT-1980. Aikelai Medical Electronics (Pinghu) Co., Ltd.). Mice with FBG levels greater than 11.1 mmol·L−1 were considered to be successful DM model mice. All successfully modeled DM mice were randomly divided into five groups according to body weight and FBG: Model (STZ) group, Met (metformin hydrochloride) group, and MCXZ low-, medium-, and high-dose groups (n = 12 for each group). The dose of metformin hydrochloride used was 130 mg/kg body weight (BW)/day; the low, medium, and high doses of MCXZ powder were 812.5, 1,625, and 3,250 mg/kg BW/day, respectively. The normal control group and model group were administered an equivalent volume of 0.9% NaCl. All groups were treated through intragastric administration for four consecutive weeks.
FBG (fasted for 5 h) was detected every 2 weeks for 4 weeks. At the end of the experiment, the mice were fasted for more than 12 h, and then eye blood samples were collected. Blood samples were collected in blank sterile tubes and allowed to coagulate at room temperature for 1 h. Then, whole blood was centrifuged at 3,500 rpm for 15 min. The serum was separated and stored at −80°C for further studies.
Measurement of Glycated Hemoglobin (HbAlc)
A specific enzyme-linked immunosorbent assay (ELISA) kit (Cusabio, batch number: M03033575) was used to quantify HbAlc from serum samples. This assay employs the competitive inhibition enzyme immunoassay technique. The experiment was performed according to the manufacturer’s instructions.
Histopathological Evaluation of Liver and Kidney Tissues
The liver and kidney tissues were removed and immersed in 4% formalin for 72 h at 4°C. To analyze the histopathological changes that occurred in the liver and kidney, sections from paraffin-embedded tissues were stained with hematoxylin and eosin and captured under a light microscope (Olympus, BX51, Japan).
Chemical Information Database for the Compounds Found in Purslane
The chemical compound database information associated with purslane primarily included chemical name, molecular formula, molecular weight, structural formula, and other information. The chemical components associated with purslane were collected from existing databases, using “Portulaca oleracea” as the keyword. These databases included the Encyclopedia of Traditional Chinese Medicine (ETCM, http://www.nrc.ac.cn:9090/ETCM/), which contains information about a total of 7,274 herbal ingredients (Xu et al., 2019). Other resources included electronic databases such as PubMed (https://pubmed.ncbi.nlm.nih.gov/, update on 2019) and CNKI (China Journals of Full-text database; https://www.cnki.net/, update on 2019). Detailed information regarding the identified compounds in purslane is presented in Supplementary Table S1.
Preparation of Sample Solutions
MCXZ was ground into a powder with 40 mesh, and 1 g of powder was accurately weighed. The powder was dissolved in 10 ml 70% methanol and submitted to ultrasonic extraction for 40 min. The extracts were centrifuged for 12 min (at 12,000 rpm), and the supernatant was separated. The sample solution was subjected to 0.22-mm nylon membrane filtration and analyzed directly by UHPLC-LTQ-Orbitrap.
LC System
Sample analysis was performed using the Thermo Accela UHPLC system (Thermo Fisher Scientific, San Jose, California, United States). Chromatographic separation was performed on a maintained reverse-phase column Waters HSS T3-C18 (2.1 × 100 mm, 1.8 µm). The mobile phase was a mixture of methanol (A) and 0.1% formic acid in water (B). The following elution gradient was used: 0–5 min, 3%–10% A; 5–25 min, 10%–40% A; 25–35 min, 40%–60% A; 35–45 min, 60%–80% A; 45–50 min, 80%–95% A; 50–60 min, 95% A. The flow rate was set to 0.3 ml/min, and the injection volume was 1 µL.
Mass Spectrometry and Data Processing
For LC-ESI-MSn experiments, the samples were detected in the positive and negative ion modes by electrospray ionization (ESI) source and were scanned in one-stage and multi-stage modes separately. The parameters for the ESI source were as follows: ion source voltage, 3.5 kV; capillary temperature, 350°C; sheath and auxiliary gas pressure, 0.24 and 0.07 MPa, respectively; ion source temperature, 350°C. The sheath and auxiliary gas was nitrogen in both cases. The mass axis of MS was calibrated using an external standard method (the mass error was less than 5 ppm); mass calibration positive ion selection: 74.09643, 3.06037, 195.08465, 262.63612, 524.26496, and 1,022.00341; negative ion selection: 230.10174, 249.15299, and 407.28030. The MS1 was fully scanned and acquired in the range of 50–1,500 m/z, with a resolution of 30,000. The MS2 uses a data-dependent scan (DDS). The three peaks with the highest abundance were selected for collision-induced dissociation to obtain MS2 data.
Mass Frontier 6.0 (Thermo Fisher Scientific) software and Xcalibur 2.1 (Thermo Fisher Scientific) software were employed for data analysis. The accuracy error threshold was fixed at 10 ppm.
Prediction of Putative MCXZ Targets
According to the results of MCXZ component recognition, the corresponding targets were obtained through target prediction and functional analyses of TCM (including prescriptions) using the Integrative Pharmacology-based Research Platform of Traditional Chinese Medicine (TCMIP V2.0 http://www.tcmip.cn/TCMIP/index.php) (Xu H. Y. et al., 2017). The principle underlying target prediction is the use of MedChem Studio (version 3.0) software to search DrugBank for the structural similarities between the two-dimensional structures of chemical components and the certified drug (Approved), followed by scoring the similarity using the Tanimoto coefficient. When the similarity score was ≥0.8 (moderate-high similarity), the potential targets for the MCXZ chemical components were obtained.
Prediction of Known Therapeutic Genes Acting on DM
The candidate therapeutic genes associated with DM were collected from the TCMIP V2.0 database using “Diabetes Mellitus” as the keyword. The platform integrates HPO, OMIM, TTD, Drugbank, DisGeNET, ORPHANET, and other drug, biological, and symptom databases.
Protein–Protein Interaction Data
Protein–protein interactions (PPIs) were obtained by importing putative MCXZ targets and DM-related genes into the STRING database (http://string-db.org/, version 11.0). To ensure the accuracy of the results, the species was set to “Homo sapiens,” and the confidence was set to 0.4.
Network Analysis and Visualization
To scientifically explain the complex relationships between putative MCXZ targets and known DM-related genes and to identify key nodes, Cytoscape software (version 3.7.1, Boston, MA, United States) was used to create an interaction network between identified components, putative targets, and known DM-related genes. This complex network analysis method includes data integration, analysis, and visualization. The Network Analyzer in Cytoscape software was then used to calculate the three topological parameters of each node gene, including “degree,” “betweenness,” and “closeness.” The core nodes of the interaction network between MCXZ and DM-related targets were obtained by selecting those targets with degree values greater than 2-fold the median value and the key core target network through which MCXZ acts on DM was acquired by selecting nodes that meet all three topological parameters simultaneously. These three topological parameters are typically used to evaluate the topological importance of nodes in molecular interaction networks. The higher the center of a node, the more important that the node was to the network (Mao et al., 2019).
Pathway Enrichment Analysis
To elucidate the biological functions of putative MCXZ targets, the targets were introduced into DAVID (https://david-d.ncifcrf.gov/, version 6.7), and pathway enrichment analysis was conducted on targets within the network using the Kyoto Encyclopedia of Genes and Genomes database (KEGG, http://www.genome.jp/kegg/). Relevant pathways with p-values < 0.05 were selected as significant pathways.
Quantitative Real-Time Reverse Transcriptase-Polymerase Chain Reaction (qRT-PCR)
Total RNA was isolated from pancreatic tissue using RNAiso Plus (TaKaRa, Tokyo, Japan). The PCR reaction procedures were performed as follows. Stage 1: Pre-denaturation, one cycle at 95°C for 5s. Stage 2: PCR reaction, 40 cycles at 95°C for 10s and 60°C for 30s. Stage 3: 1 cycle heating from 60°C–95°C, at 0.05°C/s. The relative expression levels of vascular endothelial growth factor (VEGF), erb-b2 receptor tyrosine kinase 2 (ErbB2), androgen receptor (AR), and protein kinase B (Akt1) were calculated using the 2−ΔΔCt method. β-actin (ACTB) was used as the internal control. All quantitative real-time reverse transcriptase-polymerase chain reaction (qRT-PCR) experiments were repeated three times. The primer sequences used in this study were as follows: VEGF-F, 5′-CCT GGG AAA TGT GCC TGT GA-3′ and VEGF-R, 5′-ATT CGC ACA CGG TCT GT-3’; ErbB2-F, 5′-ATT GGC TCT CAT TCA CCG CA-3′ and ErbB2-R, 5′-CCA AGC CCT CAA GAC CAC AT-3’; Akt1-F, 5′-GAT AAC GGA CTT CGG GCT GT-3′ and Akt1-R, 5′-CGG CCA CAC ATC TCG TA-3’; androgen receptor (AR)-F, 5′-GCC CGA ATG CAA AGG TCT TC-3′ and AR-R, 5′-CCC AGA GCT ACC TGC TTC AC-3’; ACTB-F, 5′-AGG GAA ATC GTG CGT GAC AT-3′ and ACTB-R, 5′-AAC CGC TCG TTG CCA ATA GT-3’.
Statistical Analysis
All data were analyzed by SPSS 25.0 software (SPSS Inc., Chicago, IL, United States). Data were expressed as the mean ± standard error of the mean (SEM). The results were presented using GraphPad Prism 7.0 software (GraphPad Software, San Diego, CA, United States). Significant differences between normally distributed gene expression data were determined by one-way analysis of variance (ANOVA). The FBG and HbA1c data, which were not normally distributed, were analyzed using the nonparametric Kruskal-Wallis test. p < 0.05 was considered significant.
RESULTS
Effects of MCXZ on FBG and HbAlc Levels in DM Model Mice
As shown in Figure 2A, the FBG concentrations were significantly increased in diabetic model mice (model group) compared with those in normal mice (control group), whereas the MCXZ and Met groups showed significantly reduced FBG concentrations compared with that in the model group.
[image: Figure 2]FIGURE 2 | MCXZ alleviates the symptoms of the mice with DM. (A)MCXZ reduce the FBG of the mice with DM. (B)MCXZ downregulated the level of HbA1c in the serum of mice with DM. MCXZ-L, MCXZ low dose group 812.5 mg/kg; MCXZ-M, MCXZ middle dose group 1625 mg/kg; MCXZ-H, MCXZ high dose group 3250 mg/kg. Data are mean ± SD.***p < 0.001, **p < 0.01 vs. Control; ####p < 0.0001, ##p < 0.01, #p < 0.05 vs. the modle group; n = 8–12 animals per group.
Meanwhile, to further examine the effects of MCXZ on DM, HbAlc levels were detected using an ELISA kit. HbA1c is currently considered the gold standard for glucose monitoring in patients with DM and has been increasingly adopted as a criterion for DM diagnosis. HbA1c levels were substantially increased in the diabetic model mice (model group) compared with those in normal animals (control group). Compared with the model group, mice treated with MCXZ showed significantly decreased HbA1c levels (Figure 2B). Surprisingly, the hypoglycemic effect observed in the low-dose MCXZ group was better than those observed in the medium- and high-dose groups.
Effects on Liver and Kidney Tissue Histopathology
As shown in Figure 3, compared with the control group, the structures of the liver and kidney tissues were not significantly altered in any of the experimental groups, including the Model, Met, MCXZ-L, MCXZ-M, and MCXZ-H groups.
[image: Figure 3]FIGURE 3 | The effects of MCXZ on liver and kidney histopathological injury (× 40).
Identifification of the Primary Compounds Found in MCXZ Using UHPLC‐LTQ‐Orbitrap
The systemic characterization of chemical profiles is an important precondition for determining the pharmacological mechanisms through which TCM agents exert their effects. To perform this characterization in MCXZ, the UHPLC-LTQ-Orbitrap method, together with the ETCM database, was initially applied for the rapid and high-throughput identification of MCXZ compounds (both known and unknown) in the present study. The UHPLC-LTQ-Orbitrap method combines efficient separation and strong structural characterization abilities to achieve the high-resolution acquisition of parent and daughter ion data, both quickly and simultaneously, to obtain multi-stage mass spectrometry fragment information, which can significantly improve the ability to rapidly identify and analyze the chemical components of complex systems, such as those used in TCM (Wang et al., 2015). The ETCM contains 7,274 herbal ingredients. Any identified molecular formulas that are not included in the purslane chemical components database may represent either known compounds that have not previously been associated with purslane or new compounds; compounds can be searched in his database and confirmed against various types of information. The total ion chromatograms (TIC) of MCXZ were presented in Figure 4, corresponding to the positive and negative signals.
[image: Figure 4]FIGURE 4 | Total ion chromatogram of MCXZ detected by UHPLC-LTQ-Orbitrap. (A): Positive ion detection mode; (B): Negative ion detection mode.
During the identification process, the compounds were first analyzed and identified in positive ion mode, and then further analyzed and verified in negative ion mode. Compounds in MCXZ were identified or tentatively characterized according to their retention times and MSn data, which are summarized in Table 1. The specific method used Xcalibur 2.1 to extract molecular ion peaks from first-order, high-resolution, mass spectrometry data, which were then matched with the high-precision excimer ions in the purslane chemical compound database (the collected compounds were calculated by [M-H]−, [M + CH3COO]−, [M]+, [M + H]+, and [M + Na]+]. All possible compounds were obtained with a mass error of 5.0 ppm. The MSn information could also be compared against the precise relative molecular mass, fragmentation patterns, and pathways reported in the related literature to identify compounds (Sun et al., 2014; Yu et al., 2016). Using the described sample treatment methods and analytical conditions, a total of 84 compounds were analyzed and identified in MCXZ using both positive and negative ion modes, including 31 organic acids, 22 alkaloids, nine flavonoids, eight coumarins, et al.
TABLE 1 | Identification of chemical compounds in MCXZ by UHPLC-LTQ-Orbitrap.
[image: Table 1]For example, flavonoids respond in both positive and negative ion modes, and molecular ions exist in (M + H)+, (M + Na)+, and (M-H)− form during primary mass spectrometry. High-precision quasi-molecular ions for Compound 68 were obtained in both positive and negative ion modes, at m/z 255.0659 and 253.0862, respectively, which was identified as daidzein (C15H10O4) based on comparisons with the chemical composition database. Meanwhile, in positive ion mode, the MSn information showed that the (M + H)+ ion of daidzein at m/z 255 was fragmented by the continuous loss of 28 Da (-CO) at m/z 227 and 56 Da (-2CO) at m/z 199 (Figures 5A,B). In negative ion mode, the MSn information showed that the (M-H)− ion of daidzein at m/z 253 was fragmented by the loss of 44 Da (-CO2)at m/z 209 and 56 Da (-2CO) at m/z 197 (Figures 5C and 5D), which was consistent with the results of previous studies (Fang et al., 2013). The above fragmentation pathways provide insights that enable us to speculate on the structures of other flavonoids and their derivatives, such as genistein and kaempferol.
[image: Figure 5]FIGURE 5 | MS2 spectrum of Flavonoids and main mass spectrometry fragmentation pathways. MS2 spectrum and fragmentation pathways of daidzein in positive ion mode (A) (B). MS2 spectrum and fragmentation pathways of daidzein in negative ion mode (C) (D).
Putative Targets and the Potential Molecular Basis of the Traditional Efficacy Observed During MCXZ Treatment
The TCMIP V2.0 integrated the ETCM database with a series of authoritative algorithms, including the calculation of physicochemical properties, target prediction, network analysis, and visualization. The TCMIP V2.0 had been used as a powerful platform to construct multi-dimensional correlations for in-depth studies of the molecular mechanisms of TCM (Xu H. Y. et al., 2017). In this study, TCMIP V2.0 was used to perform target prediction for MCXZ.
A total of 84 compounds were identified in MCXZ, which were introduced into TCMIP V2.0 to perform target prediction, resulting in a total of 251 putative predicted targets. Detailed information regarding the identified putative MCXZ targets can be found in Supplementary Table S2. The functional enrichment analysis of the predicted MCXZ targets was performed using the KEGG database, the pharmacological effects of the pathways were determined by consulting the literature, and the relationships between pharmacological effects and traditional efficacy were analyzed. Network analysis and visualization were performed using Cytoscape software (Figure 6).
[image: Figure 6]FIGURE 6 | Explain the correlation among the chemical components of MCXZ and the therapeutic efficacy of TCM theory was analyzed based on network pharmacology. Green node indicates the chemical components contained in MCXZ; Blue node refer to the targets of MCXZ; Purple node refers to the pathways involved by MCXZ putative targets; the yellow node refers to the pharmacological action of MCXZ; Red node refers to the therapeutic effect of MCXZ according to the theory of TCM.
According to the functional analyses performed for the putative targets and associated pathways affected by MCXZ, combined with the known therapeutic effects of MCXZ in TCM theory, the functional effects of MCXZ could be divided into two modules. The first module includes clearing the liver and improving vision, which is associated with improving endocrine/metabolic system functions (Guan et al., 2019). The second module resolves dampness, which has anti-cancer (Chen and Wang, 2010), antidiuretic (Liu et al., 2012), and sedative (Zhang, 2016) effects. Surprisingly, both functions include anti-inflammatory, anti-microbial, immunomodulatory (Shi et al., 2019), antihyperlipidemic, hypoglycemic (Feng, 2011; Guan et al., 2019), antioxidant (Qi and Li 2018; Chen, 2020), and apoptotic effects.
Underlying Mechanisms Through Which MCXZ Acts on DM
According to the disease-related gene database in TCMIP V2.0, 239, the present study identified DM-related genes, shown in Supplementary Table S3. To explore the potential mechanisms through which MCXZ acts on DM, an interaction network, based on the STRING database and the putative MCXZ target-DM-related gene interactions (Figure 7) was constructed, and the topological network parameters were calculated. Supplementary Table S4 provides detailed information regarding the proposed interactions between putative MCXZ targets and DM-related genes. The network consists of 420 nodes and 4,793 edges.
[image: Figure 7]FIGURE 7 | Shows the correlation among the chemical components, candidate targets, involved pathways, and corresponding pharmacological effects of MCXZ. The green node represents the chemical components contained in the MCXZ; the Blue node refers to the candidate targets of MCXZ; the Yellow node refers to the known DM-related genes; the Purple nodes refer to the regulatory pathways of MCXZ candidate targets; the Red node refers to the corresponding pharmacological effects of the main pathways of MCXZ in the treatment of DM.
To determine the hub nodes, which may have high value and perform important functions, we calculated the values of the nodes within the putative MCXZ target-DM-related gene interaction network. Consequently, 78 nodes were selected as hubs due to degree values that were greater than 2-fold the median value of all nodes in the network. Based on the direct connections between hubs, an interaction network composed of 78 hubs and 1,079 edges was established (Supplementary Table S5). After calculating the topological parameters (degree, betweenness, and closeness) of each hub, 75 major hub nodes were selected as key targets because the three topological parameters for them exceeded the corresponding median values. Among these hubs, 35 major hub nodes were known DM-related genes, of which 44 were putative targets of MCXZ and were considered to be candidate MCXZ targets for the treatment of DM. Supplementary Table S6 provides details for the 44 targets presumed to be targeted by MCXZ.
The biological functions and pathways of MCXZ target candidates for DM therapy were studied using enrichment analysis, based on the KEGG database. MCXZ appears to treat DM primarily by improving the endocrine/metabolic system, in addition to exerting anti-inflammatory, anti-microbial, immunomodulatory, antihyperlipidemic, hypoglycemic, apoptotic, and other pharmacological effects. The key DM-associated KEGG pathways involved in these pharmacological activities included Type II diabetes mellitus and inflammatory and immune-related pathways such as the Fc epsilon RI signaling pathway, Fc gamma R-mediated phagocytosis, VEGF signaling pathway, T cell receptor signaling pathway, Toll-like receptor signaling pathway, and Calcium signaling pathway. It also involved multiple endocrine/metabolic system-related pathways, including Glutathione metabolism, Metabolism of xenobiotics by cytochrome P 450, Drug metabolism, and Arachidonic acid metabolism, as well as Apoptosis-related pathways, such as ErbB signaling pathway and Apoptosis (Figure 7).
Expression of Akt1, VEGF, ErbB2, and AR mRNA
The accuracy of network pharmacology prediction results was verified by detecting the expression levels of key genes, including Akt1, VEGF, ErbB2, and AR, which are involved in the VEGF and ErbB signaling pathway.
In the pancreatic tissue of diabetic model mice (model group), the expression levels of Akt1, VEGF, ErbB2, and AR mRNA were significantly increased (p < 0.05) compared with those in normal mice (control group). In contrast, after 4 weeks of treatment with MCXZ, the expression levels of Akt1, VEGF, ErbB2, and AR mRNA significantly decreased compared with those in the model group (p < 0.05, Figure 8).
[image: Figure 8]FIGURE 8 | The genes expressions of Akt1(A), VEGF(B), ErbB2(C) and AR(D) in Control, DM, Met and MCXZ treated groups. Data are mean ± SD. *p < 0.05 vs. Control; ###p < 0.001, ##p < 0.01, #p < 0.05 vs. the modle group; n = 3 animals per group.
DISCUSSION
DM has become a common and high-risk disease in modern times. Due to unhealthy lifestyles (e.g., poor diet, low physical activity, and sedentary behavior) (Mozzillo et al., 2017), patients with DM tend to be younger. According to the IDF, currently, 463 million individuals suffer from DM, a number that is expected to reach 592 million by 2035 (Liu et al., 2019). At present, the drugs used to treat DM typically aim to control blood glucose levels, and most of these drugs lack the sufficient ability to prevent and control disease symptoms, with reduced efficacy over time (Moukette et al., 2017). Therefore, researchers have begun to search for new compounds, especially among natural products, to better control blood glucose levels and associated complications.
MCXZ is widely distributed in tropical, subtropical, and temperate regions. Due to strong adaptability to changes in environmental conditions, the germplasm resources of MCXZ are relatively abundant. Studies have shown that MCXZ could be used as an effective and safe adjuvant therapy among DM subjects (El-Sayed, 2011). In this study, we found that MCXZ alone was able to directly reduce the levels of FBG and HbA1c in STZ-induced DM model mice, and the hypoglycemic effect of the low-dose MCXZ group was found to be better than the middle- and high-dose groups, which may be attributed to lower drug concentrations being more beneficial to digestion and absorption by the gastrointestinal tract.
All experimental data indicated that MCXZ induced anti-hyperglycemic effects and no histopathological damage was observed in the liver or kidney of mice after MCXZ administration, which is consistent with the literature. Chavalittumrong et al. studied the toxicity of purslane and found no histopathological damage to the brain, heart, kidney, liver, spleen, lung, kidney, or other tissues, indicating that purslane had no obvious toxic effects on the examined internal organs (Chavalittumrong et al., 2004).
To explain the material basis and molecular mechanisms of MCXZ treatment in DM, high-throughput technology (UHPLC-LTQ-Orbitrap) and the ETCM database were used to characterize the chemical components of MCXZ quickly and systematically. A total of 84 chemical components were identified, including 34 organic acids, 21 alkaloids, nine flavonoids, and seven coumarins. Some of these compounds have previously been used in the treatment of DM, such as genistein, levodopa, daidzein, 2,4-nonadienal, syringin, glutathione, kaempferol, dopamine, lupeol, and noradrenaline. Several studies have shown that genistein was able to improve dysfunctional hepatic gluconeogenesis in DM (Dkhar et al., 2018). Diabetic retinopathy is a common complication of DM, and clinical studies have also shown that the combined use of levodopa and carbidopa can reverse retinal dysfunction (Motz et al., 2020). Noradrenaline can promote insulin secretion by islet glands and regulate glucose metabolism, reducing and maintaining the stability of blood glucose levels (Zhang and Sun, 1991). Studies have shown that daidzein improved insulin resistance, dyslipidemia, and inflammation and was able to prevent DM and its related complications (Das et al., 2018). The anti-diabetic mechanism of kaempferol may be related to the ability of this substance to promote glucose metabolism and inhibit hepatic gluconeogenesis. (Alkhalidy et al., 2018). Syringin has been shown to treat DM by increasing glucose utilization and reducing plasma glucose levels in rats with insulin deficiency (Niu et al., 2008). Lupeol significantly reduced the level of blood glucose and oxidative stress in DM model rats, indicating that lupeol might have hypoglycemic activity and be useful for the treatment of DM (Malik et al., 2019).
A total of 251 putative MCXZ targets were identified using the TCMIP V2.0 database, and the relationships between the putative MCXZ targets and traditional efficacy were analyzed. The pharmacological effects of the predicted MCXZ targets and pathways are closely related to traditional efficacy. MCXZ exerts a hypoglycemic effect through the “clear the liver and improve vision” and “resolve dampness” functions, according to TCM theory, and the possible use of MCXZ in the treatment of DM was preliminarily analyzed (Ren et al., 2017). Furthermore, the interactions between potential MCXZ targets and DM targets were analyzed, and relevant pathways were identified by performing KEGG pathway enrichment analysis. A multi-level association network diagram, showing the “TCM–key active ingredients–core target–key pathways–pharmacological actions–disease effects” relationships were drawn to clarify the pharmacological basis and potential molecular mechanisms through which MCXZ exerts its effects in the treatment of DM.
After combining data from previous publications and performing a multi-dimensional network analysis, we preliminarily determined the potential pathways and targets through which MCXZ is likely to act for the treatment of DM (Figure 7). In summary, even after excluding Type II diabetes mellitus as a direct DM pathway, several pathways were identified that could indirectly affect DM and DM-associated complications. VEGF promotes angiogenesis, and an increasing number of studies have shown that VEGF plays an important role in the development of diabetic microvascular complications, such as diabetic retinopathy, skin ulcers, and kidney disease. The inhibition of VEGF expression, the prevention of VEGF receptor binding, and the inhibition of downstream signaling pathways can successfully inhibit the development of diabetic microvascular complications (Li et al., 2017; Zhou et al., 2017).
Fc gamma R-mediated phagocytosis, which is a classical immune regulatory process, may represent a key pathway for the prevention and treatment of DM. Experiments have shown that the activation of Fc gamma R-mediated phagocytosis affects the balance of glucose metabolism. Blocking Fc gamma R-mediated phagocytosis was shown to reduce DM occurrence (Feng et al., 2019).
DM has been associated with a high risk of developing cognitive impairment, and studies have shown that the Calcium signaling pathway affected gut microbiota, which improved cognitive impairment in patients with DM (Zhang et al., 2020). The primary functions of toll-like receptors include the induction of inflammatory responses and the establishment of adaptive immunity. Studies have shown that toll-like receptors play major roles in the pathogenesis of inflammation-mediated insulin resistance. Taha et al. analyzed 30 DM patients with impaired glucose tolerance and 30 healthy individuals and found a correlation between high levels of toll-like receptor four expression and DM occurrence (Taha et al., 2018).
The glutathione metabolism signaling pathway serves to present oxidative stress-induced injuries and is involved in glucose-induced insulin secretion. Increasing the glutathione concentration in plasma can improve peripheral insulin levels, reduce oxidative damage, and increase insulin sensitivity in diabetic patients (Yang, 2019). The ErbB signaling pathway functions to protect the myocardium, inhibit myocardial fibrosis, and promote angiogenesis. The activation of this pathway might be able to protect against the development of diabetic cardiomyopathy (Han et al., 2019). Other studies have shown that blocking the activation of epidermal growth factor receptor (EGFR) can inhibit the infiltration and oxidative stress of kidney immune cells, increase islet autophagy activity, and improve diabetic nephropathy (Li et al., 2018).
The core targets involved in these pathways include phosphoinositide-3-kinase regulatory subunit 1 (PIK3R1), serine protease 1 (PRSS1), peroxisome proliferator-activated receptor gamma (PPARG), protein kinase C beta (PRKCB), mannose-binding lectin 2 (MBL2), adrenoceptor beta 3 (ADRB3), tumor necrosis factor (TNF), protein kinase cAMP-activated catalytic subunit alpha (PRKACA), and estrogen-related receptor alpha (ESRRA) (Figure 7). Notably, these nine core target proteins are all known DM candidate targets, and studies have confirmed that they play key roles in relieving major DM symptoms. Studies have demonstrated a critical role for PIK3R1 in insulin signal transduction, which is closely related to the occurrence of insulin resistance (Karadoğan et al., 2018). Studies have confirmed that activating PPARG could significantly improve systemic insulin sensitivity and glucose metabolism (Yang and Chan 2016). PPAR-γ, which is encoded by PPARG, is a transcription factor that can be activated by multiple ligands and is widely distributed in adipocytes and immune cells, where it has been shown to promote the differentiation of white adipocytes, increase the number of insulin receptors, promote the transcription of genes associated with insulin signal transduction, and enhance insulin signal transduction. Therefore, the effects of DM can be attenuated by activating PPAR-γ (Gao et al., 2016). PRKCB is involved in the regulation of the B cell receptor signaling pathway, apoptosis induced by oxidative stress, insulin signaling transduction, and endothelial cell proliferation (Wu et al., 2019b).
MBL2 is a member of the lectin family, which has been associated with immune dysfunction and is commonly expressed in immune disorder-related diseases. Recently, MBL2 has been found to play a role in the development of insulin resistance and gestational DM, and functional variations in MBL2 can increase DM susceptibility (Muller et al., 2010). ADRB3 is an obesity-associated gene that plays a key role in the regulation of energy balance. In many ethnic groups, the Arg64 allele in ADRB3 is associated with the early onset of abdominal obesity and non-insulin-dependent DM (Takenaka et al., 2012). Adipose tissue is an enormously active endocrine organ that secretes various hormones and classical cytokines, such as TNF-α and interleukin (IL)-6. Studies have shown that the upregulation of TNF-α plays an important role in the induction of insulin resistance, which is associated with obesity and DM (Jaganathan et al., 2018). PRKACA is involved in the regulation of lipid and glucose metabolism in addition to the insulin signaling pathway (Chi et al., 2019). ESRRA is a key regulator of mitochondrial metabolism, able to regulate the absorption of energetic substances, the production and transport of ATP on the mitochondrial membrane, and the response of the body to energy (Dufour et al., 2007). Increased ESRRA-activated oxidative phosphorylation in the skeletal muscle of DM patients has been shown to improve blood glucose regulation in DM patients (Mootha et al., 2004).
To verify the accuracy of the predicted network pharmacology results, we detected the expression levels of the key genes Akt1, VEGF, ErbB2, and AR, which are members of the VEGF and ErbB signaling pathways. We found that DM upregulated the expression levels of Akt1, VEGF, ErbB2, and AR in pancreatic tissue, which is consistent with other literature (Li et al., 2019; Momeny et al., 2019; Srivastava et al., 2019; Zhang et al., 2019).
The results of the present study provide mechanistic insights into the effects of MCXZ in the treatment of DM (Figure 9). Our findings indicated that MCXZ might play a role in the treatment of DM in a multi-component, multi-target, and multi-pathway manner, which reflects the therapeutic characteristics of TCM.
[image: Figure 9]FIGURE 9 | Schematic Illustration of the main pathways of MCXZ in the treatment of DM.
CONCLUSION
In conclusion, this study provides evidence to support MCXZ as a promising TCM agent, which can lower blood glucose levels without being associated with negative side effects. MCXZ likely acts in DM by affecting PIK3R1, TNF, PRKACA, and other targets associated with insulin resistance and inflammation through the actions of various chemical components, including genistein, levodopa, and daidzein, which regulate multiple pathways, such as Type II diabetes mellitus, VEGF signaling pathway, Toll-like receptor signaling pathway, and Calcium signaling pathway. These findings were consistent with the existing literature on DM, which was able to describe the molecular mechanisms through which MCXZ acts to treat DM and its complications. This study not only elucidates the effective application of TCM from a macro point of view, but the potential molecular mechanisms of action were also able to be identified from a micro perspective, combining the advantages of TCM theory with modern medical research. However, this study was based on predictions associated with existing research results, and these potential effects must be verified and confirmed through further research.
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Objective: The technology, network pharmacology and molecular docking technology of the ultra performance liquid chromatography-quadrupole time-of-flight tandem mass spectrometry (UPLC-Q-TOF-MS/MS) were used to explore the potential molecular mechanism of Platycodon grandiflorum (PG) in the treatment of lung cancer (LC).
Methods: UPLC-Q-TOF-MS/MS technology was used to analyze the ingredients of PG and the potential LC targets were obtained from the Traditional Chinese Medicine Systems Pharmacology database, and the Analysis Platform (TCMSP), GeneCards and other databases. The interaction network of the drug-disease targets was constructed with the additional use of STRING 11.0. The pathway enrichment analysis was carried out using Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) in Metascape, and then the “Drug-Ingredients-Targets-Pathways-Disease” (D-I-T-P-D) network was constructed using Cytoscape v3.7.1. Finally, the Discovery Studio 2016 (DS) software was used to evaluate the molecular docking.
Results: Forty-seven compounds in PG, including triterpenoid saponins, steroidal saponins and flavonoids, were identified and nine main bioactive components including platycodin D were screened. According to the method of data mining, 545 potential drug targets and 2,664 disease-related targets were collected. The results of topological analysis revealed 20 core targets including caspase 3 (CASP3) and prostaglandin-endoperoxide synthase 2 (PTGS2) suggesting that the potential signaling pathway potentially involved in the treatment of LC included MAPK signaling pathway and P13K-AKT signaling pathway. The results of molecular docking proved that the bound of the ingredients with potential key targets was excellent.
Conclusion: The results in this study provided a novel insight in the exploration of the mechanism of action of PG against LC.
Keywords: lung cancer, molecular mechanism, network pharmacology, Platycodon grandiflorum, ultra performance liquid chromatography-quadrupole time-of-flight tandem mass spectrometry
INTRODUCTION
Lung cancer (LC) is a malignant tumor with the highest morbidity and mortality worldwide, mostly in male than in female, indeed known as “the king of cancer” (Shao and Zhang, 2020). At present, surgery, chemotherapy and radiotherapy are the main treatments to combat LC, but their side effects are numerous and unavoidable and the clinical prognosis is not ideal. The development of traditional Chinese medicine (TCM) included the discovery and used of anti-cancer drugs; thus, it has attracted more and more attention. TCM adopts syndrome specific treatments, TCM combined with chemotherapy and other methods, with less toxic side effects. For this reason, TCM prescriptions achieved good results in clinical practice (Bai et al., 2017; Wang and Li, 2019). Therefore, the research and development of new TCM to combat LC would be of great significance.
Platycodon grandiflorum (PG) is a plant belonging to the family of campanulaceae, and the dried root is used in TCM to regulate the lung meridian. PG exerts the effect of smoothing lung, dispelling the phlegm, and expelling the pus, and represents the main treatment to cure sore throat, vomiting due to a purulent carbuncle infection in the lung, hypochondriac pain in the chest and other syndromes (Chinese Pharmacopoeia Commission, 2020). The properties of PG were first published in Shennong Materia Medica Classic. PG is mainly growing in the Northeast China, Central China and Guangdong, and the components of PG are different in different areas. Shandong is one of the authentic areas cultivating PG. The roots of PG from Shandong are longer, less bifurcated and with a high content of active components (Zhu et al., 2013). According to the TCM, PG mainly acts on the lung and its related parts, with an antitussive and expectorant effect, and good therapeutic effect on LC (Yim et al., 2016; Li et al., 2019; Deng et al., 2020). However, its mechanism of action in the treatment of LC is not clear.
UPLC-Q-TOF-MS/MS is a high-throughput analytical technology rapidly developed in the past decade, which is widely used in medicine, drug research and other fields (Jin et al., 2018; Ren et al., 2020). Network pharmacology is a theory based on systems biology, which emphasizes the multi-pathway regulation of signaling pathways, thus in agreement with the multi-component-multi-target characteristics of TCM (Yang et al., 2019; Zhang et al., 2019; Ye et al., 2020). Therefore, in this study, the components of the PG roots cultivated in the Shandong Province were analyzed, and then the “Drug-Ingredients-Targets-Pathways-Disease” (D-I-T-P-D) network was constructed according to the relevant principles and methods of network pharmacology to explore the potential molecular mechanism used by PG to treat LC. Our aim was to identify a new drug through the development of the potential of PG to provide a theoretical basis for its clinical application. The flow chart of the approach used in this study is shown in Figure 1.
[image: Figure 1]FIGURE 1 | A comprehensive strategy diagram the chemical ingredients analysis, targets prediction, and network calculation for investigation the mechanism of action of Platycodon grandiflorum on lung cancer.
MATERIALS AND METHODS
Chemicals and Materials
Methanol, acetonitrile, and formic acid used for high performance liquid chromatography (HPLC) were purchased from ACS (Washington D.C., MD, United States). Methanol for herb extraction was purchased from Xilong Scientific Co., Ltd (Guangdong, China). Ultrapure water was obtained from a Milli-QB system (Bedford, MA, United States). PG root pieces (simply defined as PG pieces according to the Chinese Pharmacopoeia 2015 edition that assumes that PG is the root) were purchased from Jiangxi Jiangzhong Herbal Pieces Co., Ltd (Jiangxi, China; batch number: 181024). The original PG medicinal material was purchased from Yiyuan, Shandong province, and was identified as the dried root of Platycodon grandiflorum (Jacq.) A. DC. Campanulaceae from Professor Fu Xiaomei. PG decoction pieces were processed by Jiangxi Jiangzhong TCM Decoction Co., Ltd. according to the processing method of the Chinese Pharmacopoeia 2015 edition. Next, dried PG pieces were crushed into a 40 mesh powder and stored in the laboratory of the Jiangxi University of TCM.
A total of 15 pure compounds were used as reference standards (purity≥98%). Among them, deapio-platycodin D, platycodin D, polygonatoside C1, rubinin, luteolin, kaempferol, apigenin, caffeic acid, ferulic acid, adenosine, and lobetyolin were purchased from Chengdu Chroma-Biotechnology Co., Ltd (Sichuan, China). 3-O-β-D-glucopyranosyl platycodigenin, rutin, chlorogenic acid, and linoleic acid were purchased from Sichuan Vicky Biotechnology Co., Ltd (Sichuan, China).
Ultra-Performance Liquid Chromatography-Quadrupole-Time-Of-Flight Tandem Mass (UPLC-Q-TOF-MS/MS) Analysis
Preparation of Standard and Sample Solutions
Ten milligrams of each reference compound (deapio-platycodin D, platycodin D, polygonatoside C1, adenosine, ferulic acid, apigenin, luteolin, chlorogenic acid, caffeic acid, kaempferol, robinin, lobetyolin, rutin, 3-O-β-D-glucopyranosyl platycodigenin and linoleic acid) were weighed and transferred into a 10-ml volumetric flask. Methanol was added to reach the volumetric mark, and the solution was shaken well, stored at 4 °C and used as a stock solution. Then, the appropriate amount of stock solution was transferred into a 5 ml volumetric flask, and methanol was added to reach the volumetric mark. The solutions were filtered using a 0.22 μm microporous membrane to obtain the standard solutions.
A total of 2.0 g PG powder was accurately weighed and transferred into a round bottom flask with 50 ml 50% methanol. The solution was mixed well, incubated for 0.5 h at room temperature, and ultrasonically treated for 30 min using an ultrasonic cleaning instrument (Jiangsu, China). The extracted solution was centrifuged at 14,000 rpm for 15 min at room temperature, and filtered using a 0.22 μm microporous membrane before qualitative analysis.
UPLC-Q-TOF-MS/MS Conditions
The chemical analysis was performed on a connected UPLC system (Nexera X2 LC-30A, Shimadzu Corp., Japan) -hybrid triple quadruple time-of-flight mass spectrometer (Triple TOF™ 5600+, AB Sciex, Forster City, CA, United States) with an electrospray ionization source (ESI). Acquity UPLC BEH C18 column (2.1 × 100 mm × 1.7 µm) was used to perform chromatographic separation with a flow rate of 0.25 ml/min at 40 °C. The linear gradient program used in this work was composed of a mobile phase system including solvent A (100% acetonitrile, v/v) and solvent B (0.01% formic acid in water, v/v) according to this detailed composition: solvent A at 5–23% for 10 min, 23–25% for 6 min, 25% for 4 min, 25–29% for 3 min, 29–95% for 7 min, 95–5% for 2.1 min, isocratic eluted at 5% for 2.9 min.
The settings of Q-TOF-MS/MS parameters were as follows: ion source gas 1 (GSI) and gas 2 (GS2) were both set at 50 psi, curtain gas (CUR) was set at 40 psi, ion spray voltage floating (ISVF) was set at 5500 V in the positive mode while 4500 V was set in the negative mode, ion source temperature (TEM) was set at 500 °C, collision energy (CE) was set at 60 V, collision energy spread (CES) was set at 15 V, declustering potential (DP) was set at 100 V, and nitrogen was used as a nebulizer and auxiliary gas. Samples were analyzed in both positive and negative ionization modes with a scanning mas-to-charge (m/z) range from 100 to 1,250. Data were collected in the information-dependent acquisition (IDA) mode and analyzed by PeakView®1.2 software (AB Sciex, Foster City, CA, United States).
Identification of the Ingredients
The chemical PG ingredients were collected from existing databases, such as SciFinder (https://scifinder.cas.org), the Traditional Chinese Medicine Systems Pharmacology database, and the Analysis Platform (TCMSP, http://lsp.nwu.edu.cn/tcmsp.php) database. Then, a PG ingredients database was established, containing the basic information, such as ingredient name and molecular formula. A total of 161 ingredients in PG were collected, and the specific information is listed in the Schedule 1. MS data were imported into PeakView® 1.2 to perform the ingredient analysis. Chemicals were identified according to the reference standards, chromatographic elution behavior, mass fragment pattern, and mass spectral library (Natural Products HR-MS/MS Spectral Library, Version 1.0, AB Sciex, Forster City, United States).
Predicted and Screened Potential Targets
The prediction targets of the active PG components were obtained using the following databases: Swiss Target Prediction (http://www.swisstargetprediction.ch/) (Xu et al., 2018), Pharmmapper (http://www.lilab-ecust.cn/pharmmapper/) (Shen et al., 2019), Pubchem (https://pubchem.ncbi.nlm.nih.gov/) (Xu et al., 2018) and TCMSP (http://lsp.nwu.edu.cn/tcmsp.php) (Ye et al., 2020). The protein name was standardized using Uniprot (http://www.uniprot.org/), and the library of the targets of the active components was obtained. The known disease targets were searched in the databases of GeneCards (https://www.genecards.org/) (Ye et al., 2020) and DisGenet (http://www.disgenet.org/) (Gao et al., 2020) using “Lung cancer” as the keyword, and the LC-target database was obtained.
Protein-Protein Interaction (PPI) Network Construction
R software was used to intersect PG related targets and LC related targets, and the overlapping targets were uploaded into STRING 11.0 (https://string-db.org/). The protein type was set to “Homo sapiens” and the minimum interaction score was 0.4. The PPI network diagram was obtained, imported into Cytoscape v3.7.1 software, and CentiScape was used to calculate the degree centrality (DC) to filter PPI network core targets.
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) Pathway Enrichment Analysis
Metascape (http://www.metascape.org/) is a gene annotation tool that integrates many authoritative databases such as GO, KEGG, UniProt and DrugBank. It allows the completion of pathway enrichment analysis and biological process annotation and performs gene-related protein network analysis and drug analysis, providing comprehensive and detailed information regarding each gene (Zhou et al., 2019). Metascape perfectly fills the gap of DAVID while maintaining its advantages, and its data is frequently updated (the last update was August 14, 2019), greatly guaranteeing the timeliness and credibility of the data.
The gene symbols of the core targets were introduced into Metascape, “Homo sapiens” was selected to perform the enrichment analysis, which was annotated and analyzed using the KEGG database (https://www.kegg.jp/) and PathwayBuilderTool_2.0 software to further explain the role of the core targets in gene function and signaling pathway.
D-I-T-P-D Network Construction
The files related to “drug-core ingredient,” “core ingredient-core target,” “pathway-core target,” and “disease-core target” were established, and the D-I-T-P-D network was constructed using Cytoscape v 3.7.1 to explain the multi-effect synergistic mechanism of PG.
Molecular Docking Evaluation
Discovery Studio 2016 software (DS) is a commonly used molecular modeling and simulation software widely used in the field of drug design and optimization, protein structure and function (Zhang and Mao, 2018). The PDB format of the core target is obtained in the Uniprot database, and the X-ray crystal structure of the core target is downloaded from the RCSB database (https://www.rcsb.org/). Then the molecular docking function of DS software is used to perform component-target molecular docking in the LibDock module.
RESULTS
Composition Analysis and Identification
The typical total ion chromatogram of the non-volatile components extracted from PG, shown in Figure 2, of positive and negative ions was analyzed by Peakview ®1.2, and the composition was screened by “XIC manager”. The structural formula of the target compound was matched with the secondary fragment ion, and the compounds were further identified according to the matching degree and the law of ion bond breaking. The compounds with a matching degree greater than 80% and in accordance with the law of bond breaking were considered. According to the reference (Wang et al., 2017a; 2017b) and the data of the control quality spectrum, 47 chemical constituents were identified in the alcohol extract of PG (Table 1). Among them, deapio-platycodin D, platycodin D, polygonatoside C1, adenosine, ferulic acid, apigenin, luteolin, chlorogenic acid, caffeic acid, kaempferol, robinin, lobetyolin, rutin, 3-O-β-D-glucopyranosyl platycodigenin and linoleic acid were compared with the reference standards. Among these 47, 24 were triterpenoid saponins, three were steroidal saponins, six were flavonoids, three were phenolic acids, four were organic acids and seven were other components.
[image: Figure 2]FIGURE 2 | The total ion chromatograms (TICs) of Platycodon grandiflorum by UPLC/Q-TOF-MS/MS (A) TIC of Platycodon grandiflorum in positive ion mode (B)TIC of Platycodon grandiflorum in negative ion mode.
TABLE 1 | Information on chemical ingredients in Platycodon grandiflorum.
[image: Table 1]Analysis of the Cracking Law of the Components
Triterpene Saponins
Triterpenoid saponins are the largest number of components and the main components identified from PG. The main approach to cleave triterpenoid saponins is a continuous intramolecular deglycosylation and interchain cleavage to obtain the characteristic fragment ions. In this experiment, 24 triterpenoid saponins, including platycodin D, polygalacin D and deapio-platycodin D were identified from PG. Using platycodin D as an example for the analysis, they all behave similarly by producing a molecular ion peak m/z 1,223.5702 in the anion mode, and the retention time was 20.73 min. The glycosidic bond was broken under a high energy bombardment, the fragment ions m/z 681.3789 [M-H]−, m/z 541.1729 [M-H]−, m/z 681.3789 [M-H]− were further removed, and the fragment ion m/z 501.3189 [M-H]− was obtained. In addition, the interchain cleavage produced the fragment ions m/z 469.1518 [M-H]− and m/z 409.1329 [M-H]−. The specific cracking pathway of the triterpenoid saponins is shown in Figure 3.
[image: Figure 3]FIGURE 3 | Cracking pathway of triterpenoid saponins.
Steroidal Saponins
Three steroidal saponins were identified and their cleavage rules were similar to the ones to cleave triterpenoid saponins. The characteristic fragment ions were obtained by the cleavage of their sugar chains. Using polygonatoside C1 as an example for the analysis, the molecular ion peak m/z 869.4540 was produced in the negative ion mode, and the retention time was 13.02 min. The cleavage of the sugar chain produced the fragment ions m/z 809.3746 [M-H]− and m/z 707.3538 [M-H]−. The specific cracking pathway of the steroidal saponins is shown in Figure 4.
[image: Figure 4]FIGURE 4 | Cracking pathway of steroidal saponins.
Flavonoids
It is already known that flavonoids are the main components in PG (Wang et al., 2017b; Deng et al., 2020). The main components identified were flavonoids and flavonoid glycosides, and the characteristic cleavage mode was the R-DA cleavage, while glycosides followed the glycosyl cleavage. Using luteolin as an example for the analysis, the molecular ion peak m/z 285.0405 was produced in the negative ion mode, and the retention time was 14.61 min the characteristic fragment ions m/z 151.0087 [M-H]−, m/z 133.0303 [M-H]−, and m/z 107.0166 [M-H]− were obtained, respectively, by R-DA cleavage at two different positions. In addition, the fragment ion m/z 267.0299 [M-H]− was obtained by removing one molecule of H2O, and the fragment ion m/z 175.0421 [M-H]− was also obtained by alpha cracking. The specific cracking pathway of the flavonoids is shown in Figure 5.
[image: Figure 5]FIGURE 5 | Cracking pathway of flavonoids.
Phenolic Acids
Three phenolic acid components were identified from PG. The main cracking methods were alpha cracking, Michael rearrangement cracking, and neutral H2O molecule detachment. Using the chlorogenic acid as an example for the analysis, it generated a molecular ion peak m/z 353.0878 in the negative ion mode, with a retention time of 5.10 min. There are three main cracking methods: first, the alpha cleavage produced the fragment ion m/z 191.0569 [M-H]−, and two molecules of H2O were removed to obtain the fragment ion m/z 173.0479 [M-H]- and m/z 155.0334 [M-H]−. Second, the cleavage by Michael rearrangement produced the fragment ion m/z 189.0419 [M-H]−, and then a molecule of H2O was removed to obtain the fragment ion m/z 171.0325 [M-H]−. Third, the alpha fragmentation produced the fragment ion m/z 135.0471 [M-H]− and m/z 107.0499 [M-H]−. The specific cracking pathway of the phenolic acids is shown in Figure 6.
[image: Figure 6]FIGURE 6 | Cracking pathway of phenolic acids.
Organic Acids
The organic acid components identified in this work were mainly long-chain carboxylic acids with multiple unsaturated bonds. The characteristic cleavage method involved the Michael rearrangement cracking, alpha cracking and neutral molecule removal. Using the sanleng acid as an example for the analysis, it generated a molecular ion peak m/z 329.2334 in the negative ion mode with a retention time of 26.23 min. Michel rearrangement fragmentation produced the characteristic fragment ion m/z 185.1110 [M-H]-. The fragment ion m/z 311.2160 [M-H]- was obtained by removing one molecule of H2O. Another molecule of H2O was removed from m/z 311.2160 [M-H]− to obtain the fragment ion m/z 293.2189 [M-H]-; in addition, m/z 311.2160 [M-H]− underwent alpha cracking to obtain the fragment ion m/z 211.1344 [M-H]−. The specific cracking pathway of the organic acids is shown in Figure 7.
[image: Figure 7]FIGURE 7 | Cracking pathway of organic acids.
Screening of the Active Ingredients
The absorption-distribution-metabolism-excretion-toxicity (ADMET) properties of the chemical constituents were predicted by DS, and apigenin, caffeic acid, kaempferol, linoleic acid, methyl linolenic acid, and ferulic acid were selected. Although some components do not meet the DS screening criteria, they are still considered as active components in order to select the active components of PG more comprehensively. For example, luteolin and robinin were obtained from TCMSP, with oral bioavailability greater than 30% and drug-likeness greater than 0.18 despite they did not meet the DS screening criteria, so they are considered as active ingredients. Recent studies showed that platycodin D is one of the main components of PG, and has a certain preventive and therapeutic effect on LC (Zhao et al., 2015; Zhang, 2016b; Deng et al., 2020), thus platycodin D is also retained as the active ingredient. To sum up, a total of nine ingredients were selected as the active components of PG, and their detailed characteristics are listed in Table 2.
TABLE 2 | Information on the 9 active ingredients in Platycodon grandiflorum.
[image: Table 2]PPI Network Analysis
A total of 545 targets of the selected nine active components in PG were obtained using the Swiss Target Prediction, Pubchem, TCMSP and pharmmapper databases. A total of 2664 LC related targets were collected using GeneCards and DisGenet databases using “Lung cancer” as the keyword (Schedules 2,3).
The Venn diagram of drug-disease overlapping targets was obtained using the R software to intersect PG related targets and LC related targets (Figure 8A), revealing the existence of 285 common targets (Schedule 4). The interactive PPI network of common targets was obtained by introducing the 285 drug-disease common targets into STRING and the obtained network was imported into the Cytoscape software for visualization (Figure 8B). No interaction was found between the target S100P and other targets, but the other 284 common targets had an interaction. The average value of DC calculated by CentiScape was 39.775, and 108 potential targets with DC values greater than 39.775 were selected. The higher the DC value, the more important the role in the network. In this study, the targets with the top 20 DC values were selected as the core targets. The red dot in Figure 8B represents the core target, the light green dot represents the potential target, the yellow dot represents the interactive target, and the connection between the nodes represents the interaction between the two proteins.
[image: Figure 8]FIGURE 8 | (A) Venny diagram of related targets of drug and disease (B) PPI network of 285 overlapping targets between drug and disease.
GO and KEGG Pathway Enrichment Analysis
The pathway enrichment analysis of the 20 core targets was carried out using Metascape. The enrichment results were selected under the conditions of p< 0.01, minimum count 3, and enrichment factor>1.5. A total of 849 GO biological functions and 116 KEGG enrichment items were obtained. The GO functions related to the treatment of LC included oxidative stress response (GO:0006979), active regulation of cell migration (GO:0030335), regulation of DNA binding transcription factor activity (GO:0051090), and regulation of cytokine-mediated signaling pathway (GO:0019221) (Figure 9A), mostly related to apoptosis, oxidative stress and energy metabolism. The 20 core targets were closely related to cancer pathway (hsa05200), TNF signaling pathway (hsa04668), MAPK signaling pathway (hsa04010) and P13K-AKT signaling pathway (hsa04151), and are related to diseases such as hepatitis B, colorectal cancer, non-small cell LC and small cell LC (Figure 9B). The first 20 representative signaling pathways are listed in Table 3, which might represent the key pathways in the treatment of LC. It is also suggested that PG can be used in the treatment of LC. The top 10 pathways were determined in the KEGG database and annotated using the PathwayBuilderTool_2.0 software to integrate the potential pathways of PG in the treatment of LC (Figure 9C). This analysis provided a new research method for the limitations in treating LC.
[image: Figure 9]FIGURE 9 | (A) Bubble chart of GO function enrichment of core targets (B) Bubble chart of KEGG enrichment of core targets (C) Potential mechanisms of Platycodon grandiflorum treatment for lung cancer.
TABLE 3 | Top 20 clusters with their representative KEGG enrichment pathways.
[image: Table 3]D-I-T-P-D Network Analysis
In order to explain the complex mechanism of multi-ingredient-multi-target-multi-pathway of PG in the treatment of LC, this study selected the top 10 pathways and used Ctyoscape v 3.7.1 to construct a D-I-T-P-D network, as shown in Figure 10. In this network, the purple node represents the drug, the green node represents the core ingredient of PG, the yellow node represents the core target of PG in the treatment of LC, the red node represents the pathway, the blue node represents the disease, and the edge represents thee interaction among nodes. The network consists of 40 nodes (1 drug, eight core components, 20 core targets, 10 pathways and one disease), with a total of 277 edges, which fully showed that the targets of the core ingredients of PG were distributed in different pathways, and the ingredients coordinated with each other in the body.
[image: Figure 10]FIGURE 10 | The Drug-Ingredients-Targets-Pathway-Disease Network. S1: ferulic acid; S2: apigenin; S3: kaempferol; S4: caffeic acid; S5: methyl linolenate; S6: linoleic acid; S7: luteolin; S8: robinin; PG: Platycodon grandiflorum; LC: lung cancer.
Subsistence Analysis
The relationship between the top five core targets in the PPI network and the prognosis of LC patients was analyzed using the Kaplan-Meier Plotter database. The results revealed that the overall survival of LC patients with high expression of GAPDG, AKT1, TP53, IL6 and MPKA3 was significantly lower than that in patients with their low expression (p < 0.01) (Figure 11).
[image: Figure 11]FIGURE 11 | Survival curve of the relationship between high and low expression and overall survival of patients.
Molecular Docking Verification Results
The analysis of the D-I-T-P-D network showed that each core component interacted with multiple targets. Thus, the DS software was used to dock the core components with the core target molecules in order to verify the interaction among them. It is generally accepted that the higher the score of the ligand binding to the receptor, the greater the possibility of interaction. The docking results of luteolin and protein PTGS2 docking are shown in Figure 12A, which might bond by hydrogen bonds, van der Waals forces and other forces. The docking score was sorted out, the highest score was obtained (Schedule 5), and then ImageGP was used for visual processing (Figure 12B). The redder the color, the better the affinity of the component to the target. The relationship between the above-mentioned core components and core targets was consistent according to the analysis of the docking scoring results.
[image: Figure 12]FIGURE 12 | (A) 2D graph of luteolin and PTGS2 molecular docking results (B) Heatmap of molecular docking scores of core ingredients and core targets. S1: ferulic acid; S2: apigenin; S3: kaempferol; S4: caffeic acid; S5: methyl linolenate; S6: linoleic acid; S7: luteolin; S8: robinin.
The cluster analysis revealed that GAPDH, VEGFA, EGFR, JUN, CCND1, MAPK8, FOS and CASP3 could be included into one group, while EP300, AKT1, HSP90AA1, MAPK3, TNF, SIRT1, ESR1, PTGS2, TP53, FN1, MAPK1 and IL6 could be included in one category. SIRT1, PTGS2, CASP3, VEGFA, MAPK8 and GAPDH were the targets with strong binding ability according to the molecular docking. Linoleic acid, methyl linolenate, luteolin, apigenin and kaempferol were the core components with strong binding ability according to the molecular docking, and the docking scores of these five components with SIRT1 were greater than 120, followed by methyl linolenate, kaempferol, linoleic acid, luteolin and apigenin. This result suggested that these five components have a good binding activity with SIRT1 and might play a key role in the treatment of LC using PG.
DISCUSSION
The etiology of LC is complex and so far, no final conclusion was obtained. It is related to smoking, air pollution, dietary factors, decreased immune function and genetic factors (Li and Wang, 2019), while TCM believes that the main cause in the development of LC is the lack of “vital qi”, since the “deficiency of vital qi” is “evil”. Professor Jia Yingjie claims that the “deficiency of vital qi and coexistence of toxin and blood stasis” is the key of the pathogenesis of LC (Yu et al., 2020). PG exerts the effect of smoothing the lung, dispelling the phlegm, and expelling the pus, which is consistent with the pathogenesis of LC. However, the mechanism of PG in the treatment of LC is still unclear due to the multi-ingredient and multi-target characteristics of TCM. Therefore, it is imperative to analyze the ingredients of PG and explore the mechanism used by PG in the treatment of LC.
In this study, 47 non-volatile ingredients were identified from the alcohol extract of PG by the UPLC-Q-TOF-MS/MS technique. According to the ADMET parameters and other basic properties of the ingredients, and combined with the results in the literature, nine main active ingredients including platycodin D and apigenin were selected. The results showed that they play an important role by affecting 285 overlapping genes involved in the treatment of LC. The PPI network showed that the DC values of GAPDH, AKT1 and TP53 were greater than 175, and they were predicted as the most relevant targets. The enrichment analysis of the GO pathway and KEGG pathway in the 20 core targets showed that most of the functional enrichment results of GO were apoptosis, oxidative stress and energy metabolism. Our hypothesis was that oxidative stress response might be the most important biological process managed by PG in the treatment of LC. The results of the KEGG pathway enrichment analysis showed that the top 10 pathways included cancer pathway, TNF signaling pathway, MAPK signaling pathway, P13K-AKT signaling pathway and FoxO signaling pathway. Among them, MAPK signaling pathway, PI3K-AKT signaling pathway, FoxO signaling pathway and HIF-1 signaling pathway were related to cell proliferation and apoptosis, oxidative stress and inflammation. MAPK signaling pathway is one of the most important pathways regulated by PG in the treatment of LC. Related studies showed that the MAPK signaling pathway participates in the regulation of cell cycle, apoptosis and proliferation of NSCLC cells, and inhibits the expression of P-glycoprotein (P-gp), multidrug resistance gene 1 (MDR1), TP53 and other proteins, thus inhibiting the growth of NSCLC cells, blocking cell cycle and inducing apoptosis (Liao et al., 2020; Qiao et al., 2020; Wang et al., 2020). PI3K-AKT signaling pathway is considered as the primary pathway for cancer cell survival, since it promotes tumor cell proliferation and metastasis, and inhibits apoptosis and angiogenesis. If this pathway is abnormal, it directly leads to the abnormal proliferation of cells (Ma et al., 2014; Sui et al., 2018). Therefore, the activation of the MAPK signaling pathway and the inhibition of the PI3K-AKT signaling pathway are crucial in the treatment of LC.
The D-I-T-P-D network showed that the same target could interact with many ingredients. For example, PTGS2 could bind ferulic acid, luteolin, linoleic acid, apigenin and sophorin, while CASP3 can bind methyl linolenic acid, apigenin, ferulic acid and robinin, indicating that multiple active ingredients in PG might act on the same target. In addition, our results showed that apigenin was related to CASP3, AKT1, FOS, JUN, MAPK8, TNF, VEGFA, and CCND1, and linoleic acid was related to PTGS2, TP53, ESR1, MAPK1, MAPK8 and IL6, which was consistent with the results obtained by molecular docking, suggesting that PG could act on multiple targets through the same active component. This result also explained the characteristics of multi-ingredient and multi-target synergism of PG, providing a basis in the mechanism of PG to treat LC. Our hypothesis was that PG was closely related to cell proliferation and apoptosis in the treatment of LC according to the GO pathway and KEGG pathway enrichment analysis. Several core components of PG could interact with PTGS2 and CASP3, potentially promoting cancer cell apoptosis through specific signaling pathways such as MAPK signaling pathway and P13K-AKT signaling pathway in order to cure LC.
The survival analysis results showed that the top five core targets (GAPDG, AKT1, TP53, IL6, and MPKA3) in the PPI network were closely related to the survival of LC patients. The overall survival of LC patients with a high expression of these genes was significantly lower than that of patients with their low expression, suggesting that its overexpression is related to a poor prognosis in LC patients. Thus, they could be used as biomarkers to evaluate LC prognosis.
The results of molecular docking showed that apigenin, luteolin, linoleic acid, kaempferol and methyl linolenate might be the potential active ingredients. Some studies showed that apigenin has a cytotoxic effect on human LC cisplatin-resistant cell line A549/DDP, and indeed it effectively inhibits its growth and reverse its drug resistance (Zhao et al., 2017; Mo et al., 2020). Zhou Liang et al. found that luteolin inhibits the metastasis and proliferation of LC through the down-regulation of the PI3K/AKT signaling pathway and the improvement of the immune function in the body (Zhou et al., 2017). In addition, Li Xiaolin et al. demonstrated that luteolin effectively blocks A549/DDP cell cycle and even promotes apoptosis, and that TP53 protein is involved in this process (Li et al., 2009). In addition, some scientists found that kaempferol weakens the invasion and migration ability of NSCLC A549 cells by inhibiting the expression of estrogen-related receptor α (ERRα), thus providing a strong support in the study of the anti-cancer mechanism of kaempferol (Zhang et al., 2018). However, Mouradian and other scientists found that linoleic acid increases the activity of PI3K/AKT signaling pathway, promotes the proliferation of LC cells, and leads to tumor formation, with GAB1 as the main target of linoleic acid (Mouradian et al., 2014). Apigenin, luteolin, linoleic acid, kaempferol, and methyl linolenate are widely found in plants, but plants that contain all these five components are rare. Besides PG, Panax notoginseng (Liu, 2019) and peony seed (Zhang, 2016a) also contain these five components. However, so far, no reports are available regarding Panax notoginseng and peony seed anti-LC effect. Therefore, our analysis of the effect and mechanism of PG in the treatment of LC is of great significance.
CONCLUSION
PG is one of the most commonly used TCM in clinical practice, since it has a significant therapeutic effect on lung-related diseases and has been used in China for thousands of years. In this study, the chemical constituents of PG were analyzed and identified. A total of nine active PG components and 285 overlapping targets of PG and LC were screened. PPI network, GO and KEGG enrichment analysis showed that the mechanism of PG in the treatment of LC might be related to its involvement in cancer cell apoptosis, inflammation and oxidative stress through the MAPK signaling pathway and P13K-AKT signaling pathway. The network pharmacological method developed in this study provided another strategy for a comprehensive understanding of the mechanism of PG in the treatment of LC.
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Ionizing radiation damage refers to acute, delayed, or chronic tissue damage associated with ionizing radiation. Specific or effective therapeutic options for systemic injuries induced by ionizing radiation have not been developed. Studies have shown that Chinese herbal Medicine or Chinese Herbal Prescription exhibit preventive properties against radiation damage. These medicines inhibit tissue injuries and promote repair with very minimal side effects. This study reviews traditional Chinese herbal medicines and prescriptions with radiation protective effects as well as their mechanisms of action. The information obtained will guide the development of alternative radioprotectants.
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INTRODUCTION
Ionizing radiation is essential in clinical diagnoses and treatment. It is an effective therapeutic strategy for cancer treatment. Approximately 50% of cancer patients are administered with radiotherapy to inhibit metastasis (Begg et al., 2011). Ionizing radiation causes clustered DNA damage and leads to persistent oxidative stress injuries to cellular macromolecules (Shuryak, 2019). Radiotherapy inhibits metastasis by inducing DNA damage. However, it causes unintended damage to normal cells by enhancing DNA double-strand breaks (DSBs). Double-strand breaks can be repaired through two major pathways: the non-homologous end-joining (NHEJ) and homologous recombination (HR). The NHEJ pathway occurs during the G0/G1 phase, while the HR repair pathway is only active in the late S and G2 phases (Shibata, 2017). Severe genetic changes such as chromosomal deletions and translocations in the repair process can stimulate tumorigenesis (Shrivastav et al., 2008; Gerelchuluun et al., 2015). According to the United Nations Scientific Committee, the effects of atomic radiation include mutations due to DNA deletions (Sankaranarayanan and Wassom, 2005), and epigenetic transmissions that affect generations (Horemans et al., 2019). Oxidative damage after exposure to ionizing radiation is a crucial reason for sustained injuries (Einor et al., 2016). Approximately 70% of cellular radiation damage is indirectly caused by water dissociation and reactive oxygen species (ROS). Free radicals are triggers for a state of constant oxidative stress (Anuranjani and Bala, 2014). Inflammation, immunity, and other associated signaling pathways are involved in the regulation of cellular damage by inducing cell senescence, apoptosis, and other cell fates (Santivasi and Xia, 2014). The pathological process is as shown in Figure 1. Ferroptosis is a novel form of cell death that is involved in pathological damage after irradiation (Lei et al., 2020). There is a need for the development of drugs that inhibit or repair pathological damages associated with radiation.
[image: Figure 1]FIGURE 1 | Schematic diagram of ionizing radiation damage mechanism. The damage of ionizing radiation to cell structure mainly has two ways: the direct damage to DNA and the indirect damage from accumulated ROS. DNA damage response and repair induced by ionizing radiation can lead to cell cycle arrest and activate DNA homologous recombination (HR) or non-homologous end joining (NHEJ) repair. DNA damage induces the phosphorylation of P53, promotes the expression of Bax and other apoptotic proteins, promotes the release of Cytochrome C from mitochondria, and activates Caspase from the intrinsic apoptosis pathway. P53 can induce the expression of downstream death receptors and death ligands, which triggers the extrinsic apoptosis pathway. Oxidative stress caused by ROS overproduction triggers DNA double-strand breaks that continue and exacerbate DNA damage. It also induces mitochondrial dysfunction and intrinsic apoptotic cascade reaction. Ionizing radiation increases the secretion of inflammatory factors and induces immune responses. Inflammatory factors and oxidative damage are involved in regulating cell fate, including autophagy, pyroptosis and senescence.
Current therapeutic strategies for radiation damage focus on minimizing DNA breaks, generation of antioxidants, scavenging free radicals, and inhibiting lipid peroxidation (Weiss and Landauer, 2003; Johnke et al., 2014; Smith et al., 2017). However, clinical applications of radioprotectants are limited because of its limited efficacies and severe side effects (Brizel, 2007; Citrin et al., 2010; Singh and Seed, 2019). Chinese herbal medicines have been used for thousands of years. They are widely used in clinical settings to treat various diseases, or are used in combination with western medicines to improve clinical efficacies (Li and Xu, 2011; Hao et al., 2017; Takayama and Iwasaki, 2017; Wang and Zhang, 2017; Yeh et al., 2017; Lei et al., 2019). As early as the 1960s, Chinese researchers had extended the research focused on the anti-radiation effects of Chinese herbal medicines. It has been found that Panax ginseng C.A.Mey., Ganoderma Lucidum Karst, Angelica sinensis (Oliv.) Diels, and other medicinal herbs exhibit varying degrees of anti-radiation effects. In addition, Chinese Herbal Prescriptions have been shown to facilitate physical recovery. Traditional Chinese medicinal herbs have complex chemical structures and biological activities. The Chinese Herbal Prescription, which is composed of more than one medicinal herb, is the embodiment of traditional Chinese medicine’s clinical applications. The Chinese Herbal Prescriptions can enhance the efficacy of a drug, reduce or neutralize the adverse effects of individual drugs and improve their therapeutic efficacies (Shen et al., 2017; Li et al., 2019b; Shi et al., 2019b). In recent years, researches on the treatment of ionizing radiation damage with Traditional Chinese Medicine are regularly emerging. The active compounds in Chinese medicinal herbs and Chinese Herbal Prescriptions exhibit significant effects on the reduction of oxidative stress and promote DNA repair. Their biological mechanisms involve the regulation of multiple signaling pathways.
In this review, we summarized recent advances that have been aimed at elucidating the functions and mechanisms of effective active ingredients of Chinese herbal medicines and prescriptions in preventing ionizing radiation associated damage. We aimed at establishing novel therapeutic avenues for the development and clinical applications of radiation protective drugs.
ANTI-RADIATION ACTIVE COMPOUNDS OF CHINESE HERBAL MEDICINES
Active compounds in Chinese herbal medicines can scavenge for free radicals, reduce DNA damage, promote post-injury repair, and reduce cell apoptosis. Therefore, these herbs prevent radiation damage through different mechanisms. Below, we highlight a few representative active compounds and highlight their potential mechanisms and pharmacological activities in radioprotection (As shown in Table 1).
TABLE 1 | Effects and Mechanisms of active compounds of Chinese Herbal Medicines in ionizing radiation damage.
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Saponins are the main active compounds in many Chinese herbal medicines (Yang et al., 2014), especially in Panax ginseng C.A.Mey. Lee et al. established that the active ingredients in Panax ginseng C.A.Mey such as Ginsenoside Rc, Ginsenoside Rd, and Ginsenoside Re are radioprotective (Lee et al., 2006). The administration of Ginsenoside Rd and Ginsenoside Re in mice before irradiation enhanced the formation of endogenous splenic colonies and inhibited radiation-induced apoptosis of the intestinal crypt cells (Lee et al., 2006). Ginsenosides have a wide range of biological and pharmacological properties. They have been shown to be effective against neurological diseases, infectious diseases, and tumors (Rokot et al., 2016; Arring et al., 2018; Nguyen and Nguyen, 2019). Through intestinal biotransformation, Panax ginseng C.A.Mey. can be transformed into high pharmacological activity metabolites that act on multiple human tissues (Mancuso and Santangelo, 2017).
Other medicinal herbs have also been shown to contain saponins that play a role in radioprotection. Administration of Gypenoside before irradiation effectively increased serum superoxide dismutase (SOD) and CAT levels that inhibit the expression of Nrf2 and HO-1 (Ying et al., 2018). Saponins from Eleutherococcus senticosus (Rupr. & Maxim.) Maxim. ameliorate peripheral blood cell damage associated with radiation (Yue et al., 2005).
Polysaccharides
Polysaccharides are widespread in animals, plants, and microorganisms. They from part of the primary substances that make up living things (Chen and Huang, 2018). Panax ginseng C.A.Mey. contains polysaccharides. The acidic polysaccharide of ginseng (APG) has been shown to increase IL-12 levels in bone marrow cells (BMs) of irradiated mice. Kim et al. speculated that APG contribute to the proliferation of CD4 (+) T lymphocytes and facilitate viability as well as alloreactivity by inducing phenotypic changes in BMs (Kim et al., 2007). APG inhibits the activation of the p53-dependent pathway and the mitochondrial apoptosis pathway. It down-regulates pro-apoptotic proteins (p53, BAX, cytochrome-c, and caspase-3), thereby, promoting the proliferation of crypt cells. These effects were shown to protect the small intestines of mice from radiation damage (Park et al., 2011; Bing et al., 2014).
Lycium barbarum L. is commonly used in traditional medicine to nourish the liver and kidney. Its active ingredient, the Lycium barbarum polysaccharide (LBP), exhibits significant antioxidant effects. Studies have reported that after multiple consecutive local 60Co γ-rays irradiation of rats’ testis, LBP enhanced testicular SOD activity, inhibited malondialdehyde (MDA) levels, promoted redox balance recovery, and restored the secretion of testosterone (Luo et al., 2011). In the hematopoietic system, LBP was shown to increase the antioxidant capacity of bone marrow mononuclear cells and mitigated cell cycle arrest by interfering with adhesion molecules CD44 and CD49d (Zhou et al., 2016). In addition, by acting on on Bcl-2 and Bax, LBP inhibits spermatogenic cell apoptosis by regulating mitochondrial membrane potential and inhibiting mitochondrial apoptosis (Luo et al., 2014).
Astragalus mongholicus Bunge is a qi-tonifying medicinal herb that is often used in qi deficiency syndromes (Li et al., 2014b). Radiation-induced lung injury is one of the most common and fatal complications of chest radiotherapy (Klein et al., 2016). After ionizing irradiation, alveolar epithelial cells in the lung exhibit a senescence phenotype and up-regulates the transcription of pro-inflammatory factors that induce pulmonary fibrosis (Beach et al., 2017). This condition manifests itself as breathlessness. The Astragalus polysaccharide is the active ingredient in Astragalus mongholicus Bunge. It inhibits thiobarbituric acid reactive substances and pro-inflammatory factors, but also activates SOD, catalase and glutathione. In addition, it reduces the damage of pulmonary fibrosis caused by peroxidation. Its mechanism of action is correlated with the expression of NF-κB, and this mechanism applys to radiation-induced liver injury (Liu et al., 2014).
Astragalus polysaccharide inhibits p38 phosphorylation, JNK, ERK1/2, NF-κB P65, and COX-2 protein expression levels. Evidence shows that it inhibits ionizing radiation-induced side effects through the ROS-mediated MAPK/NF-κB signaling pathway (Zhang et al., 2018c). Ionizing radiation decreases the capacity for cell proliferation. The Astragalus polysaccharide has been documented to promote self-renewal and proliferation of cells by elevating the expressions of peroxisome proliferator-activated receptor-γ (PPAR-γ), CCAAT/enhancer-binding protein α (C/EBPα) and protecting adipogenic differentiation functions (Kongxi et al., 2020). In vitro studies have also revealed that Astragalus polysaccharides enhance bone marrow mesenchymal stem cell proliferation by downregulating NF-κB signaling pathway-related proteins and maintaining DNA stability (Li-ying et al., 2018).
Ganoderma Lucidum Karst has qi replenishment and nerve soothing properties. It contains various biologically active components and pharmacological activities that are important in the control of multiple diseases (Jin et al., 2016; Ahmad, 2018). The Ganoderma lucidum polysaccharide is the main biologically active component of Ganoderma Lucidum Karst. Studies have shown that Ganoderma lucidum polysaccharide regulates the metabolism of endogenous substances (such as L-glutamic acid, taurine, and glycerophospholipid) that enhance the expression of relevant biomarkers in mice thymus and exert radioprotective effects (Kunmu et al., 2020). Guohui et al. reported that after exposing mice to radiation, Ganoderma Lucidum Karst increased mice survival rates and improved the phagocytic abilities of mononuclear macrophages and NK cells (Guohui et al., 2004).
The polysaccharides of Angelica sinensis (Oliv.) Diels have been documented to exhibit thymus and spleen protective indices, increase the number of red blood cells (RBC), white blood cells (WBC), and bone marrow cells of mice after irradiation. Therefore, they play a role in protecting the hematopoietic system (Zhao et al., 2012).
Flavonoids
Flavonoids are widely distributed in plants and exhibit health promoting properties (Mukai, 2018). Ginkgo biloba L. contains flavonols and other active compounds (Mei et al., 2017) that are responsible for its free radical scavenging ability and antioxidant properties (Evans, 2013). Therefore, Ginkgo biloba L. prevents ionizing radiation mediated injuries by inhibiting oxidative stress. Sener et al. have detected rat lung, liver, kidney, and ileum. They reported that the administration of Ginkgo biloba L. before and after irradiation attenuated malondialdehyde (MDA) content and reduced DNA damage by inhibiting lipid peroxidation (Sener et al., 2006). Houttuynia cordata Thunb. has shown to clearing heat and removing toxicity, reducing swelling and draining pus (Ma et al., 2017). The flavonoid contents of Houttuynia cordata Thunb. have been shown to improve the state of peripheral blood cells after radiation, thereby reducing injury (Jun and Zhenghai, 2010).
Glycosides
Paeonia lactiflora Pall. is an herb that nourishes the blood, restrains yin, softens the liver, and relieves pain. Paeoniflorin is a component of Paeonia lactiflora Pall.. Paeoniflorin increased glutathione (GSH), SOD, and reduced MDA and lactate dehydrogenase (LDH) content in an endothelial cell model. In addition, it was shown to reduce oxidative stress responses by interfering with the Nrf2/HO-1 pathway (Yu et al., 2013). Another study showed that it inhibited ROS-mediated mitochondrial apoptosis and reduced ROS accumulation as well as intracellular cytosolic Ca2 + concentrations. Other than inhibiting the mitochondrial apoptotic pathway by acting on Bcl-2, Bax, and caspase-3 (Li et al., 2007), paeoniflorin also inhibited MAPK signaling pathway activation and reversed radiation-induced DNA damage (Yang et al., 2015).
Astragaloside IV is an active ingredient in Astragalus mongholicus Bunge that is involved in controlling apoptosis or cell cycle, down-regulation of the Bax/Bcl-2 ratio, inhibition of G0/G1 cell-cycle arrest, increasing the proliferative ability of bone marrow cells, and in protection against radiation induced damage to the hematopoietic system (Li et al., 2011).
Rhodiola rosea L. contains a variety of biologically active compounds with antioxidant, anti-inflammatory, and stress response properties (Amsterdam and Panossian, 2016; Nabavi et al., 2016). Glycosides in Rhodiola rosea L. were shown to stimulate lymphocytic cell proliferation after radiation (Tianxiang et al., 2013).
Phenolic Acids
Angelica sinensis (Oliv.) Diels promotes blood nourishment and circulation and is often used to treat blood deficiency syndromes. Ferulic acid (FA) is a bioactive component of Angelica sinensis (Oliv.) Diels that reduces DNA damage. Studies have shown that administration of FA to mice 1 h before or after irradiation inhibited micronuclei formation in peripheral blood. FA promotes hematopoietic recovery by attenuating DSBs in white blood cells and bone marrow cells (Maurya and Devasagayam, 2013). After DNA damage, the PARPI repair mechanism is activated and regulates inflammatory mediators (such as cytokines, chemokines, and inducible Nitric Oxide synthase) (Bai and Virag, 2012), while SIRT1 negatively regulates PARP1 (Caito et al., 2010). After the exposure of mice to ionizing radiation, it was found that PARP1 activities and intracellular calcium concentrations increased in the testis, while SIRT1 activities and expression significantly decreased. FA reversed the expression of SIRT1, maintained testosterone levels, and reduced oxidative stress, while regulating PARP1 and cytosolic calcium concentrations to ameliorate spermatogenesis disorders (El-Mesallamy et al., 2018). Accumulated ROS enhances p53 nuclear transport, expands ataxia capillaries, and activates mutant protein (ATM). Using a radiation damage mice model, Das et al. showed that FA enhanced the nuclear translocation of nuclear factor Nrf2 and activated the NHEJ repair pathway in response to ROS-mediated oxidative stress and DNA damage (Das et al., 2017a). In addition to inhibiting DNA damage and promoting DNA repair, FA was also involved in the regulation of inflammatory pathways and related factors. It was shown to inhibit the expression of Cox-2 and inducible nitric oxide synthase 2 (iNOS-2) after irradiation, control the phosphorylation/activation of IKKα/β and IκBα pathways, and regulate the downstream NF-κB nuclear translocation, thus ameliorating radiation-induced inflammation (Das et al., 2014).
In the intestines, FA was shown to interfere with the ROS/NF-κB/Nrf2/p53-caspase 3-PARP axis. In this processes, it enhanced the expression of Mn-SOD and Heme oxygenase-1 (HO-1) that inhibited peroxidation, regulated phosphatidylserine and mitochondrial membrane potential, and suppressed the activation of downstream mitochondrial apoptotic pathways (Das et al., 2017b). Therefore, FA can regulate cell cycle while inhibiting lipid peroxidation and radiation-induced cell apoptosis. Ionizing radiation activates stress marker cyclin (Cdc42) and down-regulates the activation of survival pathways by inhibiting the phosphorylation of phosphatidylinositol 3-kinase (PI3K) and serine/threonine kinase (Akt). The phosphatase gene (PTEN) is a critical molecule that regulates the survival pathway of PI3K/Akt. Ionizing radiation significantly increases the expression of PTEN that promotes cell cycle arrest and inhibits survival-related pathways. It has been demonstrated that FA lowers the overexpression of Cdc42, apoptotic proteins (p53, p21, Bax, and PTEN), and increases PI3K phosphorylation. Moreover, reduced cell cycle arrest inhibits lipid peroxidation while increasing SOD and catalase activities (Das et al., 2016). After radiation, the senescence phenotype of normal cells can be observed with the cells undergoing inflammation and fibrosis (Li et al., 2018b). Due to its antioxidant and anti-inflammatory aspects, FA has been shown to ameliorate these conditions.
Salvia miltiorrhiza Bunge is an alternative therapeutic option for cardiovascular and cerebrovascular diseases. It has anti-inflammatory, antioxidant, and anti-cancer biologic properties (Shi et al., 2019a). Salvianic acid A is the active compound in Salvia miltiorrhiza Bunge that has been shown to inhibit apoptosis and reduce ionizing radiation associated DNA damage (Juan et al., 2012). An in vivo assay established that salvianic acid A protects the hematopoietic system and improves survival after radiation (Juan et al., 2015).
Polyphenols
Polyphenols exhibit antioxidant properties that inhibit DNA damage caused by peroxide free radicals (Fraga et al., 2019). Resveratrol is a vital plant antitoxin that possesses antioxidant and anti-inflammatory effects. Resveratrol inhibits NF-κB - activated inflammatory cytokine secretion by up-regulating the expression of peroxisome proliferation-activated receptor (PPAR-4) and SIRT1. These effects prevent ionizing radiation-induced premature ovarian failure (Said et al., 2016). In vitro experiments, Basso et al. demonstrated that resveratrol is involved in inhibiting DNA damage after radiation through the assessment of human lymphocyte DNA damage, repair kinetics, and histone deacetylase activity (Basso et al., 2016). It also improves the morphology of the small intestine, reduces crypt cell apoptosis, regulates Sirt1 and acetylated p53, and has a radioprotective role (Zhang et al., 2017a). Resveratrol improves thymic and spleen atrophy, lymphocyte counts, and proliferation caused by ionizing radiation. Moreover, it inhibits serum levels of IL-2, IL-4, IL-7, and IFN-γ thereby regulating immune functions (Zhang et al., 2018a). Green tea is also rich in polyphenols. Tea polyphenols can improve hematopoietic functions after irradiation (Hu et al., 2011), inhibit oxidative stress and mitochondrial apoptosis as well as prevent radiation induced spermatogenic cell death (Ding et al., 2015).
Oligopeptides
The Ginseng oligopeptide (GOP) reduces the concentration of plasma diamine oxidase and LPS, and inhibits the secretion of IL-1 as well as TNF-α. It also protects the intestinal epithelial barrier by up-regulating the expression of tight junction proteins (ZO-1 and Occludin). It promotes intestinal repairs by suppressing the expression of apoptosis-related proteins (Bax and Caspase-3) and elevating lymphocyte (CD3 +, CD4 +, CD8 +) concentrations (He et al., 2017; He et al., 2018). He et al. reported that prophylactic administration of GOP exhibited radioprotective effects while post-treatment was beneficial for the quick repair of irradiation-induced injuries (He et al., 2017).
In summary, various radioprotective compounds occur in traditional Chinese medicines. This implies that the anti-radiation mechanisms of Chinese herbal medicines are multi-faceted. However, Chinese herbal contains sophisticated compounds. If only an active compound is used to explore the effect mechanism, there may be limitations.
CHINESE HERBAL MEDICINES AND THE ANTI-RADIATION EFFECTS
Extracts from Chinese herbal medicines have been used to comprehensively elucidate on the anti-radiation mechanisms of Chinese Herbal Medicines (Table 2).
TABLE 2 | Effects and Mechanisms of Chinese Herbal Medicines in ionizing radiation damage.
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Studies have confirmed that Panax ginseng C.A.Mey. reduces the overall or local cancer rates induced by long-term exposures to radiation (Bespalov et al., 2014). Ionizing radiation causes acute myelosuppression and leads to the apoptosis of hematopoietic stem cells as well as hematopoietic progenitor cells. These pathological changes are the primary causes of death after exposure to moderate-to-high radiation doses (Shao et al., 2014). The extract of Panax ginseng C.A.Mey. was shown to increase bone marrow cells, spleen cells, and granulocyte-macrophage colony-forming units (CFU-GM) in mice while promoting the secretion of endogenous cytokines (IL-1, IL-6, and IL-12) to rejuvenate hematopoietic functions (Song et al., 2003). In addition, the extract inhibited the decrease in red blood cell counts, hemoglobin and hematocrit, as well as prevented radiation induced anemic symptoms (Verma et al., 2011). The extract of Panax ginseng C.A.Mey. has been reported to protect the hematopoietic system from ionizing radiation by inhibiting cyclooxygenase 2 (COX-2) and down-regulating activated p38 MAPK and PI3K/Akt pathways (Koo et al., 2013). Ionizing radiation-induced changes in the cellular microenvironment affect the immune system (Frey et al., 2017). Panax ginseng C.A.Mey. has immune regulation properties (Lee et al., 2005). Studies have shown that Panax ginseng C.A.Mey. elevates the mRNA expression of Th1 and Th2 cytokines and inhibits immunosuppression after radiation by stimulating normal spleen cells in mice (Han et al., 2005). Panax ginseng C.A.Mey. also exerts its radioprotective effects by inhibiting the expression of IL-1β in macrophages while simultaneously preventing the signal cascade of CHK2 and nuclear factor kappa B (NF-κB) (Lee et al., 2014). By destroying the intestinal epithelial barrier, radiation therapy enhances intestinal permeability and mucosal injury. Intestinal injuries lead to high plasma lipopolysaccharide (LPS) levels and elevated pro-inflammatory cytokine secretions that trigger a series of inflammatory reactions and bowel syndrome (Romesser et al., 2019). Moreover, Panax ginseng C.A.Mey. was shown to improve appetite in rats and reduced anorexic symptoms after radiation (Balaji Raghavendran et al., 2012). Ionizing radiation also causes damage to other tissues and organs. Oral administration of the extract of Panax ginseng C.A.Mey. before irradiation inhibited the suppression of serum creatine kinase and lactate dehydrogenase levels, suppressed urea and creatinine levels and further protected against irradiation-induced cardio-nephrotoxicity by enhancing antioxidant activities and inhibiting endothelial dysfunctions (Mansour, 2013). Through its antioxidant mechanisms, Panax ginseng C.A.Mey. can inhibit catalase activity, increase glutathione content, suppress the expression of IL-1β, TNF-α, and alleviates inflammation in radiation-induced lung injuries (Jang et al., 2015). Ionizing radiation leads acute skin damage (Park et al., 2018). The extract of Panax ginseng C.A.Mey. was shown to suppress the secretion of β-hexosaminidase, histamine, intracellular ROS, and internal Ca2+. It was also revealed that Black Panax ginseng C.A.Mey. inhibited mastocyte-mediated signaling activities, suppressed IL-4 serum levels, and ameliorated the symptoms and clinical signs of post-radiation allergic dermatitis (Kang et al., 2018). These studies suggest that Panax ginseng C.A.Mey. may be a useful herb against radiation associated damage.
Panax quinquefolius L. belongs to the Araliaceae family and has yin nourishment as well as heat clearing properties. From a clinical observation study, it was suggested that Panax quinquefolius L. ameliorated lymphocytic DNA damage after radiotherapy, suppressed micronucleus ratios in human lymphocytes, and enhanced total antioxidant capacities after exposure to radiation (Lee et al., 2010). In addition, this herb protects genes from acute damage in a short period. Studies have established that Panax quinquefolius L. tea protects cellular DNA from oxidative stress damage for at least 2 h (Szeto et al., 2015).
A fresh rhizome of Zingiber officinale Roscoe has been reported as being able to inhibit lipid peroxidation and excessive glutathione consumption (Jagetia et al., 2003), and improve mice survival after irradiation (Jagetia et al., 2004). Ji et al. demonstrated that the extract of Zingiber officinale Roscoe suppresses ionizing radiation-induced overproduction of ROS and DSBs in human mesenchymal stem cells. Its antioxidant mechanisms involve the induction of NRF2 nuclear translocation and activation of its downstream cell protection genes (HO- 1 and NQO-1) (Ji et al., 2017). Radiotherapy confers adverse side effects such as vomiting and nausea. These side effects have been attributed to ionizing radiation associated damage of the gastrointestinal, viscera and the vagus nerve to release serotonin that activates the brains vomiting center through serotonin receptors. Furthermore, radiation affects neural activity in the brain and activates specific sensory receptors. Zingiber officinale Roscoe can ameliorate nausea and vomiting. Zingiber officinale Roscoe inhibits the activation of related receptors, promotes neurobehavioral functions, and alleviates radiation-induced taste aversion and vomiting (Sharma et al., 2005). Besides, Zingiber officinale Roscoe plays a role in the regulation of inflammatory signaling pathways. Zingerone suppresses the MAPK signaling pathway, inhibits cytochrome P4502E1 as well as nicotinamide adenine dinucleotide phosphate (NADPH) oxidase, and downregulates liver enzyme activities. Further, it has been shown to regulate the expression of inflammatory markers such as TLR4, iNOS, COX-2, and MPO (Mohamed and Badawy, 2019). Negative regulation of the TLR4 pathway by zingerone alleviates radiation-induced hepatic injury (Lee et al., 2018). Epidemiological studies have indicated that adults with congenital heart diseases are exposed to low-dose ionizing radiations during cardiac surgeries. These patients have an increased risk for cancer when compared to the general population (Cohen et al., 2018). Studies have shown that prophylactic administration of zingerone regulates serum lactate dehydrogenase, creatine kinase-MB activity and suppresses the expression of TNF-α as well as COX-2. It also inhibits DNA fragmentation, enhances mitochondrial complex activity, and interferes with the aggravation of ionizing radiation induced heart damage (Soliman et al., 2018). The antioxidant and anti-inflammatory effects of Zingiber officinale Roscoe in other tissue damage models have not been established.
Chest radiotherapy induces myocardial fibrosis (Curigliano et al., 2016) while whole-body radiation can lead to osteopontin (OPN) activation. OPN is a cytokine involved in myocardial fibrosis. The extract of Angelica sinensis (Oliv.) Diels inhibits radiation induced cardiac fibrosis by suppressing the expression of OPN, c-jun, and miRNA-21 as well as suppressing Troponin-I (Tn-I) levels (Ma et al., 2019). The main active components in Paeonia lactiflora Pall. have been shown to have radioprotective properties.
Leafy Chinese Herbal Medicines
Different parts of Ginkgo biloba L. in the Ginkgo family can be used as alternative medicine. Ginkgo biloba L. leaves have been utilized in studies of radiation-associated injuries. Ionizing radiation induces permanent nervus cerebral defects, chronic microangiopathy, and blood-brain barrier dysfunctions. Radiation associated brain damage results in cerebrovascular abnormalities, demyelination, white matter necrosis, and cognitive impairment (Lumniczky et al., 2017). Abnormally elevated levels of catecholamine, epinephrine, norepinephrine, dopamine, and inflammatory factors are the major causes of radiation-induced brain injuries. Ismail et al. confirmed that the extract of Ginkgo biloba L. regulated the above mentioned indicators by suppressing lipid peroxidation (Ismail and El-Sonbaty, 2016). In addition, that the extract of Ginkgo biloba L. was shown to suppress the expressions of P53, Bcl-2 and inhibited apoptosis after radiation (Raafat et al., 2013).
Whole Chinese Herbal Medicines
Biologically active compounds in Portulaca oleracea L. include flavonoids, alkaloids, terpenoids, and sterols. These compounds have been shown to have antioxidant, anti-bacterial, and anti-inflammatory properties. Portulaca oleracea L. extracts alleviated lipid peroxidation in the liver and kidney of irradiated rats. It also suppressed MDA levels in tissues and inhibited total cholesterol (TC), triglyceride (TG), low-density lipoprotein cholesterol (LDL-c), and maintained atherosclerosis indices (Abd El-Azime et al., 2014). From the mechanism perspective, Portulaca oleracea L. may also play an anti-inflammatory role by inhibiting TNF-α secretion, thereby preventing NF-κB nuclear translocation. This herb also plays an important role in regulating peroxidation (Zhou et al., 2015). Mentha canadensis L. from the Labiatae family inhibits radiation induced damage by scavenging for free radicals, its antioxidant, anti-inflammatory, anti-mutation activities, and enhancing DNA repair (Baliga and Rao, 2010).
Fructus of Chinese Herbal Medicines
The antioxidant properties of the Solanaceae Lycium barbarum L. are important in antagonizing mitochondrial apoptosis and inhibiting DNA damage. Duan et al. documented that Lycium barbarum L. increases the DNA content of red blood cells and hemoglobin, effectively inhibits P53, caspase-3, and caspase-6 while accelerating the recovery of splenic functions (Duan et al., 2015). Crataegus pinnatifida Bunge is rich in polyphenols and total flavonoids. An extract of Crataegus pinnatifida Bunge has been established to reduce lymphocytic micronucleus and lowers the effects of radiation (Hosseinimehr et al., 2009). While an extract of Hippophae rhamnoides L. scavenges for free radicals, prevents cell cycle arrest in the G2-M phase (Goel et al., 2003), and protects mitochondria and chromatin from radiation-induced damage (Shukla et al., 2006). Moreover, Hippophae rhamnoides L. protects against radiation-induced sperm injuries (Goel et al., 2006).
In conclusion, the above reviews show that a single Chinese herbal medicine can ameliorate radiation-induced damage in a variety of ways. These herbs have considerable potential as radioprotectants.
Chinese Herbal Prescriptions in the Prevention of Radiation Damage
Traditional Chinese Medicine’s clinical efficacy exerted in the form of Chinese herbal prescriptions, is based on clinical symptoms and purposefully matched different Chinese medicines. Experimental and clinical studies have verified the therapeutic effect of Chinese Herbal Prescriptions (Zhang et al., 2016; Gao et al., 2017). Compared to a single herb or active compound, Chinese Herbal Prescription contains many active compounds with multiple therapeutic targets. These Prescriptions are suitable for the prevention and treatment of multiple ionizing radiation induced systemic damage. Synergism between the different herbs enhance therapeutic effects with reduced toxicity (Zhang et al., 2018b) (Table 3).
TABLE 3 | Effects and Mechanisms of Chinese Herbal Prescription in ionizing radiation damage.
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The hematopoietic system is highly sensitive to radiation. Hematopoietic cells exposed to ionizing radiation degenerate quickly, and undergo necrosis as well as apoptosis. In addition, ionizing radiation decreases the number of peripheral blood cells, especially neutrophils, lymphocytes, and platelets, leading to bleeding and anemia.
Siwu Tang is a classical Chinese herbal prescription that reinforces qi and nourishes the blood. It is comprised of four Chinese herbal medicines (Rehmannia glutinosa (Gaertn.) DC., Angelica sinensis (Oliv.) Diels, Conioselinum anthriscoides ‘Chuanxiong', and Paeonia lactiflora Pall.) (Sun et al., 2016). The active compounds in this prescription include fructose, paeoniflorin, and ferulic acid, among others. This Prescription promotes hematopoietic and immune system recovery after irradiation by increasing the number of peripheral white blood cells and bone marrow colony-forming units (Liang et al., 2006). Studies revealed that Siwu Tang induces the antioxidant Nrf2 pathway, partially inhibits DNA damage, prevents the activation of nuclear transcription factor activating protein-1 (AP-1) and NF-κB, thereby, inhibiting ionizing radiation-induced damage and oncogenesis (Liu et al., 2017).
Buzhong Yiqi Tang is a well-known Chinese herbal prescription with nearly 800 years of application. It is widely used a therapeutic option for spleen-qi deficiencies and post-illness symptoms (Hu et al., 2019; Liu et al., 2019). This prescription is composed of Astragalus mongholicus Bunge, Codonopsis pilosula (Franch.) Nannf., Atractylodes lancea (Thunb.) DC., Bupleurum chinense DC., Actaea cimicifuga L., Citrus reticulata Blanco, Angelica sinensis (Oliv.) Diels, and Glycyrrhiza glabra L.. This prescription has been shown to significantly elevate peripheral white blood cell counts in mice after irradiation and relieves platelet damage (Xiao-fang et al., 2013). Further, it suppresses lipid peroxides generated by the accumulation of free radicals and improves the hematopoietic microenvironment (Xiaoling et al., 2006).
Xuebijing (XBJ) is an injection of Chinese herbal prescription. It was approved by the National Medical Products Administration for the clinical management of septicemia. It contains Carthamus tinctorius L., Paeonia lactiflora Pall., Conioselinum anthriscoides 'Chuanxiong', Salvia miltiorrhiza Bunge, and Angelica sinensis (Oliv.) Diels. A previous study documented that XBJ improved the survival rate of irradiated mice by suppressing ROS production in bone marrow cells and alleviated radiation induced hematopoietic cell injury (Li et al., 2014a).
In the study of Yiqi Yangyin Fang (YYF: Astragalus mongholicus Bunge, Panax ginseng C.A.Mey., Ligustrum lucidum W.T.Aiton, Eclipta prostrata (L.) L., Angelica sinensis (Oliv.) Diels, Atractylodes macrocephala Koidz., Poria cocos (Schw.) Wolf, Glycyrrhiza glabra L.), Junling Zhang et al. indicated that this prescription increased the number of bone marrow cells, hematopoietic progenitor cells, and hematopoietic stem cells. It also improved bone marrow suppression after radiation by suppressing intracellular ROS levels (Zhang et al., 2017b).
Immune System
Ionizing radiation damages the hematopoietic system, the thymus and the spleen. Radiation inhibits tissue and cell repair after injury and induces immunosuppression. Inhibition is proportional to the radiation dose. Hematopoietic and immune dysfunctions associated with ionizing radiation elevate tissue permeability, weaken body resistance, and predisposes the body to endogenous or exogenous infections.
HemoHIM is a prescription composed of three herbs with various biological and immunological activities. HemoHIM inhibits the continuous down-regulation of Th1 immune responses after radiation by regulating the IL-12 p70/pSTAT4 signaling pathway (Park et al., 2012). This prescription has also been shown to protect hematopoietic stem cells and speeds up the recovery of immune cells (Park et al., 2014).
Bushen Jiedu Recipe is an optimized combination of Liuwei Dihuang Pills. This prescription maintains kidney tone, nourishes yin, tonifies Qi and blood, clears heat and removes toxin. Yunjing et al. documented that Bushen Jiedu Recipe interfered with the expression of NF-κBp65 by regulating the TLR4 signaling pathway, suppressed white blood cell damage and protected the thymus and spleen (Yunjing et al., 2015; Lidan et al., 2016).
The Wumai Danghuang Oral Liquid is composed of Schisandra chinensis (Turcz.) Baill., Ophiopogon japonicus (Thunb.) Ker Gawl., Codonopsis pilosula (Franch.) Nannf., and Astragalus mongholicus Bunge. This prescription exhibits its anti-radiation effects by elevating SOD, degrading MDA and inhibiting the generation of free radicals (Chunhong et al., 2014). In addition, Wumai Danghuang Oral Liquid exhibits protective and repair effect on radiation induced immune injuries (Hang et al., 2013).
Houttuynia cordata Thunb. and its bioactive molecules have anti-inflammatory and antioxidant properties (Shingnaisui et al., 2018). Co-Herba Houttuyniae Oral Liquid contains Houttuynia cordata Thunb., Panax ginseng C.A.Mey., Lycium barbarum L.. This liquid suppresses the rate of radiation induced chromosomal aberrations (Lin et al., 2001). It also enhances the anti-stress ability of mice by improving immune functions. Moreover, Panax ginseng C.A.Mey. and Lycium barbarum L. improve immune functions and inhibit radiation effects by promoting the repair of damaged cells and tissues (Lin et al., 2002).
The radioprotective prescription (Astragalus mongholicus Bunge, Ganoderma Lucidum Karst, Lycium barbarum L., and Poria cocos (Schw.)Wolf) has been shown to improve the survival rate, white blood cell count, thymus index, spleen index, and the DNA content of bone marrow cells thereby reducing radiation induced immune damage in mice models (Liming et al., 2011).
Digestive System
Ionizing radiation severely damages the digestive system and causes pathological changes such as intestinal mucosal damage and liver fibrosis. These damages lead to digestive and absorptive dysfunctions, resulting in a series of clinical symptoms like diarrhea, nausea, and vomiting.
STW 5 is a herbal prescription with anti-inflammatory and antioxidant properties. This prescription inhibits oxidative stress responses, suppresses the levels of inflammation factors, and intestinal damage indices by regulating apoptosis-related factors to prevent intestinal mucosal damage after radiation (Khayyal et al., 2014). Prophylactic administration of STW 5 reduces the severity of radiation mucositis (El-Ghazaly et al., 2015).
Astragalus immortal prescription is composed of Rehmannia glutinosa (Gaertn.) DC., Ophiopogon japonicus (Thunb.) Ker Gawl. and Equus asinus L.. It is derived from Dunhuang medical papers (now stored in France, code: P.4038), and Astragalus mongholicus Bunge. This prescription has been shown to elevate the activities of GSH-Px and SOD while suppressing MDA levels in the liver. Furthermore, it protects the liver from radiation induced oxidative damage (Cai-qin et al., 2017).
Reproductive System
The male reproductive system is very sensitive to ionizing radiation as it can damage the seminiferous epithelium and spermatogenic cells at all levels. These radiations can confer injuries to the reproductive system, and cause male infertility (Bates et al., 2016; Kesari et al., 2018). Radiation also causes DNA damage in spermatogenic cells, increases embryonic mortality, and offspring cancer susceptibility. It may induce hereditary changes.
Wuzi Yanzong Pill (WZYZ) is a Chinese herbal prescription that is used as a therapeutic option for male infertility. Clinically, it has significant therapeutic effects on oligospermia and asthenozoospermia. WZYZ improves sperm quality by suppressing DNA damage (Zhao et al., 2018). A double-blind randomized controlled trial confirmed that WZYZ is an excellent therapeutic option for men with low fertility who cannot be cured by conventional western medicines (Zhao et al., 2019). Pelvic exposure to radiation reduces testicular weight, sperm quality and leads to testicular oxidative stress and abnormal testicular structure. WZYZ protects against suppressed serum testosterone levels, reduces MDA levels and oxidative stress indices (OSI) in the testis. Its mechanism may be associated with up-regulation of PCNA (Ji et al., 2016).
The Yiqi Jiedu Decoction (YQJD) enhances testicular index, structural recovery of the testis, decreases the apoptotic rate of spermatogenic cells, and maintains spermatogenic functions after irradiation. These results suggest that YQJD plays a protective role by intervening in TLR5 downstream signaling pathways (Wang et al., 2020).
ANTI-RADIATION MECHANISMS OF CHINESE HERBAL MEDICINES
Mitochondrial Apoptosis Pathway
Oxidative stress leads to the pathogenesis of various human diseases and the aging process. Mitochondria is the energy center in cell metabolism, it regulates redox homeostasis, and plays a central role in diseases pathogenesis (Li et al., 2019a). Oxidative stress damages the mitochondria, accelerates excessive ROS production, activates the mitochondrial apoptotic pathway and induces apoptosis (Kim and Kim, 2018). Ionizing radiation mediated overproduction of ROS is associated with mitochondrial dysfunctions. ROS acts as a signaling molecule that initiates a series of cascade reactions (Wu et al., 2019). Changes in the mitochondrial membrane potential elevates the expressions of pro-apoptotic proteins and suppresses the expression of anti-apoptotic proteins (Sun et al., 2018). These events trigger the activation of caspase-3, and initiates the mitochondrial-dependent pathway (Li et al., 2018a). As previously stated, Chinese Herbal Medicines inhibit mitochondrial apoptosis by: i. inhibiting oxidative stress responses and suppressing the generation of ROS, and ii. Interfering with the expression of pathway associated factors, regulating the pro-apoptotic protein and anti-apoptotic protein ratios, as well as by suppressing Cytochrome C and caspase-3.
MAPK Signaling Pathway and PI3K/AKT Signaling Pathway
Mitogen-activated protein kinases (MAPK) family, including three significant members of extracellular signal-regulated kinases (ERK), p38 kinase, and c-Jun N-terminal kinase (JNK), participate in various physiological processes such as morphogenesis, cell growth, proliferation, apoptosis, and differentiation (Fang and Richardson, 2005; Lu et al., 2019). Ionizing radiation activates the classic MAPK signaling pathway, JNK, and P38 MAPK pathways. In addition, radiation-induced secreted cytokines enhance MAPK pathway responses in cells (Dent et al., 2003). Enhancement of the MAPK signal upregulates telomerase activity, initiates changes in chromatin distribution, and regulates the cell cycle (Shain et al., 2018). Activated p38 and JNK signaling pathways are involved in immune regulation (Wang et al., 2019a). After p38 activation, a mitochondrial apoptotic pathway is initiated (Choi et al., 2006; Niaudet et al., 2017). The PI3K/AKT signaling pathway is essential in the regulation of cell growth, migration, proliferation, and metabolism in mammals (Pompura and Dominguez-Villar, 2018). Activated PI3K/Akt pathway accelerates DSB repair. Ionizing radiation inhibits its activation (Toulany and Rodemann, 2015). This pathway is also involved in cell cycle and apoptosis regulation after exposure to ionizing radiation (Chen et al., 2018). Because of the wide reach of the MAPK and PI3K/AKT signaling pathways, Chinese Herbal Medicines regulate them through multiple targets.
Nrf2/HO1 Signaling Pathway
The Nrf2/HO-1 signaling pathway antagonizes tissue and organ oxidative stress injuries by regulating antioxidant, anti-inflammatory, apoptosis, pyroptosis, ferroptosis, and autophagy processes. Nrf2 is a transcription factor and the core regulator of cellular redox. It stimulates gene expression through antioxidant response elements in gene promoters and protects cells against ROS induced DNA damage (Zimta et al., 2019). When exposure to ionizing radiation occurs, Nrf2 acts as a critical transcription factor that regulates antioxidant enzymes and protects tissues from oxidative stress damage. HO-1 regulates the expression of apoptotic and inflammatory factors. In addition, it also promotes angiogenesis by preventing oxidative damage (Loboda et al., 2016). Chinese Herbal Medicines trigger Nrf2 and enhances mRNA and protein expressions of HO-1. These events trigger the antioxidant pathway and inhibits ionizing radiation induced oxidative damage.
Inflammatory Signaling Pathway
Ionizing radiation-induced DNA damage results in phosphorylation and activation of multiple transcription factors (such as NF-κB, p53, and MAPK) by stimulated ATM kinases. ROS is also involved in these processes (Purbey et al., 2017). After exposure to ionizing radiation, the secretion of various inflammatory cytokines (IL-1, IL-6, TNF-α, IFN-γ, COX-2) is elevated. Inflammatory cytokines recruit immune cells that regulate cell microenvironment with a crucial impact on local or systemic tissues (Harding et al., 2017). Chinese Herbal Medicines exhibit a two-way regulation effect on inflammatory factors. The first one is by inhibiting the secretion of inflammatory factors, preventing fibrosis and inflammatory lesions after irradiation. The second strategy is that it plays an immunomodulatory role by regulating signaling pathways such as TLRs and NF-κB to reduce apoptosis (Scholch et al., 2015; Liu et al., 2018).
Traditional Chinese Medicine exhibits its curative effects on multiple body systems (such as hematopoiesis, immunity, reproduction, respiration, and circulation) by inhibiting oxidative stress, reducing DNA damage, and regulating abnormally activated signaling pathways. The Mechanism is as shown in Figure 2. It is worth noting that Chinese Herbal Medicines are particularly useful in anti-lipid peroxidation. Recently, a new regulatory cell death method (ferroptosis) has attracted considerable attention. Excessive ROS results in membrane lipid peroxidation. The accumulation of iron-dependent lipid peroxides leads to ferroptosis. Radiation induced damage to the hematological system and the lungs can be relieved by intervening in ferroptosis-related pathways (Li et al., 2019c; Zhang et al., 2020). This is an avenue for Traditional Chinese Medicine research in future.
[image: Figure 2]FIGURE 2 | Mechanism of Chinese herbal medicines in preventing radiation injury. 1) Chinese herbal medicines reduce DNA damage; 2) Chinese herbal medicine promote DNA repair; 3) Chinese herbal medicines regulate cell cycle arrest; 4) Chinese herbal medicines prevent excessive accumulation of ROS and inhibits oxidative damage; 5) Chinese herbal medicine suppress extrinsic and intrinsic apoptotic pathways via reduction of P53, caspase, BAX/Bcl2 activation; 6) Chinese herbal medicines are involved in the regulation of inflammatory response; 7) Chinese herbal medicines participate in the regulation of multiple abnormally activated signaling pathways.
CONCLUSION
Ionizing radiation injuries are systemic damages that affect multiple organs and tissues. The Traditional Chinese Medicine characteristic theory lies in its holistic view: man and nature as a harmonious and unified whole, emphasizing the interactions between man and the environment, achieving a balance between the two. Simultaneously, various systems of the human body as a whole are connected physiologically and pathologically influence each other. Based on this holistic view, Chinese medicines and Chinese Herbal Prescriptions are suitable for use as therapeutic options for multi-system damages caused by ionizing radiation.
Compared to a single herb, the composition of Chinese Herbal Prescription is more complex and exhibits its therapeutic effects by having multiple targets (Yang et al., 2017; Wang et al., 2019b). The synergy between the Chinese medicines in the Chinese Herbal Prescriptions improves its efficacy while inhibiting toxic and side effects. A rationally designed Chinese Herbal Prescription will exhibit a better protective effect.
Chinese medicine has favorable economic benefits and is an economical option for the development of safe and effective radioprotectors. With positive effects, many Chinese Herbal Prescriptions have been used in clinical settings to reduce radiation induced damage. Studies on the anti-radiation activities and mechanisms of single Chinese medicines and their active compounds are limited. However, due to their sophisticated active compounds, it is difficult to elucidate on their potential radio-protective mechanisms. More studies are needed to evaluate the efficacy of these medicines. Systemic biology and network pharmacology applications may provide alternative methods and strategies for the applications of Chinese Herbal Prescriptions (Boezio et al., 2017; Tavassoly et al., 2018), and may, therefore, help in the development of innovative drugs for radiation protection.
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Objectives: To evaluate the pharmacodynamical effects and pharmacological mechanism of Ginsenoside H dripping pills (GH) in chronic unpredictable mild stress (CUMS) model rats.
Methods: First, the CUMS-induced rat model was established to assess the anti-depressant effects of GH (28, 56, and 112 mg/kg) by the changes of the behavioral indexes (sucrose preference, crossing score, rearing score) and biochemical indexes (serotonin, dopamine, norepinephrine) in Hippocampus. Then, the components of GH were identified by ultra-performance liquid chromatography-iron trap-time of flight-mass spectrometry (UPLC/IT-TOF MS). After network pharmacology analysis, the active ingredients of GH were further screened out based on OB and DL, and the PPI network of putative targets of active ingredients of GH and depression candidate targets was established based on STRING database. The PPI network was analyzed topologically to obtain key targets, so as to predict the potential pharmacological mechanism of GH acting on depression. Finally, some major target proteins involved in the predictive signaling pathway were validated experimentally.
Results: The establishment of CUMS depression model was successful and GH has antidepressant effects, and the middle dose of GH (56 mg/kg) showed the best inhibitory effects on rats with depressant-like behavior induced by CUMS. Twenty-eight chemical components of GH were identified by UPLC/IT-TOF MS. Subsequently, 20(S)-ginsenoside Rh2 was selected as active ingredient and the PPI network of the 43 putative targets of 20(S)-ginsenoside Rh2 containing in GH and the 230 depression candidate targets, was established based on STRING database, and 47 major targets were extracted. Further network pharmacological analysis indicated that the cAMP signaling pathway may be potential pharmacological mechanism regulated by GH acting on depression. Among the cAMP signaling pathway, the major target proteins, namely, cAMP, PKA, CREB, p-CREB, BDNF, were used to verify in the CUMS model rats. The results showed that GH could activate the cAMP-PKA-CREB-BDNF signaling pathway to exert antidepressant effects.
Conclusions: An integrative pharmacology-based pattern was used to uncover that GH could increase the contents of DA, NE and 5-HT, activate cAMP-PKA-CREB-BDNF signaling pathway exert antidepressant effects.
Keywords: ginsenoside H dripping pills, depression, network pharmacology, chronic unpredictable mild stress, cAMP signaling pathway
INTRODUCTION
Depression is a mental disorder illness with a high disability, morbidity and recurrence rate (Chen et al., 2008). The main clinical features are decreased food-intake, low mood, anhedonia, activity decrease, irritability and other symptoms (Yang et al., 2018). In severe cases, they may have suicidal tendency (Zhu et al., 2020). An epidemiological multicenter study showed the odds of being depressed among cancer patients were more than five times higher than in the general population (Götze et al., 2020). Remarkably, comorbid depression in patients with cancer was compellingly established as a risk factor for suicide as well as rapid cancer progression (Shoval et al., 2019). There is no specific drug for the treatment of depression in cancer patients, and antidepressants are generally used. At present, the commonly used chemical antidepressants are mainly divided into four classes according to the chemical formula and the mechanism, including selective serotonin-re-uptake inhibitors (SSRI) such as sertraline and fluoxetine, serotonin and norepinephrine reuptake inhibitors (SNRI) like duloxetine and milnacipran, tricyclic anti-depressants (TCA) such as amitriptyline and imipramine, monoamine oxidase inhibitors (MAOI) like moclobemide and phenelzine (Zhao et al., 2015; Ostuzzi et al., 2018). There are several Chinese herbal formulae for the treatment of depression including Chaihu Shugan powder, Xiaoyao Pill and Shugan Jieyu capsule (Du et al., 2014; Fu et al., 2014; Wang et al., 2014). Clinically, although chemical antidepressants are widely used, their side effects are common, such as hepatotoxicity, drowsiness, sexual dysfunction, nausea, irritability and psychomotor impairment (Dai et al., 2010; Gorzalka and Hill, 2011; Zhu et al., 2020). Compared with chemical drugs, traditional Chinese medicine (TCM) are attracting more and more attention due to its advantages such as low toxicity and side effects, high safety, and high efficacy and toxicity reduction (Xie et al., 2018). Therefore, the research on the treatment of depression with TCM has certain clinical value.
Ginsenoside H dripping pills (GH), originated from Tasly Group, is the class 5 new traditional Chinese medicine which obtained from leaves of Panax Quinquefolium Linn by extracting, chemical degrading and chromatography separating (Chen et al., 2018). It is designed to be used for replenishing qi and blood, and is used as an adjuvant drug for treating cancer. The main ingredient of the drug is ginsenoside Rh2 and the content of ginsenoside Rh2 is about 30% (Ma et al., 2018). Early studies have indicated that ginsenoside Rh2 could significantly inhibit the growth of U14 cervical cancer bearing mouse (Zhang et al., 2013). Besides, ginsenoside Rh2 can significantly improve the depressive behavior of depressing mice (Wang et al., 2016). It can be said that GH not only has significant anti-tumor effects, but also has antidepressant effects, which provides exclusive drugs for the treatment of depression in cancer patients and has research value. However, it is still unclear that antidepressant effects and mechanism of GH. Therefore, the study adopted the integrated pattern of “pharmacodynamics - network pharmacological analysis - mechanism verification” to deeply study the antidepressant effects and potential mechanism of GH.
Chronic unpredictable mild stress (CUMS) model in rats was the closest animal model to clinical depression (Su et al., 2017). During the modeling process, rats which were subjected to different kinds of chronic unpredictable mild stress, fully simulated the social living environment of depressive patients and induced rats to produce many behavioral abnormal symptoms similar to those of depressive patients (Antoniuk et al., 2019; Li et al., 2019). For example, the reducing the sucrose preference in rats simulated the symptoms of anhedonia in depressive patients; the reducing the score of Open field exercise simulated the symptoms of low ability of autonomic movement in depressive patients (Tan et al., 2015; Liu et al., 2018). Therefore, the decrease of behavioral indexes (sucrose preference and open field exercise score) showed that CUMS depression model in rats were successfully established. In addition, the pathogenesis of depression is complex. Although several hypotheses about depression have been proposed, the monoamine hypothesis is still the most common hypothesis for depression, because most of the current antidepressants act on monoamine transporters or receptors (Auclair et al., 2013; Liu et al., 2020). The hypothesis believes that the occurrence of depression is mainly due to the lack of major monoamine neurotransmitters such as 5-hydroxytryptamine (5-HT), dopamine (DA) and norepinephrine (NE) in the central nervous system of the brain (Jesulola et al., 2018). Hence, the contents of 5-HT, DA and NE in hippocampus were decreased, which indicated that CUMS depression model in rats was successfully established. In conclusion, the antidepressant effects of GH were evaluated from the behavioral and biochemical indexes of depression model rats.
Network pharmacology was first proposed by Hopkins in 2007, which is based on disease-gene-target-drug interaction network to predict the material basis and mechanism of drug intervention in diseases (Li and Zhang, 2013). With the establishment of TCM database systems such as Encyclopedia of Traditional Chinese Medicine and Traditional Chinese Medicine Systems Pharmacology Database (Ru et al., 2014; Xu et al., 2019), network pharmacology has been widely used in TCM (Xu et al., 2014; Yu et al., 2017; Zhang et al., 2017; Li et al., 2018). Interestingly, the holistic philosophy of TCM is consistent with the key idea of emerging network pharmacology (Li et al., 2014). Our group had previously predicted the underlying pharmacological mechanism of Xueshuan-Xinmai-Ning (XXNT) acting on coronary heart disease (CHD) through network pharmacology method, and found that the XXNT in the treatment of CHD might be involved into the signal transduction in nervous-endocrine-immune-cardiovascular-metabolic system, and it is verified by experiments that XXNT plays a role in treating CHD via VEGF signal pathway (Mao et al., 2019). In addition, through network pharmacology analysis, it is found that Zhile alleviated depression-like behaviors by upregulating the cAMP-CREB-BDNF signaling pathway (Wu et al., 2019). Therefore, the pharmacological mechanism of the anti-depressant effects of GH could be evaluated by network pharmacology analysis.
In this study, the integrated pharmacology-based pattern, which adopted pharmacodynamics-network pharmacology-mechanism verification, was used to elucidate the pharmacological mechanism of GH in treatment of depression. The antidepressant effects of GH were first confirmed by using chronic unpredictable mild stress model rats. The chemical components containing in GH were then identified by UPLC/IT-TOF MS, and the active ingredients of GH were further screened out based on OB and DL. Network pharmacology analysis was conducted to predict the potential pharmacological mechanism of GH in treatment of depression. At last, the results predicted by network pharmacology were further validated by western blotting and enzyme-linked immunosorbent assay. A flowchart of this study is illustrated in Figure 1.
[image: Figure 1]FIGURE 1 | Flowchart of the study.
MATERIALS AND METHODS
Reagents and Materials
Bulk substance of Ginsenoside H dripping pills (GH) and GH (specification: 30 mg/pill, the total saponin content: 3.12 mg) were obtained from Tianjin Tasly Pharmaceutical Co., Ltd. (Batch NO. 20120606-16, 20160309, respectively, Tianjin, China). Fluoxetine hydrochloride (Flu) was provided by Suzhou Eli Lilly and Company (Suzhou, China). Chromatographic grade methanol and acetonitrile were obtained from Fisher Scientific Co. (Loughborough, United Kingdom). Pseudoginsenoside RT5, 20(S)-ginsenoside Rh1, 20(R)-ginsenoside Rh1, 20(S)-ginsenoside F1, ginsenoside Rh4, ginsenoside CK, 20(S)-ginsenoside Rh2, 20(R)-ginsenoside Rh2, isoginsenoside Rh3 standards were obtained from China National Institute for the Control of Pharmaceutical and Biological Products (Beijing, China). ginsenosides Rk2 standard was purchased from Chengdu Mansite Pharmaceutical Co., Ltd. (Chengdu, China). All standards were of at least 98% purity and were suitable for UPLC/IT-TOF analysis. The enzyme-linked immunosorbent assay (ELISA) kits, including serotonin (5-HT), dopamine (DA), norepinephrine (NE) and cyclic Adenosine monophosphate (cAMP) were supplied by Shanghai Lianshuo Biological Technology Co., Ltd. (Shanghai, China). The radioactive cyclic-AMP dependent protein kinase A (PKA) assay kit was purchased from Promega Corporation (Madison, Wisconsin, United States). The primary antibodies against brain derived neurotrophic factor (BDNF), cAMP-response element binding protein (CREB), phosphorylated cAMP-response element binding protein (p-CREB) and the secondary antibodies goat anti-rabbit IgG-HRP were purchased from Affinity Biosciences (Cincinnati, OH, United States). Bicinchoninic acid assay (BCA) kits was produced by Beyotime Institute of Biotechnology Co., Ltd. (Nanjing, China).
Animals
A total of 80 Specific-pathogen free (SPF) male Sprague Dawley rats (180–220 g) were obtained from the China National Institutes for Food and Drug Control (SCXK (jing) 2017-0005). The rats were kept in an environmentally controlled room (temperature 22 ± 2°C, humidity 50 ± 10%, 12 h/12 h light/dark cycle) and were allowed to eat and drink freely. The laboratory animals were used according to requirements of the Ethics Committee of Tianjin University of Traditional Chinese Medicine (Tianjin, China), and the experimental methods were in line with the principles for protection of laboratory animals.
Animal Grouping
After 7 days habituation, the rats were randomly divided into six groups (n = 10) according to the similar sucrose preference, crossing score and rearing score: the control group, CUMS group, low dose group of GH (28 mg/kg), middle dose group of GH (56 mg/kg), high dose group of GH (112 mg/kg), and Flu group (10 mg/kg).
Establishment of Chronic Unpredictable Mild Stress (CUMS) Model and Drug Treatment
The CUMS procedure was carried out as described in the existing literatures (Zhong et al., 2018; Lu et al., 2019). The animals, except the control group, were separately placed and repeatedly exposed to a set of CUMS as follows: restraint stress (4 h), noise environment (110 dB, 1 h), electric shock to the foot (3 mA, one shock/5 s), tail clamp (tail nipped at 1 cm from the tip of the tail for 3 min), damp bedding (24 h), reversed light/dark cycle (24 h), high temperature stress (40°C, 20 min), ice-cold swimming (4°C, 5 min), 45° tilted cage (12 h), cage shaking (15 min), fasting food (24 h), water deprivation (24 h). Two stressors were applied every day and the whole stress procedure lasted for 5 weeks in a completely random order. During the modeling period, rats in the GH group and the Flu group were administrated with corresponding drugs; rats in the control group and the CUMS group were administrated with saline. Rats in all group were injected via gastric gavage at 10 ml/kg once daily.
Behavioral Tests
Sucrose Preference Test
Sucrose preference test (SPT) was conducted at the day 0 and day 35 in accordance with previously described methods (Zhu et al., 2017). Briefly, 72 h before the test, the rats were bred individually two bottles 1% sucrose solution for 24 h, which were aimed to adapt to sucrose solution. Then, rats were exposed to one bottle of 1% sucrose solution and one bottle of water for 24 h. Finally, water and food were deprived for another 24 h. Sucrose preference test was conducted, in which rats were placed in separate cages and were freely access to two bottles containing sucrose solution (1%, w/v) and water, respectively. After 24 h, the weight of solution in every bottle was measured, and the rate of sucrose preference was calculated by the following formula:
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Open Field Test
The open field test (OFT) was carried out at day 0 and day 35 according to previously described methods (Dai et al., 2010). The activity of rats in each group were measured in a 100 cm × 100 cm × 50 cm box without ceiling, the inner wall and floor of which were coated with black paint. A video camera was used to record the rat behavior. The rats were released from the center of the arena, and were observed for 3 min. The following behavioral parameters were taken into the account: the crossing score (grid lines it crossed with at least three paws) and the rearing score (defined as standing upright with hind legs). To avoid the possible disturbance, the 75% alcohol was used to clean the floor box before each test.
Hippocampus Sampling
The rats were sacrificed, 24 h after the behavioral tests. The whole brain was quickly dissected from the rats in ice-cold saline. The hippocampi were isolated on ice bath and immediately stored in liquid nitrogen for enzyme-linked immunosorbent assay and western blot analysis. All samples were stored at −80°C until assays.
Preparation of Samples and Standard Solution
Bulk substance of GH was weighed 100 mg precisely. The powder was soaked in 20 ml methanol, extracted by ultrasonic at room temperature for 30 min, and precipitated to 25 ml volume. A stock solution containing ten standards (pseudoginsenoside RT5, 20(S)-ginsenoside Rh1, 20(R)-ginsenoside Rh1, 20(S)-ginsenoside F1, ginsenoside Rh4, ginsenoside CK, 20(S)-ginsenoside Rh2, 20(R)-ginsenoside Rh2, isoginsenoside Rh3 and ginsenoside Rk2) was prepared in methanol. All samples were filtered through 0.22 µm nylon membrane filters and the filtrate was analyzed directly by UPLC/IT-TOF.
UPLC/IT-TOF Conditions
The UPLC analysis was performed on a Shimadzu LC-20A (Shimadzu, Kyoto, Japan) with a Waters Acquity UPLC HSS T3 column (2.1 × 100 mm, 1.8 μm). The column temperature was set at 35°C. The flow rate was set at 0.44 ml/min. The target sample temperature is set at 10°C and 5 μL of each sample was injected onto the column. The solvent system composed of mobile phase A (water) and mobile phase B (acetonitrile) in the following gradient: 0–9 min, 28–47%B; 9–17 min, 47–55%B; 17–22 min, 55–90%B; 22–24 min, 90–28%B; 24–25 min, 28–28%B. The experiment was performed on both ESI (+) ionization mode. The desolvation temperature was set at 200°C with desolvation gas flow set at 1.5 L/min. The capillary voltage was sat at 4.5 KV for ESI (+). The full scan data acquisition range was 100–1,300 Da. The LabSolutions-LCMS software (Shimadzu, Kyoto, Japan) were employed for data analysis and the chemical components of GH was identified.
Targets Fishing
The chemical components containing in GH identified by UPLC/IT-TOF were filtered by integrating oral bioavailability (OB), drug similarity (DL) from Traditional Chinese Medicine Systems Pharmacology Database (TCMSP).1 The chemical components that meet both of the requirements OB ≥ 30%, DL ≥ 0.18, were retained as candidate active ingredients (Tao et al., 2013). The targets of candidate active ingredients were obtained from Swiss Target Prediction2 (Daina and Zoete, 2019). Species were selected as “Homo sapiens” and the targets with probability greater than 0 were predicted as the putative targets.
Known therapeutic targets acting on depression were collected from the DrugBank3 (Knox et al., 2011). Therapeutic Target Database (TTD)4 (Li et al., 2018) and Online Mendelian Inheritance in Man (OMIM) database5 (Hamosh et al., 2005) with the keyword “depression”. All targets enrolled in this research were human genes/proteins.
Network Construction and Topological Analysis
Protein-protein interaction (PPI) data were obtained from STRING database6 (Szklarczyk et al., 2017) with setting species as “Homo sapiens” and the results were imported into the Cytoscape software (version 3.7.1, Boston, MA, United States) where the interaction network was constructed and analyzed. The topological features were calculated using Network Analyzer and the nodes with degree greater than twice the median degree of all nodes will be defined as major targets (Guo et al., 2020).
Pathway Enrichment Analysis
To explore potential mechanism of predicted major targets, the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis (Kanehisa et al., 2017) was performed using the Database Visualization and Integrated Discovery (DAVID)7 (Huang et al., 2007). KEGG pathways with enrichment p value less than 0.05 were employed for further study.
Enzyme-Linked Immunoassay
Tissues from the rat hippocampus were homogenized by adding phosphate buffered saline (PBS) at pH 7.4 (Solarbio Science &Technology Co., Ltd., Beijing, China). Homogenate was centrifuged at 4°C for 10 min at 12,000 rpm to obtain the supernatant. The supernatant was separated and stored at −20°C until analysis. The concentration of 5-HT, DA, NE and cAMP were measured using commercially available ELISA kits in accordance with the manufacturer’s instructions. The absorbance at 450 nm was measured with a GloMax microplate reader (Promega, Madison, WI, United States), and the measured OD values were used to quantify the expression of the 5-HT, DA, NE and cAMP. All samples were determined three times repeatedly in the same assay to minimize inter-assay differences.
Assay of PKA Activity
PKA activity was assayed using a radioactive PKA assay kit in accordance with the manufacturer’s instructions.
Western Blot
Hippocampus tissue (approximately 50 mg) was solubilized by radio immunoprecipitation assay lysis buffer (Beijing, China) for 30 min on ice. The buffer contained 1% phenylmethylsulphonyl fluoride (Beyotime, China) and/or 1% phosphatase inhibitor. The pyrolysis products were clarified by centrifuging at 4°C for 15 min at 12,000 rpm. The supernatant was collected and the protein concentration was measured with the bicinchoninic acid protein assay kit. Proteins were separated by 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and then were transferred to polyvinylidene difluoride (PVDF) membranes, which were blocked in 5% nonfat milk or 5% BSA for 2 h and then washed three times with Tris Buffer Saline supplemented with 0.1% Tween-20 (TBST) buffer for 10 min each time. The membranes were incubated overnight at 4°C with primary antibodies BDNF (1:1,000 dilution), CREB (1:1,000 dilution), p-CREB (1:1,000 dilution), and rat polyclonal antibody GAPDH (1:1,000 dilution). Subsequently, the membranes were washed three times with TBST and were incubated for 2 h at room temperature with suitable goat anti-rabbit immunoglobulin G-horseradish peroxidase (IgG-HRP) secondary antibody (1:5,000 dilution). After rewashing with TBST, the immunoreactivity was observed using ECL reagent. The membranes were scanned by using an imaging system (Bio-Rad, Hercules, CA, United States) and the band strength was analyzed by using ImageJ software (National Institutes of Health, Bethesda, MD, United States).
Statistical Analysis
Date were expressed using the mean ± the standard deviation (SD). SPSS version 21.0 software (IBM, Chicago, IL, United States) was used for statistical analysis. One-way analysis of variance (ANOVA) was used, and p value <0.05 was considered to be statistically significant.
RESULTS
Establishment of CUMS Model and Antidepressant Effects of GH
In the study, CUMS rat model was established according to materials and methods. At the same time, the rats were intragastric administration. The antidepressant effects of GH were evaluated by the behavioral and biochemical indexes.
The results of behavioral indexes of rats in each group were shown in Figures 2A–F, the sucrose preference, the crossing score and the rearing score of rats in all groups were basically same at day 0 (p > 0.05, p > 0.05, p > 0.05, respectively). However, the sucrose preference, the crossing score and the rearing score of the CUMS group had a significant decrease compared with the control group at day 35 (p < 0.01, p < 0.01, p < 0.01, respectively). The changes of the sucrose preference, the crossing score and the rearing score of rats are typical characteristics of depression, which indicated that the establishment of depression model was successful. The sucrose preference of rats in low dose group of GH, middle dose group of GH, high dose group of GH, and Flu group were obviously higher than the CUMS group (p < 0.05, p < 0.01, p < 0.01, p < 0.01, respectively), showing the significant remission of depression symptoms. In the open field test, the crossing score and the rearing score of CUMS rat treated with middle dose of GH, high dose of GH, and Flu were markedly increased compared with the CUMS group (p < 0.01, p < 0.05, p < 0.01, respectively). However, there was no significant difference in crossing score and rearing score between low dose group of GH and the CUMS group (p > 0.05). Taken these results together, GH has antidepressant effects, and the middle dose of GH showed powerfully inhibitory effects on rats with depressant-like behavior induced by CUMS.
[image: Figure 2]FIGURE 2 | Effect of GH on CUMS rats in SPT, OET and neurotransmitters levels in hippocampus. (A) Sucrose preference of rats in each group at day 0. (B) Crossing score of rats in each group at day 0. (C) Rearing score of rats in each group at day 0. (D) Sucrose preference of rats in each group at day 35. (E) Crossing score of rats in each group at day 35. (F) Rearing score of rats in each group at day 35. (G) The concentration of 5-HT in each group. (H) The concentration of DA in each group. (I) The concentration of NE in each group. All data were expressed as mean ± standard error of mean (n = 10). ##p < 0.01 versus control group; *p < 0.05, *p < 0.01 versus CUMS group. GH-L (low dose group of GH), GH-M (middle dose group of GH), GH-H (high dose group of GH).
The results of biochemical indexes of rats in each group were demonstrated in Figures 2G–I. CUMS exposure significantly reduced the concentration of 5-HT, DA and NE (p < 0.01, p < 0.01, p < 0.01, respectively) compared with the control group, which indicated that the establishment of depression model was successful. The treatments with middle dose of GH, high dose of GH, and Flu significantly increased the concentration of 5-HT (p < 0.01, p < 0.05, p < 0.01, respectively), DA (p < 0.01, p < 0.05, p < 0.01, respectively) and NE (p < 0.01, p < 0.05, p < 0.01, respectively) compared with the CUMS group. Meanwhile, the treatments with low dose of GH significantly increased the DA (p < 0.05) and NE (p < 0.05) concentration compared to the CUMS group. However, low dose of GH had no significant effects on the 5-HT concentration in the CUMS-exposed rats (p > 0.05). Overall, the results indicated that middle dose of GH had better antidepressant effects. In the following mechanism verification experiment, the study mainly focused on the treatment group of GH at the middle dose (56 mg/kg).
Identification of Chemical Components in GH by UPLC/IT-TOF MS
The UPLC/IT-TOF conditions was systemically optimized to receive good chromatographic separation and appropriate ionization. The total ion chromatogram (TIC) of the GH sample and mixed standard sample in the positive ion modes are, respectively, presented in Figures 3A,B. The 10 chemical components (component 3, 5, 6, 9, 15, 21, 23, 24, 27, 28) were identified as pseudoginsenoside RT5, 20(S)-ginsenoside Rh1, 20(R)-ginsenoside Rh1, 20(S)-ginsenoside F1, ginsenoside Rh4, ginsenoside CK, 20(S)-ginsenoside, 20(R)-ginsenoside Rh2, ginsenoside Rk2, isoginsenoside Rh3 by comparing the retention time, accurate and high-resolution mass and tandem mass spectra with chemical standards respectively. For the components without chemical standards, the molecular formula was established based on high precision quasi molecular ion such as [M+H]+, [2M+H]+or [M+Na]+ within a mass error of 5.0 ppm. Moreover, the MS2 information was used for confirming the structures of components by comparing the fragmentation regularity with ten standards or the related literatures (Patel et al., 2012; Zhu et al., 2018). Overall, a total of 28 chemical components were identified in GH and the related information of retention times and MS data was summarized in Table 1. The structures of 16 compounds related to 28 chemical components are displayed in Figure 4.
[image: Figure 3]FIGURE 3 | Total ion chromatogram (TIC) of GH sample (A) and mixed standard sample (B) in positive ion mode using UPLC/IT-TOF MS.
TABLE 1 | Identification of chemical components in GH sample by UPLC/IT-TOF in positive ion mode.
[image: Table 1][image: Figure 4]FIGURE 4 | Structures of compounds in GH.
PPI Network Construction
Among the 16 compounds, only 20(S)-ginsenoside Rh2 satisfied the screening rules, OB ≥ 30% and DL ≥ 0.18. So, 20(S)-ginsenoside Rh2 was selected as active ingredient. Detailed information about OB and DL of 16 compounds was shown in Supplementary Table S1. The structure of 20(S)-ginsenoside Rh2 was used for predicting the putative targets in Swiss Target Prediction database. Totally, 43 putative targets of 20(S)-ginsenoside Rh2 containing in GH were predicted. Detailed target information about putative targets was shown in Supplementary Table S2. A total of 5 and 43 known therapeutic targets for depression were collected from DrugBank and Therapeutic Target Database (TTD) database, respectively, and 184 known targets of depression were obtained from OMIM database. In total, 230 depression candidate targets were enrolled after removing redundant entries. The detailed information is supplemented in Supplementary Table S3. The PPI network of the 43 putative targets of 20(S)-ginsenoside Rh2 containing in GH and the 230 depression candidate targets, was established based on STRING database, consisting of 184 nodes and 1,392 edges. Detailed information about this network was reflected in Supplementary Table S4.
Network and Pathway Analysis
Network analyzer was employed to calculate the topological feature degree of the nodes in the PPI network. Nodes with degrees higher than two-fold median value of all nodes in the network (degree >23) were identified as the major targets. Consequently, 47 major targets were extracted. Among them, 29 targets were putative targets of 20(S)-ginsenoside Rh2 containing in GH, 32 targets were depression candidate targets, 15 targets were common targets, which were between putative targets of GH and depression candidate targets. The details were shown in Supplementary Table S5.
In order to analyze the representative pathways related to the major targets, KEGG pathway analysis was performed to explore the potential pathways effected by GH and totally 45 significant pathways (p value <0.05) were obtained. The top 10 signal pathways were selected by p value for further study and were as shown in Figure 5A. The top 10 significant pathways could be divided into three functional modules, which were related to dopamine, hypothalamic-pituitary-adrenal (HPA) axis and neural plasticity respectively. Detailed information about results of pathways analysis was provided in Supplementary Table S6. Afterward a network consisted of the interactions between the active ingredient of GH, major targets, and top 10 significant pathways was constructed to illustrate the potential mechanism (Figure 5B). This network illustrated that GH may indirectly influence or directly interact with major targets which are involved in pathways related to HPA axis (such as pathways in cancer, proteoglycans in cancer), dopamine (such as neuroactive ligand-receptor interaction, cocaine addiction, dopaminergic synapse) and neural plasticity (such as cAMP signaling pathway, glutamatergic synapse, gap junction, PI3K-Akt signaling pathway and estrogen signaling pathway) to achieve the antidepressant effects.
[image: Figure 5]FIGURE 5 | The network pharmacological results associating with GH in the treatment of depression. (A) KEGG pathway analysis of major targets. X-axis shows ratio and Y-axis shows involved pathways. Count and p value are shown on right. (B) Network of active ingredient in GH, major targets, the corresponding pathways and pharmagological effects. Orange oval nodes represent active ingredient in GH, yellow rectangle nodes represent related major targets of active ingredient in GH, pink rectangle nodes represent related major targets of depression, green rectangle nodes represent common major targets for both GH and depression, grey rectangle node represents other target, red rectangle nodes represent involved pathways from enrichment analysis of major targets, edges represent interactions among them.
Experimental Validation of Major Targets and Pathway
To explore the effects of GH on the cAMP pathway, we examined the concentration of cAMP via ELISA, PKA activity using a radioactive PKA assay kit, and protein expression levels of BDNF, CREB, p-CREB in the hippocampus of each group rats by Western blot (Figure 6). Compared with the control group, a significant decrease in cAMP concentration and PKA activity was observed in the hippocampus of the CUMS group (p < 0.01, p < 0.01, respectively), but daily administration of GH (56 mg/kg) or fluoxetine (10 mg/kg) obviously increased cAMP concentration and PKA activity in the hippocampus (p < 0.01, p < 0.01, respectively) compared with the CUMS rats. Meanwhile, BDNF expression levels and the p-CREB/CREB ratio in the hippocampus of the CUMS group were decreased (p < 0.01, p < 0.01, respectively). Following treatment with GH (56 mg/kg) or fluoxetine (10 mg/kg), BDNF expression levels and the p-CREB/CREB ratio in the GH and Flu groups were significantly higher than the CUMS group (p < 0.01, p < 0.01, respectively), suggesting that GH may regulate the cAMP-PKA-CREB-BDNF signal pathway to play an antidepressant role.
[image: Figure 6]FIGURE 6 | Experimental validation of target proteins involed in cAMP signaling pathway in the hippocampus of CUMS-induced rats. (A) Effect of GH treatment on cAMP concentrations (n = 10). (B) Effect of GH treatment on PKA activity (n = 10). (C) Effect of GH treatment on BDNF expression. (D) Effect of GH treatment on p-CREB/CREB ratio. All data were expressed as mean ± standard error of mean. ##p < 0.01 versus control group; *p < 0.05, **p < 0.01 versus CUMS group.
DISCUSSION
Depression is a mental disease characterized by constant low mood, loss of interest, anhedonia, unresponsiveness and sleeplessness (Wang et al., 2017). The causes of depression are complex, among which the increasing competitive pressure, unreasonable living habits and weak adaptability to the social environment are more crucial inducing factors (Wang et al., 2020). The CUMS is a mature animal model of depression that can simulate the chronic stress encountered by depressed patients in clinical observation (Yang et al., 2018). Currently, the widely used assays for depressive-like behaviors include the Sucrose preference test (SPT) and the Open field test (OFT). The SPT could mimic anhedonia-like behavior, a core symptom of depression in human (Sideromenos et al., 2020), and the OFT was used to determine general activity and exploratory behavior, signs of depression (Adelöf et al., 2018). Thus, the study established CUMS rat model and conducted a series of behavioral tests, including SPT and OFT, to study the effects of GH on antidepressant-like behaviors. The results of behavioral indexes of rats in each group indicated that GH has antidepressant effects, and the middle dose of GH showed powerfully inhibitory effects on rats with depressant-like behavior induced by CUMS.
Based on the characteristics of multi-channel and multi-target effects of Chinese herbal compound, the monoamine neurotransmitters such as DA, NE and 5-HT were regarded as the biochemical indexes to further study the antidepressant effects of GH (Gu et al., 2018). The monoamine hypothesis believes that the deficiency of major monoamine neurotransmitters (5-HT, DA, and NE) will lead to decrease of neurotransmission in the brain and the impairment of cognitive performance which may lead to depression (Kofler et al., 2019). Therefore, this study established a CUMS rat model for five weeks to observe the effects of GH intervention on the depressive-like behaviors and the changes of the monoamine neurotransmitters levels in the hypothalamus. The results of biochemical indexes of rats in each group indicated that GH has antidepressant effects, and middle dose of GH had stronger antidepressant effect. In the following mechanism verification experiment, the study mainly focused on the treatment group of GH at the middle dose (56 mg/kg).
Chromatographic techniques coupled with mass spectrometry has been an available method for rapid identification of components in Chinese medicine (Guo et al., 2018). UPLC/IT-TOF MS analysis was performed to identify the chemical components in GH. In this study, the 28 chemical components of GH were identified. Among the chemical components, only 20(S)-ginsenoside Rh2 was selected as active ingredient which satisfied the screening rules, OB ≥ 30% and DL ≥ 0.18. It is consistent with previous studies that ginsenoside Rh2, a main component in GH (Zhou et al., 2014), was a detectable compound in human plasma (Yue et al., 2019), and it can be filtered out by cell membrane chromatography (Ma et al., 2018).
To investigate the pharmacological mechanism of antidepressant effects of GH, 20(S)- ginsenoside Rh2, the active ingredient of GH, was used for network pharmacological analysis, and the top 10 significant signaling pathways were enriched by KEGG according to the p value. Based on literature search, the top 10 significant signaling pathways could involve in the occurrence of depression in varying degrees. For example, pathways in cancer and proteoglycans in cancer indirectly change the probability of depression by influencing HPA axis function (Young and Singh, 2018); Neuroactive ligand-receptor interaction, cocaine addiction and dopaminergic synapse could affect the occurrence of depression through regulating dopamine levels, emotion, learning and memory functions (Haile et al., 2007; Yang et al., 2017; Sun et al., 2018); cAMP signaling pathway, PI3K-Akt signaling pathway, estrogen signaling pathway, glutamatergic synapse and gap junction could intervene the occurrence of depression by mediating neural plasticity (Hennebelle et al., 2014; Crider and Pillai, 2017; Peng et al., 2018; Ren et al., 2018; Wu et al., 2018).
At present, the antidepressant mechanism of GH is unknown. Among the top 10 signaling pathways predicted by network pharmacological, the signaling pathway ranking at the top had strong correlation with the antidepressant effects of GH, which is the main signaling pathway of the antidepressant mechanism of GH. Therefore, the signaling pathway ranking at the top has more research value (Xiong et al., 2020). The first signaling pathway is neuroactive ligand-receptor interaction, which was related to all receptors and ligands associated with intracellular and extracellular signaling pathways in the plasma membrane (Pan et al., 2011). However, the neuroactive ligand-receptor interaction signaling pathway was related to the occurrence of various diseases, the mechanism of action on depression is not specific, and there are only two targets of receptor and ligand. Consequently, the first signaling pathway was not selected to further research. The second signaling pathway is cAMP signaling pathway, which was the most widely studied signaling pathway in the mechanism of antidepressant effects. In the cAMP signaling pathway, BDNF, the terminal downstream protein neurotrophic factor, could resist the damage of neurons, promote the repair and regeneration of neurons, and increased the secretion of monoamine neurotransmitters. Hence, Stress events compromise neuroplasticity via reduction of BDNF and lead to the occurrence of depression (Schmitt et al., 2016). According to the literature, neuroimaging and post-mortem studies have revealed impaired cAMP signaling in depressive patients, indicating cAMP signaling pathway was significantly associated with depression (Plattner et al., 2015). Thus, cAMP signaling pathway is selected to study the antidepressant mechanism of GH.
It is extremely clear that the mechanism of the cAMP signal pathway on depression. Under normal physiological conditions, monoamine neurotransmitters (such as 5-HT, DA, NE) interacts with specific G protein-coupled receptors (including 5-HT receptors, DA receptors, NE receptors) on the cell membrane to activate G protein (Cabrera-Vera et al., 2003; Fredriksson et al., 2003). The G-protein binds to Guanosine triphosphate (GTP) and subsequently GTP-G protein binds to the C2 domain and activates the adenylate cyclase (AC) enzyme. Activated AC catalyzes the biosynthesis of cAMP from adenosine triphosphate (ATP) (Frezza et al., 2018). The cAMP binds to the regulatory subunits of PKA (a tetramer consists of two regulatory subunits and two catalytic subunits), which resulted in the dissociation of catalytic subunit of PKA and enter to the cell nucleus (Wang et al., 2018). In the nucleus, the catalytic subunit of PKA binds to the Ser-133 site of CREB and phosphorylates CREB (Tu et al., 2019). Phosphorylated CREB (p-CREB) combines with the cAMP responsive elements (CRE) in the promoter region of BDNF, which can regulate BDNF transcription (Björkholm and Monteggia, 2016). Under the pathological conditions, continuous mental stress and stimulation would lead to the decrease in the content of monoamine neurotransmitters in the patient’s body and weaken the transduction of cAMP signaling pathway, which cause the decrease of BDNF expression (Zhang et al., 2012). Lower expression of BDNF is difficult to resist the injury of neurons under stress, which could lead to depression (van den Buuse et al., 2020).
In cAMP signaling pathway, 11 target proteins, such as BDNF, GRIA1, CREB1, ADORA1 and so on, were enriched. The high-degree target proteins in the network may account for the essential therapeutic effects of GH on depression (Guo et al., 2019). The degree value of BDNF is the largest, indicating that BDNF is the most important in cAMP signaling pathway. BDNF is related to the survival, growth, and differentiation of neurons, and plays an important role in the signal transduction of depression (Wang et al., 2017). As the upstream protein of BDNF, p-CREB could regulate the expression of BDNF. At the same time, CREB has been confirmed to be related to the pathogenesis of depression and is one of the transcription factors with the most research on antidepressant effects (Wang et al., 2018). Therefore, Western blot was used to determine the expression level of BDNF and the ratio of p-CREB/CREB to study the antidepressant mechanism of GH. The results showed that GH significantly increased the expression level of BDNF and the ratio of p-CREB/CREB in the hippocampus of CUMS model rats. In order to further study the antidepressant mechanism of GH, the radioactive PKA assay kit was used to assay the activity of PKA which is the upstream protein of CREB. ELISA was used to detect the contents of cAMP which is the activator of PKA. As shown in our results, GH significantly upregulated the activity of PKA and the content of cAMP in hippocampus of CUMS model rats. Therefore, GH may play an antidepressant effects by regulating cAMP-PKA-CREB-BDNF signaling transduction. The cAMP-PKA-CREB-BDNF signaling pathway was presented in Figure 7.
[image: Figure 7]FIGURE 7 | The cAMP-PKA-CREB-BDNF signaling pathway.
Fluoxetine, a serotonin reuptake inhibitor (SSRI), is mainly used in the treatment of depression in clinic, which can improve the content of 5-HT. The 5-HT combined with its receptors, which resulted in that the cAMP signal pathway is activated and the levels of cAMP, PKA and the ratio of p-CREB/CREB were increased (Mato et al., 2010; Zhang et al., 2018). Then the expression level of BDNF is increased, which resisted the injury of neurons under stress, and exert antidepressant effects (Xie et al., 2019). During this process, BDNF increased the content of monoamine neurotransmitters by improving the activity of dopaminergic neurons and noradrenergic neurons, which is more conducive to play an antidepressant effects (Siuciak et al., 1996; Zhang et al., 2007), Therefore, fluoxetine was selected as a positive drug to explore whether GH exerts antidepressant effects by activating the cAMP signal pathway. The results indicated that GH could activate cAMP signaling pathway to play an antidepressant role, but whether it has the same antidepressant mechanism as fluoxetine through increasing 5-HT content and activating cAMP signaling pathway remains to be further studied.
CONCLUSION
In the present study, an integrative pharmacology-based pattern, which adopted pharmacodynamics-network pharmacology-mechanism verification, was used to uncover the pharmacological mechanism of GH against depression. Firstly, it was found that GH at the middle dose (56 mg/kg) obviously alleviated depression-like behaviors induced by CUMS and showed powerful antidepressant effects. Then, we identified 28 main chemical components of GH by UPLC/IT-TOF MS. Furthermore, network pharmacology analysis predicted that cAMP signaling pathway may be the potential pharmacological mechanism regulated by GH acting on depression. Finally, the cAMP signaling pathway was verified as the mechanism of GH against depression through experimental validation of the target proteins (cAMP, PKA, p-CREB, and BDNF). Taken together, the current study suggested that GH could exert antidepressant effects by activating the cAMP-PKA-CREB-BDNF signaling pathway in hippocampus, which provided an effective method to uncover the pharmacological mechanism of traditional Chinese medicine.
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Guizhi-Fuling capsule (GZFLC), originated from a classical traditional Chinese herbal formula Guizhi-Fuling Wan, has been clinically used for primary dysmenorrhea in China. Nonetheless, the underlying pharmacological mechanisms of GZFLC remain unclear. The integration of computational and experimental methods of network pharmacology might be a promising way to decipher the mechanisms. In this study, the target profiles of 51 representative compounds of GZFLC were first predicted by a high-accuracy algorithm, drugCIPHER-CS, and the network target of GZFLC was identified. Then, potential functional modules of GZFLC on primary dysmenorrhea were investigated using functional enrichment analysis. Potential bioactive compounds were recognized by hierarchical clustering analysis of GZFLC compounds and first-line anti-dysmenorrhea drugs. Furthermore, the potential anti-dysmenorrhea mechanisms of GZFLC were verified through enzyme activity assays and immunofluorescence tests. Moreover, effects of GZFLC on primary dysmenorrhea were evaluated in oxytocin-induced dysmenorrhea murine model. In the network target analysis, GZFLC may act on five functional modules of pain, inflammation, endocrine, blood circulation and energy metabolism. Integrating computational and experimental approaches, we found that GZFLC significantly inhibited the writhing response and reduced the degree of uterine lesions in oxytocin-induced dysmenorrhea murine model. Furthermore, GZFLC may partially alleviate primary dysmenorrhea by inhibiting cyclooxygenase 2 (COX2) and downregulating MAPK signaling pathway. Consequently, GZFLC presented pain relief and sustained benefits for primary dysmenorrhea. This study could provide a scientific approach for deciphering pharmacological mechanisms of herbal formulae through network pharmacology.
Keywords: primary dysmenorrhea, network target, network pharmacology, pharmacological mechanisms, Guizhi-Fuling capsule
INTRODUCTION
Primary dysmenorrhea (PD) is defined as abnormally painful menstruation in the absence of any evident underlying pelvic pathology (Kho and Shields, 2020). Characterized by recurrent, painful, spasmodic cramping in the lower abdomen during menstruation, primary dysmenorrhea is the most common menstrual symptom among adolescent girls and young women, with the prevalence rate ranging from 41.7% to 90% (ACOG, 2018; Hu et al., 2020). As one of the most common gynecologic disorders, primary dysmenorrhea has significant effects on patients’ normal school or work, as well as quality of life (Burnett et al., 2005; Wong 2018). The pathogenesis of primary dysmenorrhea is most widely accepted and considered to be the overproduction of uterine prostaglandins (PGs) (Iacovides et al., 2015). Owing to the PGs-based etiology of primary dysmenorrhea, the current first-line pharmacological agents for primary dysmenorrhea include non-steroidal anti-inflammatory drugs (NSAIDs) and hormonal contraceptives (Kho and Shields 2020).
Despite the sufficient evidence supporting the efficacy of NSAIDs in pain relief for patients with primary dysmenorrhea, there are approximately 15% of patients not responding to, or being intolerant to NSAIDs due to many side effects (Campbell and McGrath 1999; Marjoribanks et al., 2010). Oral hormonal contraceptives are also effective for primary dysmenorrhea, however, a meta-analysis has demonstrated the long-suspected association between oral contraceptive use and the risk of venous thromboembolism (Manzoli et al., 2012). Given these disadvantages of NSAIDs and hormonal contraceptives, effective and safe alternative treatments, such as Traditional Chinese Medicine (TCM), are receiving increasing attention worldwide. TCM characterized as holistic thinking emphasizes on regulating the integrity of the human body (Li et al., 2007) and intervenes multiple aspects related to etiological factors and pathogenesis simultaneously, which has accumulated numerous valuable clinical experiences and herbal formulae through long history of development.
Guizhi-Fuling capsule (GZFLC), a Chinese patent medicine approved by China Food and Drug Administration (CFDA), is clinically used for blood stasis syndromes in gynecological diseases including primary dysmenorrhea. It originated from a classical traditional Chinese herbal formula Guizhi-Fuling Wan which was first described in a classics named the Essential Prescriptions from the Golden Cabinet (Jin Kui Yao Lue) documented in 150–219 A.D. Guizhi-Fuling capsule is the modern dosage form of Guizhi-Fuling Wan, and the dosage and ratio of each Chinese herbal medicine in Guizhi-Fuling capsule is the same as Guizhi-Fuling Wan, consisting of five herbs: Cinnamomum cassia (L.) J. Presl (Guizhi), Poria cocos (Fuling), Paeonia lactiflora Pall (Baishao), Paeonia × suffruticosa Andrews (Mudanpi) and Prunus persica (L.) Batsch (Taoren). Pharmacokinetic-pharmacodynamic modeling study has demonstrated that GZFLC exhibited significant therapeutic effect on primary dysmenorrhea in rat model (Cheng et al., 2018). Moreover, a randomized controlled trial showed that GZFLC significantly relieved pain and reduced the duration of pain compared with placebo during the 3-months treatment period, as well as in the 3-months follow up period, demonstrating a sustained benefit for patients with primary dysmenorrhea (Liu et al., 2013). However, the underlying comprehensive pharmacological mechanisms of GZFLC on primary dysmenorrhea remain unclear.
There are several substantial challenges in terms of deciphering pharmacological mechanisms of herbal formulae. Firstly, herbal formulae are complex chemical systems usually composed of numerous chemical compounds. Secondly, a great majority of bioactive compounds in herbs may have weak or moderate effects on multiple biological molecules, different from most western drugs designed to act on a single target selectively (Ji et al., 2009). Thus, routine pharmacologic analysis methods are difficult to systematically elucidate the mechanisms of herbal formulae. Network pharmacology, a newly developed cross-discipline, is preferable in investigation and elucidation of comprehensive mechanisms of TCM (Li et al., 2007; Hopkins 2008). The key ideas of Network pharmacology share much with the holistic philosophy of TCM (Li and Zhang 2013). TCM network pharmacology highlights a “network target, multicomponent therapeutics” approach (Li et al., 2011; Li 2015) to help elucidate the complex molecular mechanisms of traditional herbal formulae. The core theory of network pharmacology is “network target” distinct from “one target, one drug” paradigm (Li 2011; Li et al., 2011). More specifically, the core principle of network target is constructing a disease-specific biological network as the therapeutic target that herbal formulae are applied to (Li 2015). TCM network pharmacology has been successfully applied in many researches such as molecular mechanism elucidation of herbal formulae (Liang et al., 2014; Zuo et al., 2018), new bioactive compounds discovery (Qi et al., 2016), comprehensive pharmacological function of natural products identification (Zhang et al., 2018) and mechanism of action of toxic components in traditional Chinese medicines (Li et al., 2019).
In this study, we proposed an approach to investigate the underlying pharmacological mechanisms of GZFLC on primary dysmenorrhea based on network pharmacology as shown in Figure 1. First, we collected important phytochemistry and absorbed compounds of GZFLC. Second, we predicted the potential targets of GZFLC compounds utilizing a high-accuracy target prediction algorithm, and then validated the potential targets in literatures to ensure the reliability of predictions. Third, we made the network target analysis of GZFLC to investigate the pharmacological mechanisms and bioactive compounds of GZFLC on primary dysmenorrhea, including functional enrichment analysis and hierarchical clustering analysis. These network target analysis results were verified in vitro and in vivo.
[image: Figure 1]FIGURE 1 | Network pharmacology analysis workflow.
MATERIALS AND METHODS
Representative Compounds in GZFLC Collection
The dosages and ratios of GZFLC compounds could influence their intervention intensity on targets. Considering the influence of GZFLC compounds’ dosages and ratios, we selected major phytochemistry compounds and absorbed compounds of GZFLC as representative compounds to analyze GZFLC’s pharmacological mechanisms through network pharmacology. We have investigated phytochemistry compounds of GZFLC and absorbed compounds of GZFLC in plasma previously (Zhong et al., 2016a; Yin et al., 2016; Zhang et al., 2017; Yang et al., 2020). In total, 51 compounds were selected from our previous investigations of phytochemistry and absorbed compounds of GZFLC based on the following criteria: 1) the characteristic compounds were accounted for the major proportion and verified with reference substances; 2) the compounds were quantificationally recorded in each herb from Chinese Pharmacopoeia (2015) (Committee 2015); 3) each compound had specified chemical structure and Pubchem CID.
Preparation and Analysis of GZFLC
GZFLC was provided by the company Jiangsu Kanion Pharmaceutical Co., Ltd., composed of Cinnamomum cassia (L.) J. Presl (20%), Poria cocos (20%), Paeonia × suffruticosa Andrews (20%), Paeonia lactiflora Pall (20%), Prunus persica (L.). Batsch (20%). The full taxonomic names of all herbs included have been fully validated using the Kew Medicinal Plant Names Service. Guizhi-Fuling capsules have established fingerprints (Wang et al., 2009; Li et al., 2012) from herb to preparation to make sure that the quality of the preparation is uniform and stable (Li et al., 2015). Guizhi-Fuling capsule is a Chinese patent medicine approved and supervised by CFDA under the same strict quality control standards. Meanwhile, Guizhi-Fuling capsules in our study have come from the same preparation. The chemical constituents analysis of GZFLC has been reported in the literature (Yang et al., 2020). The UPLC analysis of GZFLC (Jiangsu Kanion Pharmaceutical Co., Ltd. Jiangsu, China, No. 20160319) was performed on Agilent SB-RRHD C18 (100 mm × 2.1 mm, 1.8 μm) column at 30°C with a mobile phase consisting of acetonitrile and 0.02% trifluoroacetic acid for gradient elution and the flow rate of 0.2 ml/min. The detection wavelength was set at 230 nm. The representative UPLC fingerprints of GZFLC were shown in Supplementary Figure S1 in the Supplementary Materials.
Target Predication and Validation for Compounds in GZFLC
To explore the relativity of representative GZFLC compounds and targets, the potential target profiles of compounds in GZFLC were predicted by drugCIPHER-CS (Zhao and Li, 2010), a high-accuracy algorithm developed for global prediction of compound targets. In principle, drugCIPHER-CS used a linear regression model which related chemical similarity vector between compounds in GZFLC and drugs in DrugBank (Wishart et al., 2008) to the drug-protein closeness vector based on a protein–protein interaction network to calculate the concordance score of each compound-protein pair. The concordance score was treated as the likelihood of the compound targeting the protein. Thus, the candidate proteins with high concordance scores were prioritized to be potential targets of the compound. Top 100 ranking predicted proteins of each compound were kept as potential target profiles.
To validate the target prediction of compounds, literature mining method was used to obtain the co-occurrence results of biomolecules and each compound. The biomolecules related to each compound from literature mining were manually examined to delete the false positive results and then considered as the reported targets. Comparing the reported targets with the predicted targets via direct mapping and indirect link, the reliability of target prediction was measured by [image: image].
Holistic Target Prediction for GZFLC and Each Herb
To identify potential targets regulated by GZFLC or herbs, predicted proteins ranking top or appearing in the target profiles of many compounds in GZFLC or herbs were hypothesized to be important in the pharmacological effects of GZFLC or herbs. Based on this hypothesis, the potential targets of GZFLC or herbs were considered as significantly frequently occurring targets (p < 0.05) by comparing the number of occurrences of a target protein in the target profiles of all compounds in GZFLC or herbs to that in random background (Liang et al., 2014). A Poisson binomial statistical model was used to obtain the random background distribution and represented as:
[image: image]
[image: image] is the probability of a certain target in [image: image] compounds’ target profiles, [image: image] is the set including all sets containing [image: image] compounds, [image: image] is an element of [image: image], and [image: image] is the complement of [image: image]. [image: image] and [image: image] are the probabilities of a certain target in [image: image]and [image: image]compound’s target profiles respectively.
Functional Enrichment Analysis and Biological Network Construction
To investigate the potential signaling pathways or biological processes regulated by GZFLC and each herb, functional enrichment analysis was carried out in Comparative Toxicogenomics database (Davis et al., 2019) to obtain the over represented Gene Ontology (GO) biological processes (BP)/KEGG signaling pathways based on the potential targets of GZFLC and each herb. The significantly enriched GO BP/KEGG signaling pathways with p < 0.05 after Benjamin’s correction were selected for further study. All significantly enriched GO BP/KEGG signaling pathways were categorized by means of key words mapping.
The herbs-compounds-biological functional modules-biological molecules network of GZFLC was constructed to elucidate its putative anti-primary dysmenorrhea mechanisms by considering protein–protein interactions and crosstalk among pathways. First, herbs were connected to their representative compounds. Second, the potential targets of GZFLC were mapped into protein–protein interaction network and the targets were annotated by its biological functions. Third, an edge was added between herbs and biological functional modules if potential targets of a certain herb were significantly enriched in biological functional modules related GO BP or KEGG signaling pathways (p < 0.05). The herbs-compounds-biological functional modules-biological molecules network was visualized using Cytoscape v3.7.2 (Shannon et al., 2003).
Hierarchical Clustering Analysis of Anti-Primary Dysmenorrhea Drugs and Compounds in GZFLC
We hypothesized that the drugs with similar target profiles predicted by drugCIPHER-CS may have similar biological activities. The resemblance of compounds’ and drugs’ biological activities could be further defined on the basis of the similarity between concordance scores of their target profiles. Hierarchical clustering analysis of target profiles was applied to measure the biological activity resemblance of compounds and drugs. Thus, to identify anti-primary dysmenorrhea candidate compounds, hierarchical clustering analysis was conducted using R statistic software (R version 3.6.3) based on target profiles of FDA-approved anti-primary dysmenorrhea drugs and 51 compounds of GZFLC.
COX2 Activity Assay
As GZFLC had multiple compounds and targets, we first qualitatively explored the relativity of representative GZFLC compounds and targets. And then we selected predicted compounds and a specific target for preliminary analysis of their dosages and ratios as a starting point. In vitro enzyme activity assays were used to analyze the relationship between predicted GZFLC compounds’ different dosages and their intervention intensity on a specific target COX2, and to investigate GZFLC’s intervention intensity on COX2 under the specific ratio of GZFLC compounds which is relatively fixed in GZFLC. The content in the GZFLC (Jiangsu Kanion Pharmaceutical Co., Ltd. Jiangsu, China, No. 170601) was weighed and extracted with dimethyl sulfoxide (DMSO, 32.308:1, W/V, mg/ml) at 37°C for 30 min. The liquid was collected by centrifugation, and the supernatant was filtered through a 0.22 μ filter. The effect of GZFLC or pure chemicals including 1,2,3,4,6-penta-O-galloyl-beta-d-glucopyranose (purity (%) ≥98%, CAS: 14,937–32–7, Pubchem CID: 65238, Nanjing SenBeiJia Biological Technology Co., Ltd.), galloylpaeoniflorin (purity (%) ≥98%, CAS: 122,965–41–7, Pubchem CID: 46882879, Nanjing SenBeiJia Biological Technology Co., Ltd.), ethyl gallate (purity (%)≥98%, CAS: 831–61–8, Pubchem CID: 13250, Nanjing SenBeiJia Biological Technology Co., Ltd.) and gallic acid (purity (%)≥98%, CAS: 149–91–7, Pubchem CID: 370, Nanjing SenBeiJia Biological Technology Co., Ltd.) on COX2 activity was measured using cyclooxygenase-2 inhibitor screening kit (Beyotime, Cat. No. #S0168). Briefly, the recombinant human COX2 assay mixture (total volume = 90μL/well) consisting of assay buffer, cofactor, COX2 enzyme, and test compound (diluted in DMSO, 5.56% DMSO finally in assay) was incubated at 25°C for 5 min. Detection of the product was performed by adding probe (5μL/well). Arachidonic acid was added and the reaction was allowed to proceed for 15 min at 37°C. The fluorescence of the resulting solution was measured using SpectraMax M2e multilabel plate reader (Molecular Devices, United Kingdom). COX2 specific inhibitor ibuprofen (98.82% purity, AbMole, Cat. No. M3359) was included as a positive control. Data was represented as [image: image] of duplicated samples. The effect of the samples on COX2 was calculated using the following equation:
[image: image]
Animals
Female ICR mice (18–22 g of weight, SPF, license number: SCXK (SU) 2012–0004) were provided by the comparative medicine center of Yangzhou University. All animal experimental procedures were performed in accordance with the Guide for the Care and Use of Laboratory Animals and were approved by the animal ethics committee of the Institutional Animal Care and Use Committee (IACUC) of Kanion Pharmaceutical Co., Ltd.
Uterine Myometrial Cells Culture
Isolation and culture of primary myometrial cells were prepared as previously reported (Mosher et al., 2013; Sun et al., 2017). Briefly, Uterine were removed from adult female ICR mice (7–8 weeks old, purchased from Nanjing Branch of Beijing Weitong Lihua Laboratory Animal Technology Co., Ltd., license number: SCXK (SU) 2016–0003). Uterine were cut longitudinally, and endometria were scraped gently. The myometrial cells were digested in 2 ml collagenase Ⅱ (GIBCO, Cat. No. 1797319) (0.025 g L−1), then cells were plated onto 25 cm2 culture bottle (Costar, US) and were cultured in complete DMEM (GIBCO, Cat. No. 11330032) at 37°C with 5%CO2.
Immunofluorescence Assay
Myometrial cells were seeded in 96 well black-walled clear-bottom plates (Costar, US) (4×104/ml density), and incubated overnight at 37°C in air containing 5%CO2. The blank group and model group were added with 100 μL serum-free medium, and the GZFLC group was added with GZFLC (Jiangsu Kanion Pharmaceutical Co., Ltd. Jiangsu, China, No. 20160319) solution prepared with serum-free medium (25 g⋅L−1) for 1 h. The supernatant was discarded, 100 μL serum-free medium was added to the control group, and 100 μL oxytocin (Cayman, 11,799) (final concentration of 28 μM) was added to the model group and GZFLC group for 15 min respectively. The supernatant was discarded, fixed with paraformaldehyde (Amresco, Cat. No. J531) (0.4 g⋅L−1) for 15 min, washed with PBS for 5 min 3 times, and blocked with 5% goat serum (Boster, Cat. No. 10E12B09)/0.3% tritonx-100 for 1 h. Then cells were incubated with primary antibody against p-SAPK/JNK(CST), p-p44/42 MAPK(Erk1/2) (CST), p-p38(CST) (1:150, 1:150, 1:2000) at 4°C overnight. The next day, it was equilibrated to room temperature, followed by 1 h incubation with Alexa Fluor® 488 Conjugate (1:1000, Invitrogen, United States) at room temperature, washed 3 times with PBS, counterstained with DRAQ5® for 5 min, washed once with PBS, and imaged with a high-content instrument (Thermo, ArrayScanⅦ).
Oxytocin-Induced Dysmenorrhea in Mice
Oxytocin-induced dysmenorrhea in mice was performed according to the method previously reported (Sun et al., 2002). Fifty female ICR mice (license number: SCXK (SU) 2012–0004) were evenly divided into five groups as follows: normal group, model group, ibuprofen group and the GZFLC groups of different doses (0.54 g/kg and 1.08 g/kg). Except for the normal group (subcutaneous injection of saline), the other groups were administrated by subcutaneous estradiol benzoate injection (0.05 ml/mouse on the first and 10th day, and 0.025 ml/mouse on the remaining days) for ten consecutive days. The model group, GZFLC groups, and Ibuprofen group were orally administrated on the fourth day with 0.5% CMC-Na of the same volume (20 ml/kg), GZFLC (0.54 g/kg and 1.08 g/kg) and ibuprofen (0.1 g/kg) for seven days (once a day) in the period, respectively. On the 10th day, oxytocin (0.2 ml/2 IU/mouse) was administered by peritoneal injection 1 h after the last administration. The number of animal writhing times was observed and recorded within 30 min after injection of oxytocin. The number of writhing inhibition rate (IR %) was calculated according to the formula (inhibition rate% = (number of writhing times in the model group-number of writhing times in the medication group)/number of writhing times in the model group) × 100%). The mice were sacrificed immediately. The uterus tissues were fixed with 10% formalin for further study.
Pathological Examination
The uterus tissues were fixed in 10% formalin and stained with hematoxylin and eosin (H&E). Histopathological changes were observed by optical microscope (OLYMPUS DX45, Japan) including degeneration and necrosis in the endometrial epithelial cells, congestion, edema, inflammatory cell infiltration in the lamina propria, the number of glands (increased or decreased), secretion in the gland cavity, and lesions in the muscle layer and serosal layer. According to the severity of the lesion, it was recorded as one point (mild), two points (moderate), three points (severe), four points (extremely severe), no lesion was recorded as 0 point. All scores were accumulated and the average score ([image: image]) of each animal in each group was calculated.
Statistical Analysis
The Fisher’s exact test was used to identify significantly enriched KEGG signaling pathways and GO biological processes. The immunofluorescence assay results were analyzed by SPSS 13.0 software. One-way and two-way analysis of variance (ANOVA) were used to calculate statistical levels between groups. The enzyme activity assay results were analyzed using Graphpad Prism software (Graph Pad, United States) presented as [image: image] of duplicated samples. The animal assay results were analyzed using Graphpad Prism software (Graph Pad, United States) presented as [image: image] or [image: image] of duplicated samples. p-value less than 0.05 was considered to be statistically significant.
RESULTS
Targets Prediction and Validation of GZFLC Compounds
We selected 51 representative compounds of GZFLC according to our previous investigations to further study. It has been known that bioactive natural compounds may have multiple targets to exert certain therapeutic effects. To reveal the pharmacological mechanisms of GZFLC for treating primary dysmenorrhea, potential targets of 51 representative compounds were predicted by our state-of-art network-based algorithm drugCIPHER-CS due to the lack of these compounds’ known target records. The top 100 predicted targets of each compound were selected as its potential targets for high precision in this algorithm, called target profiles of each compound. Moreover, the reliability of the predicted targets was verified making use of literature mining method based on text searching. The predicted targets were validated by the reported targets with literature evidence via direct mapping or indirect link as shown in Figure 2A. The precision of predicted targets was used to measure the reliability, which stands for the percentage of the predicted targets supported by literatures. Greater than 73% of the predicted targets of compounds could be supported with literature evidence in Figure 2B, while the others could be novel targets which would be investigated in the future study. These results indicated the reliability of our predicted targets of GZFLC compounds used for further investigation of pharmacological mechanisms.
[image: Figure 2]FIGURE 2 | Target prediction of GZFLC compounds and literature validation (A) Top 100 predicted targets were considered as the target profile of each compound. Direct mapping represents that the predicted targets are the same as reported biomolecules. Indirect link represents that the predicted targets are connected to reported biomolecules through protein–protein interactions or pathways (B) Reliability validation of predicted targets of representative compounds in GZFLC.
Network Target Analysis of Anti-Primary Dysmenorrhea Mechanisms of GZFLC
At first, there was a hypothesis that if a biological molecule was an important target in the pharmacological effects of GZFLC, it may rank top or appear in the target profiles of many compounds in GZFLC. Then, based on this hypothesis, we selected the most representative targets of GZFLC compared to the null model with Poisson binomial statistics as potential targets regulated by GZFLC to uncover its therapeutic mechanisms for primary dysmenorrhea. Finally, we got 240 potential targets as GZFLC network target and made functional enrichment analysis on these targets. The significantly enriched biological processes and signaling pathways were achieved as listed in Table 1. According to key words mapping, the network target of GZFLC significantly enriched in some pain, inflammation, endocrine, blood circulation and energy metabolism related biological processes and signaling pathways (p < 0.05). Hence, potential functional modules regulated by GZFLC on primary dysmenorrhea could be related to pain, inflammation, endocrine, blood circulation and energy metabolism.
TABLE 1 | Several enriched biological processes and signaling pathways predicted to be regulated by GZFLC using functional enrichment analysis.
[image: Table 1]We also got the potential targets of each herb in GZFLC respectively and conducted the functional enrichment analysis for these targets of each herb with the significantly enriched biological processes and signaling pathways of GZFLC as shown in Figure 3A. Those results could help us to better elucidate effects of GZFLC for treating primary dysmenorrhea. Cinnamomum cassia (L.) J. Presl, Prunus persica (L.) Batsch mainly regulated pain, inflammation, endocrine, blood circulation modules. Paeonia lactiflora Pall. and Paeonia × suffruticosa Andrews mainly regulated pain, inflammation, endocrine, blood circulation and energy metabolism modules. Poria cocos mainly regulated inflammation, endocrine and energy metabolism modules. To further elucidate the underlying molecular mechanisms of GZFLC, the biological molecular network targeted by GZFLC was constructed to uncover the relationships among herbs, compounds, biological functional modules and targets in Figure 3B. These results suggested that GZFLC could reduce pain and inflammation, and improve endocrine, blood circulation and energy metabolism, which was supported by evidences from the following in vitro and in vivo experiments.
[image: Figure 3]FIGURE 3 | (A)Functional enrichment analysis of each herb’s potential targets (B)Herbs-compounds-biological functional modules-biological molecules network to depict the underlying biological mechanisms of GZFLC (Different color nodes represent different function module and its related biomolecules, namely, fuchsia nodes: Blood circulation function module and its related biomolecules; lavender nodes: Endocrine function module and its related biomolecules; yellow nodes: Inflammation function module and its related biomolecules; green nodes: Energy metabolism function module and its related biomolecules; pink nodes: Pain function module and its related biomolecules.) (C)Hierarchical clustering tree of GZFLC compounds and current anti-primary dysmenorrhea drugs.
Moreover, the hierarchical clustering analysis of GZFLC compounds and first-line drugs for primary dysmenorrhea was performed to further investigate the anti-primary dysmenorrhea activities of GZFLC compounds. The therapeutic effects of first-line drugs might suggest hypothetical effects for several compounds in GZFLC within the same cluster. The target profiles of GZFLC compounds and nine FDA-approved anti-primary dysmenorrhea drugs including non-steroidal anti-inflammatory drugs (NSAIDs: Ibuprofen, Naproxen sodium, Mefenamic acid and celecoxib) and oral contraceptives (OCs: Norgestimate, Ethynodiol diacetate, Drospirenone, Mestranol and Norethisterone) were predicted by drugCIPHER-CS firstly. Then, hierarchical clustering analysis was performed based on target profiles of GZFLC compounds, NSAIDs and OCs. These two kinds of first-line drugs have different mechanisms on primary dysmenorrhea. First, NSAIDs are often taken to exert analgesic effects via inhibition of cyclooxygenase (Brune and Patrignani, 2015). The compounds of GZFLC in the same cluster with the NSAIDs might be potential active compounds to exert analgesic effects. As shown in Figure 3C, the four NSAIDs were clustered into two major groups including 36 compounds of GZFLC, indicating that these compounds might have a similar mechanism of analgesic effects to relieve primary dysmenorrhea with NSAIDs. Second, the OCs were used to regulate hormone levels to suppress ovulation, thereby reducing dysmenorrhea (Proctor et al., 2001). The compounds in GZFLC in the same cluster with OCs were considered to have a similar therapeutic mechanism on primary dysmenorrhea with OCs. As shown in Figure 3C, the five oral contraceptives were clustered with 23 compounds from GZFLC, which mainly derived from Paeonia lactiflora Pall. and Paeonia × suffruticosa Andrews, suggesting that these compounds might have the bioactivity of regulating hormone levels to improve endocrine, thereby relieving primary dysmenorrhea.
The Underlying Mechanisms of GZFLC on Primary Dysmenorrhea
Recent studies have demonstrated that hyper-secretion of prostaglandins and an increased uterine contractility are two causes of pain associated with dysmenorrhea (Bernardi et al., 2017). NSAIDs exert analgesia effects to effectively alleviate primary dysmenorrhea through decreasing prostaglandin levels via inhibition of cyclooxygenase-mediated production (Marjoribanks et al., 2010). COX2 is an important cyclooxygenase that catalyzes arachidonic acid conversion to prostaglandins, which is a major target of NSAIDs. Meanwhile, COX2 was predicted as an important biomolecule regulated by GZFLC from our network target analysis. We therefore examined whether GZFLC and its potential bioactive compounds above could affect COX2 activity. We found that GZFLC and four predicted main compounds, including 1,2,3,4,6-penta-O-galloyl-beta-d-glucopyranose, galloylpaeoniflorin, ethyl gallate and gallic acid, could inhibit the activity of COX2 in vitro. As shown in Figure 4A, GZFLC inhibited the activity of COX2 in vitro with an IC50 value of 5.92 μg/ml 1,2,3,4,6-penta-O-galloyl-beta-d-glucopyranose, galloylpaeoniflorin, ethyl gallate and gallic acid inhibited the activity of COX2 in vitro with IC50 values of 0.38 μM (0.36 μg/ml), 0.74 μM (0.47 μg/ml), 1.11 μM (0.22 μg/ml) and 1.95 μM (0.33 μg/ml) respectively. Ibuprofen was selected as the positive control in our study and the results showed that ibuprofen potently inhibited the activity of COX2 with an IC50 value of 50.09 μM (10.33 μg/ml).
[image: Figure 4]FIGURE 4 | The potential molecular mechanisms of analgesia effects of GZFLC on primary dysmenorrhea (A) GZFLC and four of its compounds were verified to inhibit COX2 in vitro, ibuprofen was selected as a positive control (B) GZFLC was verified to downregulate predicted MAPK signaling pathway in uterine smooth muscle cells. *p < 0.05, **p < 0.01, GZFLC group compared with Model group. #p < 0.05, ##p < 0.01, Model group compared with blank group. Data was represented as [image: image] (n = 3) (C)The regulatory mechanisms of analgesia effects induced by a group of compounds from GZFLC (red rectangle represents that GZFLC-targeted pathways and biological molecules are from network target analysis and have been verified by bioassays. Gray dotted line represents that GZFLC could regulate biological molecules or processes from network target analysis which were verified in literatures.)
As a result, the network target of GZFLC was significantly enriched in MAPK signaling pathway. MAPKs could increase cPLA2 activity and hence result in prostaglandin production and myometrial contraction (Lin et al., 1993). Therefore, we used the immunofluorescence assay to determine whether GZFLC could affect MAPK signaling pathway to reduce myometrial contraction. We found that uterine smooth muscle cells in oxytocin-induced dysmenorrhea murine model displayed the increase of p-SAPK/JNK, p-p44/42 MAPK (Erk1/2) and p-p38 protein levels, and this effect was attenuated in cells pre-treated with GZFLC (25 g⋅L−1) as shown in Figure 4B, which suggested that GZFLC could downregulate the MAPK signaling pathway.
Integrating network target analysis and in vitro experiments, as shown in Figure 4C, GZFLC could inhibit the activity of COX2 and downregulate MAPK signaling pathway to reduce the production of PGs and myometrial contraction to exert analgesia effects for treating primary dysmenorrhea. In addition, GZFLC could regulate cytosolic calcium ion concentration, intervene oxytocin receptor (OTR) to reduce myometiral contraction and decrease inflammation, which was validated in literatures (Sun et al., 2016a; Zhong et al., 2016b) and subsequent in vivo experiments.
Primary dysmenorrhea is also related to imbalances in women’s endocrine system during the menstrual cycle (Britannica, The Editors of Encyclopedia, 2016). And a color Doppler study (Altunyurt et al., 2005) has found that there was increased impedance to blood flow within the uterus of patients with primary dysmenorrhea on the first day of the menstrual cycle, suggesting the disturbance of blood circulation in primary dysmenorrhea patients. Meanwhile, a previous study (Xiong et al., 2019) has found that there were disorders of energy metabolism in primary dysmenorrhea rats. Thus, Blood circulation, endocrine and energy metabolism may be three important functional modules to be regulated to gain sustained beneficial effects. According to the network target analysis, GZFLC was predicted to regulate blood circulation, endocrine and energy metabolism-related biological processes and signaling pathways, which may contribute to the sustained beneficial effects of GZFLC on primary dysmenorrhea. The effect of GZFLC on blood circulation, endocrine and energy metabolism have been verified in literatures (Su et al., 2015; Sun et al., 2016a; Xiong et al., 2019).
Effects of GZFLC on Primary Dysmenorrhea in Oxytocin-Induced Murine Model
We have investigated the effect of GZFLC on the writhing response in oxytocin-induced dysmenorrhea murine model to study its analgesic activity. Analgesic activity was determined by observed decreases of writhing times in oxytocin-induced murine model, which was a method for quantitative evaluation of pain. As shown in Figure 5, GZFLC significantly inhibited the oxytocin-induced writhing response. The inhibition percentages of writhing times were 43.3% and 52.8% after oral administration of GZFLC (0.54 g/kg and 1.08 g/kg) respectively while 85.5% after oral administration of ibuprofen. The numbers of writhing times at GZFLC groups (0.54 g/kg and 1.08 g/kg) and ibuprofen group (0.1 g/kg) were 18.5 ± 4.5, 15.4 ± 4.6 and 5.9 ± 2.1 respectively, significantly lower than that of the model group (32.6 ± 8.5). Each herbal medicine in GZFLC was of the same amount and their dosages and ratios were the same as the traditional dosages and ratios in Guizhi Fuling Wan (Committee 2015). Next, we have investigated effect of GZFLC on uterine histopathology in oxytocin-induced dysmenorrhea murine model. As shown in Figures 6A,B, the histopathological results showed that compared with the normal group, the model group mainly showed degeneration and necrosis of endometrial epithelial cells, lamina propria edema, a small amount of inflammatory cell infiltration, reduced number of glands in the lamina propria, secretions in the gland cavity, and the disordered arrangement of smooth muscle cells in the muscle layer. There was a significant difference between the model group and the normal group, indicating that the oxytocin-induced dysmenorrhea murine model was successfully constructed. Meanwhile, ibuprofen and GZFLC had the effect on reducing the degree of uterine lesions as shown in Figures 6C–E. Moreover, there was a significant difference in 1.08 g/kg of GZFLC group compared with the model group (p < 0.05) as shown in Figure 6F.
[image: Figure 5]FIGURE 5 | Effects of GZFLC on writhing response in oxytocin-induced dysmenorrhea murine model. ICR mice were divided into five groups as follows: normal group, model group (0.5% CMC-Na, 20 ml/kg), ibuprofen (0.1 g/kg) and the GZFLC groups of different doses (0.54 g/kg and 1.08 g/kg). The number of animal writhing times was observed and recorded within 30 min after injection of oxytocin. **p < 0.01, ***p < 0.001, GZFLC group compared with Model group. ###p < 0.001, Model group compared with normal group. Data was represented as [image: image] (n = 10).
[image: Figure 6]FIGURE 6 | (A-E) Photomicrography of the uterine tissues with H&E staining in normal group, model group, ibuprofen (0.1 g/kg), GZFLC groups (1.08 g/kg and 0.54 g/kg) respectively (F) Effects of GZFLC on uterine histopathology in oxytocin-induced dysmenorrhea murine model. *p < 0.05, GZFLC group compared with Model group. ###p < 0.001, Model group compared with normal group. Data was represented as [image: image] (n = 6).
DISCUSSION AND CONCLUSION
Guizhi-Fuling capsule, derived from a classic herbal formula, has been used for the therapy of primary dysmenorrhea for a long time in China. The clinical data has shown the analgesic and sustained beneficial effects of GZFLC on menstruating women with primary dysmenorrhea. However, the pharmacological mechanisms of GZFLC on primary dysmenorrhea are less characterized from a holistic perspective. In this study, we analyzed underlying pharmacological mechanisms of GZFLC in terms of two major clinical effects of GZFLC on primary dysmenorrhea. Generally, the network target analysis of GZFLC indicated that GZFLC may exert analgesic and sustained beneficial effects on primary dysmenorrhea through these five biological functional modules including pain, inflammation, endocrine, blood circulation, and energy metabolism.
GZFLC exerted therapeutic effects on basis of its compounds and their intervention on targets. For analgesic effect, GZFLC and four predicted compounds, including 1,2,3,4,6-penta-O-galloyl-beta-d-glucopyranose, galloylpaeoniflorin, ethyl gallate and gallic acid, were verified to inhibit COX2 activity in vitro through COX2 activity assays, which gave hints that 1,2,3,4,6-penta-O-galloyl-beta-d-glucopyranose, galloylpaeoniflorin, ethyl gallate and gallic acid could be used as quality control markers of GZFLC in the treatment of primary dysmenorrhea. In the meanwhile, COX2 and its production PGF2α could be used as optimizing objective and quantitative surrogate outcomes of GZFLC for primary dysmenorrhea. In addition, GZFLC was verified to downregulate MAPK signaling pathway in uterine smooth muscle cells to reduce uterine smooth muscle contraction via an immunofluorescence assay.
From perspectives of TCM, GZFLC is mainly used to treat blood stasis syndromes, and a meta-analysis of randomized clinical trials for GZFLC in the treatment of primary dysmenorrhea (Xing et al., 2019) suggested that GZFLC may be more effective on primary dysmenorrhea in a subgroup of patients with cold blood stasis syndrome, which is one of the common cold syndromes. According to our previous research (Ma et al., 2010), cold syndromes related genes acted as a pivotal part in energy metabolism, which were tightly connected with the genes of neurotransmitters, hormones and cytokines in the neuro-endocrine-immune interaction network. Interestingly, the network target analysis has found that GZFLC could reduce pain and inflammation, improve endocrine, blood circulation and energy metabolism, which were consistent with the cold syndrome related biological modules. Hence, our study about the pharmacological mechanisms of GZFLC on primary dysmenorrhea could give a potential explanation to the underlying biological basis of the subgroup results in clinical trials.
Oxytocin-induced murine model is a commonly used animal model for primary dysmenorrhea. Our study has investigated the effect of GZFLC on the writhing response, uterine histopathology in oxytocin-induced dysmenorrhea murine model. The results showed that GZFLC could significantly inhibit the writhing response in oxytocin-induced dysmenorrhea murine model. Our network target analysis results about mechanisms of anti-primary dysmenorrhea of GZFLC were partially validated by in vivo experiments. The pathological assay showed that high dose of GZFLC had a significant effect on reducing the degree of uterine lesions, indicating that GZFLC could decrease inflammation. These results gave support to efficacy of GZFLC on primary dysmenorrhea. Moreover, The experiment in the early study showed GZFLC markedly reduced the expression of COX2 in uterus tissue of the experimental murine models induced by oxytocin (Sun et al., 2016a). Meanwhile, the previous study showed GZFLC suppressed P42/44 MAPK phosphorylation level in the uterus tissue in PGF2α-induced model animals (Sun et al., 2016b).
In total, GZFLC could treat primary dysmenorrhea through “multi-compound, multi-target, multi-pathway” mode, which distinguished it from two kinds of first-line drugs with few targets to selectively act on. Network target derived from the multi-target nature of TCM could be preferable to analyze and reflect complicated interactions between biological molecules of the human body and chemical compounds in TCM formulae from the perspective of network (Li and Zhang 2013). There are also some limitations in this study. Firstly, some compounds in GZFLC have been ignored which may lead to bias in our study. However, we have selected important phytochemistry and absorbed compounds of GZFLC as representatives. Secondly, the exploration about relationship between the predicted compounds, targets and functional interpretation and dosages and ratios of GZFLC compounds was limited. The analysis about dosages and ratios of compounds in TCM formulae is of great significance, which has addressed lots of researchers’ attention. There also have been several research methods developed for this issue (Zhou and Su 2019), and it is urgent to develop more appropriate methods in network pharmacology to investigate this issue. We would explore this issue in more depth in the further study. Briefly, we would first clarify the dosages and ratios of GZFLC’s representative compounds using component analysis technology such as liquid chromatography-mass spectrometry (LC-MS), then we would predict those compounds’ intervention intensity on targets and integrate their comprehensive effects on interacting targets of different biological functions within the primary dysmenorrhea related biological molecular network based on quantitative network pharmacology analysis in silico.
In summary, this work adopted combination of computational and experimental methods to reveal the underlying pharmacological mechanisms of GZFLC on primary dysmenorrhea. In the network target analysis, GZFLC may act on five functional modules of pain, inflammation, endocrine, blood circulation and energy metabolism. Next, we found that GZFLC significantly inhibited the writhing response and reduced the degree of uterine lesions in oxytocin-induced murine dysmenorrhea model. Furthermore, GZFLC may partially alleviate primary dysmenorrhea by inhibiting COX2 and downregulating MAPK signaling pathway in vitro. Thus, GZFLC presented pain relief and sustained benefits for primary dysmenorrhea. The results of this study showed that integrating TCM Network pharmacology and several different experimental methods could effectively elucidate underlying biological molecular mechanisms of GZFLC and identify part of the bioactive compounds. This study could provide a scientific approach for deciphering the pharmacological mechanisms of TCM herbal formulae and developing potential optimizing objective and quantitative surrogate outcomes of GZFLC for primary dysmenorrhea through network pharmacology.
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The Protective Effects of Shengmai Formula Against Myocardial Injury Induced by Ultrafine Particulate Matter Exposure and Myocardial Ischemia are Mediated by the PI3K/AKT/p38 MAPK/Nrf2 Pathway
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Background and Purpose: Ultrafine particulate matter (UFPM) induces oxidative stress (OS) and is considered to be a risk factor of myocardial ischemia (MI). Shengmai formula (SMF) is a traditional Chinese medicine with antioxidant properties and has been used to treat cardiovascular diseases for a long time. The aim of this study was to explore the protective role of SMF and the mechanism by which it prevents myocardial injury in UFPM-exposed rats with MI.
Methods: An MI rat model was established. Animals were randomly divided into five groups: sham, UFPM + MI, SMF (1.08 mg/kg⋅d) + UFPM + MI, SMF (2.16 mg/kg⋅d) + UFPM + MI, and SMF (4.32 mg/kg⋅d) + UFPM + MI. SMF or saline was administrated 7 days before UFPM instillation (100 μg/kg), followed by 24 h of ischemia. Physiological and biochemical parameters were measured, and histopathological examinations were conducted to evaluate myocardial damage. We also explored the potential mechanism of the protective role of SMF using a system pharmacology approach and an in vitro myoblast cell model with small molecule inhibitors.
Results: UFPM produced myocardial injuries on myocardial infarct size; serum levels of LDH, CK-MB, and cardiac troponin; and OS responses in the rats with MI. Pretreatment with SMF significantly attenuated these damages via reversing the biomarkers. SMF also improved histopathology induced by UFPM and significantly altered the PI3K/AKT/MAPK and OS signaling pathways. The expression patterns of Cat, Gstk1, and Cyba in the UFPM model group were reversed in the SMF-treated group. In in vitro studies, SMF attenuated UFPM-induced reactive oxygen species production, mitochondrial damage, and OS responses. The PI3K/AKT/p38 MAPK/Nrf2 pathway was significantly changed in the SMF group compared with that in the UFPM group, whereas opposite results were obtained for pathway inhibition.
Conclusion: These findings indicate that SMF prevents OS responses and exerts beneficial effects against myocardial injury induced by UFPM + MI in rats. Furthermore, the PI3K/AKT/p38 MAPK/Nrf2 signaling pathway might be involved in the protective effects of SMF.
Keywords: Shengmai formula, myocardial injury, ultrafine particulate matter, oxidative stress, PI3K/AKT/p38 MAPK/Nrf2 pathway
INTRODUCTION
Particulate matter (PM) is a complex mixture composed of coarse particles (diameter, 2.5–10 μm; PM2.5–10), fine particles (diameter, ≤2.5 µm; PM2.5), and ultrafine particles (diameter, ≤0.1 µm; PM0.1 or UFPM). PM is considered an environmental risk factor and a life-threatening public health challenge for humans; PM pollution accounts for approximately 12% of the global burden of disease (Zhou et al., 2019). A growing number of epidemiological studies have demonstrated that UFPM is closely associated with morbidity and mortality due to both acute and chronic cardiovascular diseases (Ruckerl et al., 2007). Chen et al. reported that UFPM could trigger the onset of nonfatal myocardial infarction at a sub-daily timescale (Chen et al., 2020). Short-term acute exposure or long-term exposure to fine PM can cause acute cardiovascular events such as myocardial ischemia (MI), ischemic stroke, and congestive heart failure (Wei et al., 2019), which are favored by the smaller particles (Araujo and Nel, 2009). Consequently, UFPM can exert significant adverse effects on patients with cardiovascular disease, resulting in a large number of deaths.
Several mechanistic pathways are responsible for the cardiovascular effects of acute and chronic exposures to UFPM (Chin, 2015; Hadei and Naddafi, 2020). The translocation of pollutants may increase blood pressure, cause endothelial injury/dysfunction, and induce systemic oxidative stress (OS) (Lee et al., 2014) and inflammation (Tsai et al., 2012), which can cause thrombosis, coagulation (Chiarella et al., 2014), and arterial vasoconstriction (Rao et al., 2014) and decrease the heart rate variability, leading to MI events. Divergence in the toxicological mechanisms of PM could be attributed to the different origins of air particles with distinct chemical components that can trigger various pathways (Ronkko et al., 2018). Although different signaling pathways may be involved, systemic OS plays a major role in the cardiovascular effects of PM pollutants (Li R. et al., 2015; Miller, 2020).
Numerous treatment measures to alleviate the risk of PM exposure have been adapted and evaluated, including the use of masks or air purifiers and antioxidants (Zhong et al., 2017; Bolcas et al., 2019). In addition, extracts of traditional medicinal plants and natural products have been used to attenuate or prevent PM-induced injury in laboratory animals (Lee et al., 2019; Sanjeewa et al., 2020). Zhang reported that walnut protein isolates exerted protective effects in a PM-induced acute lung injury mouse model. The walnut protein isolates inhibited myeloperoxidase (MPO), nitric oxide (NO), interleukin-1β (IL-1β), and interleukin-6 (IL-6) in bronchoalveolar lavage fluid. In addition, pro-inflammatory cytokine production and acyl carrier protein levels were decreased by the walnut extract (Zhang et al., 2019). Tanshinone IIA effectively reduced PM2.5 damage to EA.hy926 cells by inhibiting the p38/MAPK pathway (Jia et al., 2012). However, the therapeutic or preventive effects of these agents on MI events following exposure to UFPM have not been reported.
Shengmai formula (SMF) is composed of Ginseng radix et Rhizoma Rubra (Panax ginseng C. A. Mey.), Ophiopogonis Radix [Ophiopogon japonicus (Thunb.) Ker Gawl.], and Schisandrae Chinensis Fructus [Schisandra chinensis (Turcz.) Barll.]. SMF has long been used clinically for the treatment of heart failure and has outstanding curative effects on cardiovascular diseases owing to its free radical scavenging activity (Li F. et al., 2015). In addition, SMF increases superoxide dismutase (SOD) activity and reduces inflammatory and OS activities to protect the myocardium and strengthen the heart (Zhu et al., 2019). SMF is a strong natural antioxidant used in traditional Chinese medicine and has a 2000-year history of use. SMF has cardioprotective properties and strong antioxidant, anti-atherogenic, and immune-modulating effects (Ichikawa et al., 2003).
In the present study, the protective effects of SMF on myocardial injury after exposure to UFPM were tested in rat and H9C2 cell models. The aims of this study were to determine whether SMF could inhibit UFPM-induced OS responses in rats with MI and improve the recovery of myocardial tissue damaged following exposure to UFPM + MI. In addition, the potential mechanism involved in the process was examined. Network pharmacology, RT-qPCR, western blot analysis, and inhibitors were used to investigate the pharmacological effects of SMF on myocardial injury and identify potential therapeutic targets and pathways.
MATERIALS AND METHODS
Animals and Reagents
Healthy adult male Sprague Dawley rats weighing 200 ± 20 g were purchased from the China Institute of Food and Drug Testing. All rats were raised in light-controlled and air-conditioned (23 ± 2°C) rooms and had free access to food and water. This study was approved by the Animal Ethics Committee of the Institute of Chinese Materia Medica, China Academy of Chinese Medical Sciences. All reagents were purchased from Sigma-Aldrich (Missouri, United States) unless otherwise stated. UFPM (NIST® SRM® 1650b) was obtained from MilliporeSigma Corporate Offices (CAS Number 1333-86-4), and chemical characterization of UFPM can be found at https://www-s.nist.gov/srmors/certificates/1650b.pdf.
Quality Control and Preparation of Shengmai Formula
SMF was purchased from Beijing Tongrentang Co., Ltd. (batch number, 16262159). Beijing Tongrentang Co. is a Chinese pharmaceutical company founded in 1669 and is the largest producer of traditional Chinese medicine. The drug is a multi-herbal preparation prepared according to the Pharmacopoeia of the People’s Republic of China (Chinese Pharmacopoeia Commission, 2010). High-performance liquid chromatography-mass spectrometry (HPLC-MS) was used to identify the main chemical components of SMF. The active ingredients are shown in Supplementary Figure S1; Supplementary Table S1. The concentration of two major compounds in SMF, schisandrin (C24H32O7) and ruscogenin (C27H42O4), were 0.022 mg/mg and 0.132 mg/mg, respectively, as determined using HPLC and ultraviolet-visible (UV-Vis) spectrometry. The chromatogram for schisandrin is shown in Supplementary Figure S1.
For the preparation of SMF, Ginseng radix et Rhizoma Rubra, Ophiopogonis Radix, and Schisandrae Chinensis Fructus were mixed at a ratio of 1:2:1 (w/w). These three ingredients were pulverized to a coarse powder and macerated in 65% ethanol for 24 h. Approximately 4,500 ml of percolate was collected and concentrated to approximately 250 ml under vacuum. After cooling, the solution was diluted with 400 ml of water and filtered. Next, 300 ml of 60% syrup and a quantity of preservative was added, the pH was adjusted to the specified range, and the volume was adjusted to 1000 ml. After stirring thoroughly, the solution was allowed to stand, filtered, packed, and sterilized. For detailed information on the three herbal ingredients in SMF, see Supplementary Table S2. The structures of active compounds in SMF are shown in Supplementary Figure S2.
SMF Administration, UFPM Exposure, and Myocardial Infarction Model
The rats were anesthetized with chloral hydrate (60 mg/kg, i.p.), and the specified dose of SMF or saline was given by oral administration daily for 7 days. Twenty-four hours after the final SMF administration, the animals were intubated with a tracheal tube through which 2.0 mg of UFPM suspended in 0.3 ml of saline was instilled (purchased from National Institute of Standards and Technology, Maryland, United States). MI was induced by ligating the left anterior descending coronary artery, as previously described (Wu et al., 2011; Li et al., 2012). The coronary artery was not ligated in the sham group. Specifically, the MI model with UFPM exposure was constructed by ligating the left anterior descending coronary artery, followed by 24 h UFPM exposure. Subsequently, the rats were killed after 24 h of ischemia.
Animal Experimental Design
The rats were randomly divided into five groups (n = 10 each) as follows: sham group; UFPM + MI group, treated with saline for 7 days before administration of UFPM followed by 24 h of ischemia; SMF (1.08 mg/kg⋅d, orally, 7 days) + UFPM + MI group, treated with SMF for 7 days before UFPM instillation, followed by 24 h of ischemia; SMF (2.16 mg/kg⋅d, orally, 7 days) + UFPM + MI group, treated with SMF for 7 days before UFPM instillation, followed by 24 h of ischemia; and SMF (4.32 mg/kg⋅d, orally, 7 days) + UFPM + MI group, treated with SMF for 7 days before UFPM instillation, followed by 24 h of ischemia (Figure 1A). To measure the effect of SMF on cardiac function from the pathological and blood indexes of heart tissue, lactate dehydrogenase (LDH), creatine kinase myocardial band (CK-MB), cTnT levels, triphenyl tetrazolium chloride (TTC) staining and hematoxylin and eosin (H&E) assays were performed. To further clarify which biological processes are affected by SMF, we tested the oxidative stress response based on previous reports. Generally, mitochondrial damage can lead to oxidative stress reaction. Therefore, we evaluated mitochondrial function-related indicators [mitochondrial membrane potential (MMP), Seahorse and mitochondrial ultrastructure], levels of myocardial malondialdehyde (MDA), NADPH oxidase (NOX), heme oxygenase-1 (HO-1), catalase (CAT), total SOD (T-SOD), and phospholipid hydroperoxide glutathione peroxidase (GSH-Px) and mRNA levels of SOD1, CAT, GSH-Px, and NOX in myocardial tissues. Furthermore, we sought to determine which pathway or molecule mediates the changes in oxidative stress.
[image: Figure 1]FIGURE 1 | SMF pretreatment protected against MI in UFPM-exposed rats with MI. (A) Treatments and endpoints following intratracheal instillation of saline or ultrafine particulate matter (UFPM) with or without repeated Shengmai formula (SMF) pretreatment (administered by oral gavage) in rats with myocardial ischemia (MI). (B) Isolated rat hearts taken after LAD ligation followed by 24 h of ischemia were sectioned and stained with TTC. (C) Infarct size quantification by TTC staining. Infarct sizes were quantified and expressed as a percentage of the total left ventricle area. Ratios were obtained in six rats per group (means ± SEM). Levels of (D) LDH, (E) CK-MB, and (F) cTnT in rat sera. All values are expressed as mean ± SD, n = 6 per group. LAD, left anterior descending; TTC, triphenyltetrazolium chloride. *p < 0.05, **p < 0.01 vs. sham. #p < 0.05, ##p < 0.01 vs. UFPM + MI.
Quantification of Infarct Size (Rats)
The infarct size was determined as described previously (Gao et al., 2011). Briefly, the heart was promptly removed after euthanasia and stored for 8 min at −80°C. Then, 2-mm-thick sections were cut, stained with 1% 2,3,5-triphenyl tetrazolium chloride (TTC) in phosphate buffer (pH 7.4) for 20 min at 37°C, and fixed overnight in 10% formalin. Normal myocardium was stained red by TTC, whereas infarcted myocardium was pale in color due to cell membrane damage. Images of the slices were acquired, and the myocardial infarct area was calculated as a percentage of the total area using Image-Pro Plus 6.0.
Measurement of Serum Lactate Dehydrogenase, Creatine Kinase MB, and Cardiac Troponin T Activities
LDH and CK-MB activities in serum were assessed using commercial kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) according to the manufacturer’s protocols, as described previously (Kim et al., 2017). LDH and CK-MB activities were expressed in U/L. Blood samples were obtained 24 h after MI, and serum cTnT levels were measured (pg/ml) using a commercial assay kit (ab246529, Cambridge MA, United States) according to the manufacturer’s instructions, as described previously (Hortmann et al., 2017).
Assessment of Lipid Peroxidation and Antioxidant Enzymes
MD, NOX, HO-1, CAT, T-SOD, and GSH-Px levels in the heart and serum were measured using commercial kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China).
Histology
Twenty-four hours after MI induction, the hearts were removed, fixed in 4% paraformaldehyde, and embedded in paraffin. The paraffin-embedded tissues were sliced into 5-mm sections and stained with hematoxylin and eosin (H&E). An optical microscope (Olympus, Japan) was used to observe pathological changes in the tissues. To determine the myocardial ultrastructure, the myocardium was fixed in 3% glutaraldehyde, followed by fixation in 1% osmium tetroxide and dehydration in ethanol. Epoxy resin was used to embed the tissues, followed by the use of a hardener, accelerator, and growth agent. Subsequently, 70-nm-thick sections were cut using an ultra-microtome and stained with a solution containing uranyl acetate and lead citrate. Changes in the myocardial ultrastructure were observed using a JEM-1200EX transmission electron microscope (TEM, JEM 1200EX II, Jeol, Japan).
Network Pharmacology-Based Analysis
An integrated pharmacology network-computing platform for traditional Chinese medicine (TCMIP V2.0, http://www.Tcmip.cn,updated on September, 2019) (Xu et al., 2019) and the SymMap databases (https://www.symmap.org/) (Wu et al., 2019) were used to collect the SMF compounds. TCMIP V2.0, SymMap, and Swiss Target Prediction (http://www.swisstargetprediction.ch/index.php) databases were used to predict the targets of active ingredients. Disease-associated target prediction was performed using DisGeNET (http://www.disgenet.org/web/DisGeNET/), Therapeutic Target Database (TTD), and Human Phenotype Ontology (HPO) databases and published literature. The potential targets of SMF were predicted using the DrugBank database (http://www.drugbank.ca/, version: 3.0). The relevant protein–protein interaction network was extracted from the Human Protein Reference Database and String databases. This information along with information about the herbs, ingredient-related proteins, and disease-related proteins were entered into a bioinformatics software, Cytoscape (version 3.7.1), to construct a complete network for SMF. The Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway database was used to analyze the disease-related targets of SMF and toxicity-related pathways of UFPM.
Experimental Validation
Oxidative Stress-Related Gene Expression Analysis
Mitochondria of the heart tissue were homogenized and lyzed with Trizol reagent (Life Technologies) to extract total RNA after 24 h of MI. The extracted RNA samples were purified using the spin column-based RNeasy Mini Kit (Qiagen, Hilden, Germany). The quality and concentration of RNA were measured using a NanoDrop® ND-1000 spectrophotometer (Thermo Fisher Scientific, Massachusetts, United States). The A260/280 values of all the RNA samples were 1.8–2.1. cDNA was transcribed using the RT2 First Strand Kit (Qiagen, Hilden, Germany). The RT2 Profiler PCR array (Qiagen, 48-well format, catalog no. PARN-065ZA) was used to analyze gene expression using a Stratagene Mx3005P real-time (RT) quantitative polymerase chain reaction (qPCR) system (Agilent Technologies).
RT-qPCR Analysis
RT-qPCR assays for Nrf2, HO-1, CAT, T-SOD, Gpx1, NQO1, NoX4, and GAPDH (housekeeping gene) were performed for further validation (see Supplementary Table S3 for primers). RNA was isolated and cDNA was synthesized using the High Capacity cDNA Reverse Transcription Kit (Invitrogen Life Technologies). Gene expression levels were determined by RT-qPCR using the SYBR Green PCR Master Mix (Qiagen, Hilden, Germany) and normalized to the level of the housing gene GAPDH. Gene expression levels in the SMF-treated group were expressed as fold-changes when compared with gene expression levels in the UFPM-exposed MI rats using the 2−∆∆CT method. Similarly, the gene expression levels in the UFPM-exposed MI rats were determined by calculating the fold-change when compared with the sham control rats.
Cell Culture and Treatment
Rat myoblast cells (H9C2) were purchased from American Type Culture Collection and cultured in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine serum, 100 U/mL penicillin, and 100 μg/ml streptomycin (Gibco, Madison, United States) under sterile conditions. The cells were incubated with 5% CO2 at 37°C. For the cell viability assay, H9C2 cells were exposed to UFPM (25, 50, 100, and 200 mg/ml) for 24 h or SMF (0.28, 0.56, 1.12, and 2.24 mg/ml) for 24 h. Cell Counting Kit 8 (WST-8/CCK8) (ab228554, Abcam) was used for analysis. To analyze the mechanism of SMF, H9C2 cells pre-incubated with either medium or LY294002 (50 μM)/SB 203580 (10 mM) for 4 h were then cultured with medium or SMF for 24 h followed by culture with or without UFPM (50 mg/ml) for 6 h. The lysates from H9C2 were resolved on 10% SDS-PAGE, transferred onto membranes, and blotted with specific antibodies. The supernatants were collected for analysis of OS biomarkers (T-SOD, CAT, GSH-PX, and NOX) using ELISA assays.
Seahorse Assay
The XFe96 Extracellular Flux Analyzer (Seahorse Bioscience) was used to measure oxygen consumption rates (OCRs) and extracellular acidification rates. The cells were diluted to 2× the final optical density, and 90 μl of cell culture was added to XF Cell Culture Microplates pre-coated with poly-D-lysine. The cells were centrifuged for 10 min at 1,400 × g in a Heraeus Multifuge ×1R (M-20 rotor) to attach them to the pre-coated plates. After centrifugation, 90 μl of fresh media was added to each well. To achieve uniform cell seeding, the initial OCR was measured for two cycles (7 min) before UFPM exposure. The maximal OCR that can be read on the analyzer is approximately 700–800 pmol/min; above this rate, the consumption rate exceeds the replenishment of the system and the curves show a false declination in OCR, which was excluded from the graphical presentation.
Western Blotting
Proteins were extracted from frozen heart tissues. The bicinchoninic acid protein assay was used to determine the protein concentration using bovine serum albumin as a standard (Pierce Rockford, IL). Equal amounts of proteins were loaded on SDS-PAGE gels; after separation, the proteins were transferred to a polyvinylidene difluoride membrane. The membranes were incubated with anti-MAPK p38 (CST, #8690S), p-MAPK p38 (CST, #4511S), rat anti-AKT (ab8805, Abcam), p-AKT (ab81283, Abcam), rabbit anti-Nrf2 (1:1000, 16396-1-AP, Proteintech), rabbit anti-PCNA (1:1000, 10205-2-AP, Proteintech), rabbit anti-HO-1 (1:1000, #82206S, CST), and rabbit antibody to β-Actin (1:2500, #8457, CST) antibodies. The bands were visualized by enhanced chemiluminescence and scanned using FLUORCHEM™ E (ProteinSimple, United States). The densitometric results were quantified using ImageJ software. The results from western blotting were normalized to the control group.
MAPK inhibitor (SB203580) was purchased from Merck-Millipore (Billerica, MA, United States), and PI3K inhibitor (LY294002, ab120243) was purchased from Abcam.
Statistical Analysis
Data were expressed as mean ± standard error of the mean. One-way analysis of variance was used to analyze the differences among the experimental groups. Dunnett’s multiple comparison test was used for inter-group comparisons. A p-value of less than 0.05 was considered statistically significant.
RESULTS
Effects of UFPM Exposure, MI, and SMF on Survival Rates
Survival rates after UFPM exposure and 24 h of MI are shown in Table 1. The survival rate was 45% after UFPM exposure + MI and decreased compared with that in the sham group. Pretreatment with SMF (UFMI + MI + SMF groups) improved survival compared with that in the UFPM + MI group. Survival rates after 1.86, 2.16, and 4.32 mg/kg⋅d SMF pretreatment were 66.7, 86.7, and 73.3%, respectively.
TABLE 1 | Survival rates (%) after SMF pretreatment in UFPM-exposed rats with MI.
[image: Table 1]MI Size Quantification
As shown in Figures 1B,C, a significant difference in myocardial infarct size was observed between the experimental and control groups. The myocardial infarct size in the UFPM-exposed MI group (49.69 ± 7.167) was significantly larger than that in the sham group (10.22 ± 2.739). Moreover, the infarct sizes were smaller in the SMF-treated groups than in the UFPM-exposed MI group (26.29 ± 9.684, 19.91 ± 11.92, and 10.56 ± 8.197 in the 1.86, 2.16, and 4.32 mg/kg⋅d SMF pretreatment groups, respectively). A typical example of a myocardial infarct is shown in Figure 1B.
Serum Markers of Myocardial Damage
Serum markers of myocardial damage are shown in. LDH levels significantly increased in the UFPM-exposed MI group compared with that in the sham group. However, SMF pretreatment significantly restored the LDH values to close to sham levels (Figure 1D). Furthermore, the CK-MB (212.3 U/L) and cTnT (97.7 pg/ml) levels in the UFPM-exposed MI group were significantly higher than those in the sham group (Figures 1E,F). These values were significantly improved by pretreatment with SMF in the UFPM-exposed MI group. These results indicate that SMF attenuated cardiac injury induced by UFPM exposure and MI.
Histopathological Assessment of Heart Tissues
To evaluate the effects of SMF on cardiac morphology, myocardial sections were stained with H&E (Figure 2A). The myocardial muscle fibers in the sham group were regularly arranged, and no edema was observed between the cells. In contrast, the tissues in the UFPM-exposed MI group exhibited moderate vascular edema, myocardial fiber edema, connective tissue hyperplasia, and enlarged myocardial fibers with inflammatory cell infiltration. These morphological signs of myocardial injury were attenuated in the SMF pretreated groups. Specifically, heart tissues in the low-dose SMF pretreatment group showed local hemorrhage, myocardial fiber edema, red blood cells between the myocardial fibers, and enlarged myocardial fibers with inflammatory cell infiltration. Myocardial tissues in the middle- and high-dose SMF pretreatment groups showed decreased numbers of red blood cells, reduced intracellular gaps between myocardial fibers, and reduced infiltration of inflammatory cells compared with myocardial tissues in the UFPM-exposed MI group.
[image: Figure 2]FIGURE 2 | Protective effects of SMF on toxic changes in myocardial tissues in acute UFPM-exposed rats with MI, as shown by hematoxylin and eosin (H&E) staining and transmission electron microscopy (TEM). Representative images of H&E staining (A, ×200) and TEM (B, bar = 10 μm) in myocardial tissues from the sham or MI groups pretreated with different SMF concentrations before UFPM exposure. MI, myocardial ischemia; SMF, Shengmai formula; UFPM, ultrafine particulate matter.
The myocardial ultrastructure in rats in the sham group was generally normal (Figure 2B). The myocardial cells and nuclear membranes were intact, no edema was detected, the myofibril structure was neatly arranged, the mitochondrial structure was intact, the ridges were dense, and no swelling or vacuole-like changes were observed. The myocardial ultrastructure in rats in the UFPM + MI group demonstrated abnormal changes, including edema in some myocardial cells, blurred light and dark bands of muscle segments, broken myofilaments, swollen mitochondria, dissolved ridges, and vacuole-like changes. In the low-dose SMF pretreatment group, the size and number of lesions were reduced. Specifically, myofibrils were neatly arranged, the sarcomere structure was clear, the mitochondria were slightly swollen, and vacuole-like changes were observed in the low-dose SMF group. In the middle-dose SMF group, the size and number of myocardial lesions were also reduced compared with that in the UFPM + MI group, with fewer mitochondrial lesions, neatly arranged myofibrils, and clearly-structured sarcomeres. Moreover, the mitochondrial structure was found to be swollen occasionally and the palate was regular and dense.
Biomarkers of OS in Heart Tissue
Significant reductions in the levels of T-SOD, CAT, and GSH-Px (lowest levels reaching 13.5, 0.649, and 130 U/mL, respectively) were observed in the UFPM + MI rats compared with that in the sham group (Figures 3A–C). However, SMF pretreatment significantly restored the levels of antioxidant enzymes to those in the sham group. The HO-1, NOX, and MDA levels were increased significantly in the UFPM + MI rats compared with those in the sham group (p < 0.05), and these changes were attenuated in the SMF pretreatment groups (p < 0.05; 26.08 ± 5.0 vs. 33.4 ± 10.8 for NOX, 3.01 ± 0.6 vs. 4.36 ± 0.62 for MDA), as shown in Figures 3D–F. These results indicate that pretreatment with SMF improves the OS response to UFPM + MI.
[image: Figure 3]FIGURE 3 | Effects of SMF on UFPM-induced oxidative stress in rats with MI. (A) T-SOD (total superoxide dismutase), (B) CAT (catalase), and (C) glutathione peroxidase (GSH-Px) activity were measured in serum from the five experimental groups.(D) Malondialdehyde (MDA), (E) Heme oxygenase-1 (HO-1), and (F) NADPH oxidase (NOX) were analyzed. Data are represented as mean ± SEM. * and **, significant difference from sham group at p < 0.05 and p < 0.01; #, ## and ###, significant differences from the UFPM group at p < 0.05, p < 0.01, and p < 0.001, respectively. MI, myocardial ischemia; SMF, Shengmai formula; UFPM, ultrafine particulate matter.
Network Pharmacology Analysis
To identify the molecular mechanism by which SMF attenuates myocardial damage in response to UFPM and MI, a UFPM-cardiovascular-drug target-pathway network analysis was performed based on the related proteins and their signaling pathways. Putative targets of SMF, composed of Ginseng radix et Rhizoma Rubra, Ophiopogonis Radix, and Schisandrae Chinensis Fructus, were predicted using the DrugBank database. A total of 475 putative targets for SMF were identified; 376 genes were predicted as putative targets after removing the duplicates (Supplementary Table S4). The cardiovascular-related genes were carefully collected from DisGeNET (3,240 genes), HPO (1,018 genes), and TTD (2,398 genes), and previously published research articles (1,347 genes) are listed in Supplementary Table S5. Subsequently, 1,343 genes were collected after removing the duplicates. A network was constructed, including the 376 predicted genes and 1,343 cardiovascular-related genes. The cutoff value was set at 0.626, and a total of 1,214 nodes and 6,370 pairs of interactions were included in the network.
The hubs in a network have excessively high levels of node degree and are likely to be major genes. Based on previous studies, we defined a node as a hub if the node degree was more than twice the median degree of all the nodes in the network (Li S. et al., 2007). Consequently, 354 nodes were identified as hubs, and an interaction network comprising these nodes was constructed (Supplementary Table S6). By calculating the topological characteristic values of these nodes based on the hub interaction network (“Degree,” “Node betweenness,” and “Closeness”), the major nodes and key network targets of SMF action were successfully screened, and 116 key network targets were obtained (Supplementary Table S7). A pathway enrichment analysis of the above network targets was performed based on the KEGG pathway by combining the UFPM toxicological pathways in cardiovascular diseases (CVDs) and the literature (Figure 4; Supplementary Table S8). Among the enriched pathways, the two largest functional modules were OS (PI3K/AKT, MAPK, and AMPK signaling pathways) and inflammation pathways (p53, chemokine, and NOD-like receptor signaling pathways and cytokine–cytokine receptor interactions). The other modules were involved in mitochondrial dysfunction and endothelial dysfunction. For SMF, IL-6, ESR1, PPP2CA, TNF, CASP3, NFKB1, ITGB2, IL-1β, HIF1A, SERPINE1, PIK3CA, PLAU, PTGS2, PIK3R1, and GNB3 were identified as major targets (red circle in Figure 4) that play essential roles in OS and inflammation and were regarded as the key markers of SMF treatment in CVD. Notably, the putative targets of TNF, CASP3, NFKB1, and IL-1β were involved in the p38 MAPK signaling pathway and were strongly associated with the pathological, toxicological, and pharmacological mechanisms of CVD, UFPM, and SMF, respectively. The p38 MAPK signaling pathway can be stimulated by numerous stress signals, including OS, leading to the production of antioxidants. Based on the integrated UFPM-cardiovascular-drug target-pathway network, we propose that the antioxidant effects of SMF in rats subjected to UFPM exposure and MI are associated with key targets (TNF, CASP3, NFKB1, and IL-1β) regulating the OS response.
[image: Figure 4]FIGURE 4 | UFPM, Cardiovascular disease-drug target-pathway network. The red node at the center of the figure corresponds to the Shengmai formula and the surrounding green diamond-shaped nodes are the three Chinese herbal medicines (Ginseng radix et Rhizoma Rubra, Ophiopogonis Radix, and Schisandrae Chinensis Fructus). The round nodes represent the key network targets in the “disease gene-drug target interaction network,” where the red circles (the marked target genes) are candidates for the Shengmai formula, and the others are disease-related genes. The edges represent interactions among cardiovascular disease genes, herbs, and putative targets for the treatment of cardiovascular disease. The different color ovals represent the main pathways from the enrichment analysis of major targets in the “disease gene-drug target interaction network” and the previously described toxicity pathways of UFPM.
Furthermore, to gain the main chemical composition, we screened candidate compounds and predicted the gene targets of SMF (Supplementary Table S9), and an ingredient-target network of SMF was established. After eliminating all duplicate compounds and overlapping targets, SMF yielded 56 candidate compounds and a total of 290 targets were identified (Supplementary Figure S3). Specifically, the network included 155 nodes and 268 ingredient-target interactions. In the network, we found that IL-1β, TNF, CASP3, IL-4, FN1 and CCND1, which were involved in p38 MAPK/PI3K/AKT pathway, were targets of Kaempferol, Ginsenoside Rd, Ginsenoside Rf, Ginsenoside Rg1, Ginsenoside Rh2, 20-Glucosylginsenoside Rf, D-Limonene, Geraniol and Citral-B, as highlighted in Supplementary Figure S3. Additionally, by HPLC-MS assay, we identify the main chemical components of SMF, including Ginsenoside Rf, Ginsenoside Rg1, Ginsenoside Rh2, which were described above. Thus, we speculate that Ginsenoside Rf, Ginsenoside Rg1, Ginsenoside Rh2 could be the main chemical composition by which SMF play its protection roles via PI3K/AKT/p38 MAPK/Nrf2 pathway.
Experimental Validation
Evaluation of H9C2 Cell Viability After UFPM Exposure and SMF Treatment
H9C2 cells were exposed to various concentrations of UFPM, and alterations in cell viability were observed using the CCK8 assay. A dose-dependent decrease in cell survival was observed following UFPM exposure (Supplementary Figure S4A). Cells exposed to high doses of UFPM (50, 100, and 200 mg/ml) demonstrated significant reductions in cell viability (p < 0.05). The cell survival rate after 100 μg/ml UFPM exposure was approximately 57%. This group was selected for subsequent in vitro studies.
To examine the functional role of SMF, H9C2 cells were pretreated with 0.28, 0.56, 1.12, and 2.24 mg/ml SMF before UFPM exposure and cell viability was measured (Supplementary Figure S4B). Pretreatment with SFM resulted in significantly improved viability in UFPM-treated cells (concentrations 0.28, 0.56, and 1.12 mg/ml) compared with the vehicle (p < 0.05).
SMF Suppresses UFPM-Induced ROS Production in H9C2 Cells
UFPM induces ROS generation to promote OS. Therefore, we examined whether SMF could decrease ROS generation and the expression levels of ROS-dependent genes. First, we detected ROS by H2DCF-DA staining. Supplementary Figure S4C shows that the ROS levels in the H9C2 cells after UFPM exposure were significantly higher than those in the control cells. This effect was attenuated by SMF.
SMF Attenuated UFPM-Induced Mitochondrial Damage in H9C2 Cells
Previous studies showed that UFPM-induced OS promoted changes in the MMP. As shown in Figures 5A,B, JC-1 exhibited a monomeric form in UFPM-exposed cells and Δψm significantly decreased (p < 0.05). Compared with that in the UFPM group, the red fluorescence intensity in the SMF group increased and the green fluorescence intensity decreased. The red/green fluorescent signal ratios in the control and UFPM cells were 1.109 ± 0.39 and 0.50 ± 0.09, respectively, whereas the signal in the SMF (1.12 mg/ml) + UFPM group was 0.6935 ± 0.22 (Figure 5B).
[image: Figure 5]FIGURE 5 | SMF attenuated UFPM-induced mitochondrial damage in H9C2 cells. (A) Effects of the indicated concentrations of SMF on mitochondrial membrane potential in H9C2 cells. Representative images are shown. (B) The optical density ratio of the red and green fluorescence is shown. *p < 0.05, compared to the control group. (C–F) SMF improves in vitro UFPM-induced mitochondrial activity. Basal respiration, ATP production, non-mitochondrial respiration, and proton leak of cells exposed to UFPM with or without SMF pretreatment. Oxygen consumption rate (OCR) was measured with a Seahorse metabolic analyzer. The data are presented as mean ± standard deviation (*p < 0.05, **p < 0.01 compared to the control group; #p < 0.05, ##p < 0.01, ###p < 0.001 compared to the UFPM group). MI, myocardial ischemia; SMF, Shengmai formula; UFPM, ultrafine particulate matter.
To determine whether the SMF-induced attenuation of mitochondrial dysfunction in UFPM-treated cells was followed by functional changes in energetics, the Seahorse assay was used. We found that SMF increased OCR levels markedly under basal conditions (UFPM control, 33.63 ± 2.11 pmol/min; 0.56 mg/ml SMF, 40.11 ± 3.09; Figure 5C) and increased proton leak (UFPM control, 6.073 ± 0.79; 0.28 mg/ml SMF, 9.87 ± 0.58; Figure 5D), ATP production (UFPM control, 25.18 ± 1.07; 0.28 mg/ml SMF, 30.68 ± 2.16; Figure 5E), and non-mitochondrial respiration (UFPM control, 31.34 ± 2.01; 0.56 mg/ml SMF, 39.61 ± 4.69: Figure 5F) compared with that in UFPM-exposed cells.
PCR Array
Changes in the expression levels of several OS-associated genes were evaluated (Figures 6A,B). Of the 84 genes assayed in the array, the expression levels of two changed at least 2-fold (Cyba and Ucp3) and those of five changed 0.5-fold (Cat, Gstk1, Cygb, Idh1, and Sqstm1) in the UFPM-exposed MI rats compared with those in the sham control rats (Table 2). The expression levels of Cat, Mb, Ucp3, and Txnrd2 were upregulated and the expression levels of Txn1 and Cyba were downregulated in the SMF treatment group compared with those in the UFPM-exposed MI rats (p < 0.05; Table 3). The genes that exhibited opposite expression patterns in the drug and UFPM model groups were termed contrary genes (Cat, Gstk1, and Cyba). RT-qPCR was performed using these contrary genes to validate the results obtained by the PCR array analysis (Figures 6C,D). Trends in the expression levels of these genes confirmed that SMF treatment can maintain oxidative homeostasis.
[image: Figure 6]FIGURE 6 | RT2 Profiler PCR array analysis of oxidative stress-related gene expression in the myocardial tissues of rats. (A) A scatter plot comparing the expression of 84 oxidative stress genes from rats exposed to UFPM gene expression in the sham controls. (B) A comparison of gene expression in rats pretreated with SMF before UFPM exposure to UFPM-exposed rats. Red solid circles identify genes with at least a 2-fold decrease (A) or a 2-fold increase (B) in expression. The central line represents unchanged gene expression and the boundaries represent the 2-fold cut-off value for changes in expression. (C,D) qRT-PCR validation of some oxidative stress genes. The histogram represents fold-changes in genes up- or downregulated in the UFPM group compared to the sham and SMF groups compared to the UFPM group.
TABLE 2 | Expression of oxidative stress-associated genes in UFPM-exposed rats with MI.
[image: Table 2]TABLE 3 | Expression of oxidative stress-associated genes after SMF treatment in UFPM-exposed rats with MI.
[image: Table 3]Involvement of the p38 MAPK, PI3K/AKT, and Nrf2/HO-1 Pathways
We examined the effect of UFPM and SMF on p38 MAPK and PI3K/AKT signaling by measuring the expression levels of phosphorylated (p)-p38 MAPK and AKT in H9c2 cells (Figures 7A,C). The expression levels of p-p38 MAPK and p-AKT were significantly higher in the UFPM-treated group than in the untreated cells (Figures 7B,D; p < 0.001 and p < 0.01, respectively). Conversely, treatment with SMF significantly reduced p-p38 MAPK and p-AKT levels compared with those in the UFPM group (p < 0.05).
[image: Figure 7]FIGURE 7 | SMF inhibits UFPM-induced p38 MAP kinase and PI3K/AKT activation. H9C2 cells pre-incubated with either medium or SMF (1.12 mg/ml) for 24 h were stimulated with UFPM (50 mg/ml) for 6 h. The lysates from H9C2 were analyzed by western blotting using specific antibodies to (A) phospho-p38 MAP kinase (p-p38 MAPK) and (B) p-AKT. The cells were cultured with medium (lane 1), SMF (lane 2), UFPM (lane 3), and UFPM and SMF (lane 4). Fold increases in amounts of phosphorylated p38 MAP kinase proteins are indicated. The amounts of p-p38 MAPK and p-AKT were quantified using NIH Image Analyzer and are shown as the amounts relative to control cells. Three identical experiments were independently performed providing similar results.
Nrf2/HO-1 is a positive downstream pathway of MAPK and PI3K. We investigated the potential effects of SMF on Nrf2/HO-1 in H9c2 cells by western blot analysis. UFPM exposure resulted in a considerable increase in the protein expression of HO-1 and nuclear Nrf2 (p < 0.01; Figures 8A,B). SMF treatment further increased HO-1 and Nrf2. The effects of p38 MAPK (SB 203580) and PI3K (LY294002) inhibitors on Nrf2/HO-1 expression were evaluated in H9c2 cells. As shown in Figures 8A,B, UFPM + SB203580/LY294002 treatment significantly decreased HO-1 and nuclear Nrf2 expression levels compared with those in the UFPM-exposed group (p < 0.001). However, SMF treatment significantly reversed this decrease (p < 0.01 and p < 0.05, respectively). These results suggest that UFPM can act as a stimulating factor for the translocation of free Nrf2 into the nucleus to increase the expression of antioxidant-stress proteins, while SMF can promote this activation. However, inhibitors of p38 MAPK and PI3K prevented these effects.
[image: Figure 8]FIGURE 8 | SB 203580, LY294002 and SMF inhibit UFPM-induced HO-1 and Nrf2 expression and T-SOD, CAT, NOX, and GSH-Px production. H9C2 pre-incubated with medium or SB 203580 (10 mM) for 60 min and LY294002 (50 μM) for 4 h were cultured with medium or SMF for 24 h, and then treated with or without UFPM (50 mg/ml) for 6 h (A,B) Western blot analysis of HO-1 and Nrf2 expression in cells. T-SOD (C), CAT (D,G), GSH-Px (E,H), and NOX (F,I) concentrations in the culture supernatants were determined 6 h after UFPM exposure. The results are expressed as the mean ± SD of three different experiments. Asterisks indicate significant differences by t-test, *p < 0.05, **p < 0.01, ***p < 0.001.
The combination of UFPM and SB203580/LY294002 significantly increased the levels of T-SOD, CAT, GSH-Px and reduced the level of NOX in the medium compared to UFPM exposure without inhibitors (Figures 8C–I). In contrast, when SMF was added to UFPM and SB203580/LY294002 treatment, the level of GSH-Px in the medium decreased (Figures 8E,H), compared with that in the SMF and UFPM treatment (without the inhibitors) (p < 0.01). Furthermore, SMF + SB203580/LY294002 administration increased the levels of the NOX factors in UFPM-exposed H9c2 cells compared with SMF treatment alone (Figures 8F,I), suggesting a slight reversal in the effect of SMF on the expression of NOX factors. These findings indicate that SMF exerts antioxidative effects on UFPM-induced H9c2 cells via the PI3K/AKT and p38 MAPK pathways.
DISCUSSION
In this study, we showed that SMF treatment can protect cells against UFPM-induced myocardial injury and OS events both in vitro and in vivo. In addition, UFPM exposure induced ROS production, which activated the p38 MAPK/PI3K pathway, increased the expression levels of Nrf2/HO-1, and decreased the expression of antioxidative proteins. In contrast, SMF attenuated the UFPM-induced activation of MAPK/PI3K and increased the expression level of Nrf2, resulting in increased expression of HO-1 and antioxidative proteins.
In the present study, we analyzed the effect of acute exposure to UFPM on cardiovascular endpoints.The toxicity of PM can influence remote organs, includingthe heart (Du et al., 2016). The intratracheal instillation method used in the present study is regarded as an efficient method for the delivery of foreign substances (Driscoll et al., 2000). The dosage of UFPM used in the current study was similar to the dosage in previous studies involving rat models exposed to PM (Adams et al., 2019).
Our data show that acute exposure to UFPM causes significant myocardial damage characterized by increased myocardial infarct size, increased serum CK-MB and cTnT, and histopathological injury to the heart. In the present study, exposure to UFPM resulted in cardiomyocytedamage and mitochondrial dysfunction. In addition, the appearance of hyperplastic connective tissue and increased inflammatory cells suggested that UFPM exacerbates myocardial tissue injury leading to myocardial fiber edema. This may explain the low survival rate after MI in rats and the increased cardiovascular events accompanying urban air pollution. In addition, we examined cTnI, LDH, and CK-MB levels in serum, as specific markers of myocardial damage. The levels of these myocardial damage markers were higher in rats after UFPM exposure and MI compared with sham rats, supporting the involvement of UFPM in myocardial dysfunction. Published studies also demonstrate that PM2.5 exposure aggravates myocardial damage in hyperlipidemia rats (Wang et al., 2019).
The mechanisms by which UFPM induces cardiac damage remain unclear. UFPM may affect extra-pulmonary sites via inflammatory factors produced in the lung and secreted into the circulation (Thomson, 2019). Alternatively, UFPM may avoid the normal defenses of the lungs and gain access to the heart or brain (Du et al., 2016). However, one study showed that OS plays a critical role in the toxic mechanism of UFPM; UFPM may induce the formation or aggregation of free radicals (Yang et al., 2014).
In our study, UFPM exposure and MI significantly modified the OS status in rats, as indicated by increased MDA and NOX. Meanwhile, in our in vitro study, elevated levels of ROS were observed in the H9C2 cells exposed to UFPM, consistent with an imbalance in the oxidation/reduction observed in our in vivo study. A previous study demonstrated a significant difference in the expression levels of MDA, CAT, and GSH-Px in lung tissues of PM2.5-treated mice compared with saline-treated control mice (Huang et al., 2019). Similar increases in the levels of HO-1 and NOX in the lung and heart have been reported after particle exposure in rats; the differences were dependent on particulate size (Aztatzi-Aguilar et al., 2015). However, contrary to our findings, a recent study by OG Aztatzi-Aguilar reported a significant increase in SOD2 mRNA expression in the aorta of rats exposed to PM when compared to those in the filtered air group (Aztatzi-Aguilar et al., 2018). One explanation for this discrepancy is that the mRNA expression of SOD2 might have been elevated at the beginning of PM exposure in the previous study to increase the anti-oxidation ability of the myocardial cells and resist free radical damage.
The poor outcomes in response to MI in the current study may be due to the development of pulmonary artery hypertension (PAH) after UFPM exposure. PAH disturbs cardiac function. This is consistent with the findings of a previous study, which showed the general cytotoxicity of PM arising from different areas, possibly due to the similarities in the species used in the studies (Bein and Wexler, 2015). Several mechanisms may explain PAH-induced toxicity, including antioxidant defense impairment and OS (Holme et al., 2019). The antioxidant system attenuates oxidative injuries. Natural antioxidants have received increased attention over the past ten years. The effective biological activities of natural antioxidants are crucial during conditions that cause OS, such as air pollution (Zhang and Gao, 2014).
SMF is a known potent antioxidant agent; however, the protective effects of SMF on UFPM-induced cardiac damage/OS have not been reported. In the current study, SMF increased the survival rate in rats subjected to UFPM exposure and MI, suggesting that UFPM exposure-induced cardiotoxicity can be reversed by SMF. Cardiac dysfunction after UFPM exposure and MI impacted the survival rate and administration of SMF, which is beneficial in improving the heart function, improved the survival rate (Zhao et al., 2016).
Myocardial infarct size is a key prognostic factor in a wide range of adverse cardiovascular outcomes. Although there is little direct evidence for the induction of cardiac ischemia following exposure to UFPM in humans, experimental animal models have demonstrated an association between PM exposure and infarct size and/or MI. The results of the present study showed that SMF, administered 24 h after an acute single intranasal instillation of UFPM, significantly decreased the myocardium infarct size, indicating a significant recovery of myocardial function in rats with MI. This effect was further demonstrated by measuring LDH, CK-MB, and cTnT levels in the serum and the histopathological evaluation of the myocardial tissue. A previous study reported that three representative components in SMF showed significant protective effects on cardiac function after MI injury (Mo et al., 2015; Li et al., 2018).Thus, our results can be ascribed to specific components of SMF that interact in a complex way to regulate LDH, CK-MB, and cTnT activities. Further assessment is needed to connect the specific chemical components and biological activities.
As described above, UFPM disrupted OS status both in the MI rat model and in H9C2 cells. The disrupted OS status was signified by an imbalance of oxidative markers, mitochondrial membrane potential, and energy metabolism, while SMF prevented these outcomes. These results corroborate the findings of Zhu et al. (2019) (Zhu et al., 2019) demonstrating that the decreased levels of SOD, GSR, and CAT induced by H2O2 were upregulated following SMF treatment. The current study provides evidence that co-treatment with SMF in UFPM-exposed MI rats protected the heart from OS injury. Notably, the protective effects of SMF against UFPM-induced cardiotoxicity were not dose-dependent in the present study. This may be because differences in the selected doses in the current study were not large enough; hence, differences in the protective effects of SMF could not be detected.
Because SMF significantly attenuated UFPM effects in the serum and myocardial tissue, we hypothesized that multiple signaling pathways play a key role in the protective effects of SMF in rats exposed to UFPM and MI. To confirm this hypothesis, a herb-major hub-CVD disease-UFPM toxicity-pathway network was constructed to visualize the relationships among SMF herbs, major targets, CVD disease, and PM toxicity. Based on the integrated network-pathway analysis, SMF exerts antioxidant effects by regulating OS, which was identified as an important mechanism involved in UFPM toxicity and MI progression (Li et al., 2005; Kurian et al., 2016). OS was regulated via the PI3K/AKT signaling pathway, which was an important functional module with a high enrichment score in our study. In addition, the p38 MAPK pathway had a higher number of genes that were significantly affected but had low enrichment scores. We choose the p38 MAPK pathway based on the findings of previous studies. Austin Nguyen (2019) showed that inter-gene correlation could affect the enrichment score resulting in a pathway with lower expression values but more significantly affected genes (Austin Nguyen, 2019). Furthermore, PM causes a time- and dose-dependent increase in the phosphorylation of p38 MAPK in human pulmonary artery endothelial cells (Li et al., 2005). Marchini et al. (2016) showed that acute exposure to PM increased the levels of TNF-α, IL-6, and IL-1β, increased the ratio of active Caspase 3/pro-Caspase 3, and activated the NFκB pathway (Marchini et al., 2016; Li X. et al., 2017). TNF, CASP3, and NFKB1, which are among the key targets of SMF, are involved in p38 MAPK signaling. In addition, TNF, CASP3, and NFKB1 are targets of Ginseng radix et Rhizoma Rubra, Ophiopogonis Radix, and Schisandrae Chinensis Fructus, suggesting that these three targets play important roles in SMF action.
Because the OS response was also observed in the network analysis, the RT2 Profiler PCR array of myocardial tissue was designed to analyze a panel of genes related to the OS pathway. Our findings were in agreement with the detection of CAT in the serum of MI rats. A similar study also reported that SMF injection restored the mRNA expression of CAT after suppression by H2O2 (Zhu et al., 2019). Furthermore, the present study showed that SMF downregulated the gene expression of Cyba, which was consistent with a dramatic decrease in NOX levels in the serum of PM-treated MI rats. Cyba encodes a subunit of NOX. Thus, downregulation of Cyba reflected the decrease in myocardial OS after SMF treatment. NOX4 is highly expressed in cardiomyocytes and NOX4 activation causes cardiac dysfunction (Lassegue et al., 2012). Therefore, decreased myocardial NOX in the serum and myocardial tissue might help maintain myocardial function, supporting the protective effects of SMF in UFPM-induced oxidative injury. Additionally, the mRNA level of the antioxidant enzyme T-SOD was upregulated after SMF treatment in myocardial tissues of rats subjected to UFPM exposure and MI, in agreement with elevated serum T-SOD.
To further investigate the effects of SMF on the regulation of the OS pathways, we evaluated the p38 MAPK and PI3K/AKT pathways based on the net pharmacological data. UFPM induced the phosphorylation of p38 MAPK and AKT, decreased the levels of antioxidative factors such as GSH-Px, T-SOD, and CAT, and increased NOX production in H9C2 cells. These effects were prevented by SMF treatment. Nrf2 is activated under OS conditions and promotes the expression of numerous antioxidative enzymes such as T-SOD, CAT, and GSH-Px. Subsequently, protein expression levels of Nrf2/HO-1 were increased in response to SMF in H9C2 cells exposed to UFPM. However, Nrf2/HO-1 levels were also increased in the UFPM-exposed cells, which may be due to the specific components of UFPM and the stress response to acute UFPM exposure. Both SB 203580 and LY294002, specific inhibitors of p38 MAPK and PI3K, respectively, restored the inhibition of UFPM-induced NOX formation and the promotion of GSH-Px and CAT levels in SMF + UFPM-treated H9C2 cells. Meanwhile, SB 203580 and LY294002 decreased the expression levels of Nrf2/HO-1 in SMF + UFPM-treated H9C2 cells. Therefore, we speculated that p38 MAPK and PI3K/AKT might be involved in UFPM-induced OS. Our findings are in line with a previous report, which showed that the PI3K/AKT and p38 MAPK signaling pathways regulate HO-1 expression in RAW264.7 macrophages during anti-inflammatory responses (Li T. et al., 2017). Additionally, our data are consistent with previous studies, which showed the beneficial antioxidant effects of SMF on H2O2-induced oxidative injury (Zhu et al., 2019) and cerebral oxidative damage in rats (Ichikawa et al., 2003). Based on the findings that UFPM activated both p38 MAPK and PI3K/AKT, while their inhibitors and SMF inhibited these effects, we assume that the regulation of HO-1 expression and antioxidant proteins is controlled by the PI3K/AKT/p38 MAPK/Nrf2 pathways.
This study presents limitations. We have used the TTC staining method to measure the infarct size of MI rats. However, the normalized of area under ligation should be quality controlled by expressing infarct vs area at risk (AAR) by evan blue dye staning. We make sure that infarct size measurement will be normalized to AAR by evan blue dye staning in our following study. For cardiac injury analysis, flipped LDH combined with cTNT, CK-MB will be used in subsequent tudy rather than total LDH used in this study. In addition, an in vitro cell culture model related to MI and UFPM could be advantageous and the best way to present the signaling activation in animal model is to perform western blot analysis using heart tissue homogenate from animal treated with LY294002 or SB203580. Actually, we have tried to establish cell model about MI by hypoxia stimulation, however, most cells with hypoxia were dead after UFPM exposure due to the extremly harsh conditions. Considering that UFPM and MI can both produce the same toxicological effects, i.e., oxidative stress, therefore, we established the in vitro model which can reflect the oxidative stress injury by UFPM exposure to be maximally approximation to the true state of in vivo study. Meantime, we will perform western blot analysis using heart tissue homogenate from animal treated with LY294002 or SB203580 in our following study. Again, we will analysis mitochondrial respiration in isolated mitochondria from heart tissue of rat exposed to UFPM prior to LAD ligation for demonstrating mitochondrial respiration dysfunction directly.
In conclusion, the present study demonstrated that exposure to UFPM induced myocardial damage and mitochondria dysfunction, increased MDA, and decreased the levels of antioxidant factors in rats with MI. Pretreatment with SMF significantly relieved the cardiac-linked pathologies, inhibited the release of MDA and NOX, elevated the levels of antioxidant factors, and prevented the cardiovascular effects mediated, in part, by the PI3K/AKT/p38 MAPK/Nrf2 signaling pathway. Our results indicate that SMF is a potent antioxidant that protects against the deleterious effects of UFPM in the heart. SMF may be used to prevent and treat the cardiovascular events caused by UFPM exposure.
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The occurrence of lipotoxicity during obesity-associated cardiomyopathy is detrimental to health. Salvianolic acid A (SAA), a natural polyphenol extract of Salvia miltiorrhiza Bunge (Danshen in China), is known to be cardioprotective. However, its clinical benefits against obesity-associated cardiomyocyte injuries are unclear. This study aimed at evaluating the protective effects of SAA against lipotoxicity-induced myocardial injury and its underlying mechanisms in high fat diet (HFD)-fed mice and in palmitate-treated cardiomyocyte cells (H9c2). Our analysis of aspartate aminotransferase and creatine kinase isoenzyme-MB (CM-KB) levels revealed that SAA significantly reversed HFD-induced myocardium morphological changes and improved myocardial damage. Salvianolic acid A pretreatment ameliorated palmitic acid-induced myocardial cell death and was accompanied by mitochondrial membrane potential and intracellular reactive oxygen species improvement. Analysis of the underlying mechanisms showed that SAA reversed myocardial TLR4 induction in HFD-fed mice and H9c2 cells. Palmitic acid-induced cell death was significantly reversed by CLI-95, a specific TLR4 inhibitor. TLR4 activation by LPS significantly suppressed SAA-mediated lipotoxicity protection. Additionally, SAA inhibited lipotoxicity-mediated expression of TLR4 target genes, including MyD88 and p-JNK/MAPK in HFD-fed mice and H9c2 cells. However, SAA did not exert any effect on palmitic acid-induced SIRT1 suppression and p-AMPK induction. In conclusion, our data shows that SAA protects against lipotoxicity-induced myocardial damage through a TLR4/MAPKs mediated mechanism.
Keywords: salvianolic acid A, lipotoxicity, myocardial injury, TLR4, MAPKs
INTRODUCTION
Obesity is a global epidemic that is characterized by excessive amounts of circulating free fatty acids (FFAs), resulting in a variety of metabolic disorders, including lipotoxic cardiomyopathy (Schrammel et al., 2013). Lipotoxicity occurs when FFAs form heterotopic deposits in non-adipose tissues, including the kidney, skeletal muscles, and liver (Sletten et al., 2018). Lipotoxicity-induced myocardial damage accelerates advanced heart disease development. Palmitic acid (PA), the most abundant saturated fatty acid in human diet, has been found to be significantly elevated in blood samples of both obese individuals and high-fat diet (HFD) -fed animals (van Rooijen and Mensink, 2020). Therefore, PA is widely used to induce lipotoxicity in vitro.
Although the mechanisms underlying obesity-associated cardiac dysfunction are not fully understood, several factors, including toll-like-receptor 4 (TLR4) have been implicated. TLR4 is a well-known activator of innate immune responses against pathogens and has recently been shown to mediate obesity-induced cardiac inflammation, glucose metabolic derangement and injury (Jackson et al., 2015; Chen et al., 2020; Liu et al., 2020). Palmitate is an endogenous TLR4 ligand that significantly upregulates TLR4 levels in hepatocytes (Dou et al., 2020). Palmitate also enhances TLR4 expression in cardiomyocytes (Wang et al., 2017). Studies on HFD-induced obesity have shown that myocardial damage is significantly alleviated by TLR4 depletion (Wang et al., 2017). MyD88 is an adapter protein that mediates TLR4 signal transduction and activation of mitogen-activated protein kinase (MAPK) signaling pathway. MyD88 or MAPKs (including JNK and ERK1/2) inhibition has been shown to improve lipotoxicity-induced cardiac injury in both obese mice and cultured cardiomyocytes (Liu et al., 2014; Wang et al., 2016). Additionally, adenosine monophosphate activated protein kinase (AMPK), a key cellular energy sensor, has been implicated in HFD-induced cardiac hypertrophy, palmitate-induced apoptosis, and cardiomyocytes lipid deposit (Gélinas et al., 2018; Yang et al., 2018; Zhang et al., 2019). AMPK activation inhibits myocardial hypertrophy by regulating energy metabolism through sirtuin 1 (SIRT1) (Ma et al., 2018).
Salvia miltiorrhiza Bunge (Danshen in China) is a Chinese medicinal herb that has traditionally been used for the treatment of cardiovascular diseases. Salvianolic acid A (SAA) is the main water-soluble component of Danshen. It has been established that SAA has a range of pharmacological effects, including anti-oxidant, anti-inflammatory, anti-fibrotic, and anti-carcinogenic activities (Yang et al., 2012; Zheng et al., 2015; Wang et al., 2019a). Animal models have shown that SAA is cardioprotective, including during ischemic-reperfusion, cardiomyocyte infarction, and arsenic trioxide-induced injury (Ho and Hong, 2011; Feng et al., 2017; Wang et al., 2019b). However, its clinical benefits against lipotoxicity-induced myocardial damage have not been established.
In this study, we investigated the clinical benefits of SAA against lipotoxicity-induced cardiac injuries in both HFD-induced obese mice and palmitate-exposed cardiomyocytes. Our findings highlight the potential therapeutic values of SAA in the prevention and treatment of obesity-associated myocardial damage.
MATERIALS AND METHODS
Animals Studies
Animal care and experiments complied with National Institute of Animal Health guidelines on animal research. Ethical approval was granted by the Animal Ethics Committee at Zhejiang Chinese Medical University. Eight-week old male C57BL/6J mice were housed at 22 ± 2°C and 12-h light/dark cycle. Animals were divided into the following groups (6 mice each); normal diet group (Control), HFD group (HFD), normal diet with 40 mg/kg BW SAA group (SAA), and HFD with 40 mg/kg BW SAA (SAA + HFD) group. The Control group was fed AIN-93G diet. HFD mice were fed 60% fat diet to induce obesity (60% fat, D12492, Research Diets, New Brunswick, NJ), and water enriched with high fructose and sucrose. 42 g/L of carbohydrates was added to drinking water at a ratio of 45% sucrose and 55% fructose (St. Louis, MO) by weight. SAA was dissolved in sterilized physiologic saline to a stock concentration of 20 mg/ml. 100 μL aliquots of the SAA solution or sterilized physiologic saline were intraperitoneally administered to mice every other day for 12 weeks. Body weight was recorded weekly. At the end of the experiment, mice were fasted overnight, anesthetized using sodium pentobarbital (50 mg/kg BW), and sacrificed to obtain plasma and hearts for analysis. The obese mice model was successfully established by the evaluating of body weight and plasma lipids (Supplementary Figure S1).
Measurement of Plasma Lipids, AST, CK-MB Level
Mice were sacrificed under anesthesia, blood was obtained and plasma was harvested by centrifugation for 5 min at 3,000 rpm. Plasma AST, CK-MB, triglyceride (TG), free fatty acids (FFA), total cholesterol, high-density lipoprotein-cholesterol (HDL-C), low-density lipoprotein-cholesterol (LDL-C) levels were then measured using commercial kits (Nanjing Jiancheng BioTech. Co. Ltd., Nanjing, China) according to the manufacturers’ instructions.
Immunohistochemistry
Hearts were fixed in 4% PFA and embedded in paraffin. Sectioned tissues were then stained using H&E and their myofibers analyzed histologically. H&E sections were examined and imaged under brightfield illumination on a Leica microscope (Carl Zeiss, Gottingen, Germany).
Reagents
Lipopolysaccharides (LPS) was purchased from Selleck Chemicals (Huston, TX). PA, stearic acid (SA), oleic acid (OA), and SAA were purchased from Sigma-Aldrich (St. Louis, MO). CLI-95 was purchased from Invitrogen (Carlsbad, CA). SA-BSA and PA-BSA were processed as previously described (Dou et al., 2020). Briefly, SA or PA were solubilized in 100% ethanol and saponified with sodium hydroxide. The sodium salt was desiccated and resuspended in PBS. It was then heated at 80°C to achieve complete dissolution. We then added an isovolumetric 20% (w/v) BSA and stirred the mixture at 50°C for 4 h to allow SA or PA to bind BSA. The SA-BSA or PA-BSA complex (3 mmol/L fatty acid:1.5 mmol/L BSA, molar ratio, 2:1) was sterilized by filtration, and aliquoted for use. Oleate was complexed with 10% BSA to produce a stock solution, which was diluted in culture medium prior to use. The control and vehicle groups were treated with equal amounts of solvents (BSA or DMSO).
Cell Culture
H9c2 cells were obtained from Shanghai Institute Cell Bank (Shanghai, China). Cells were cultured in DMEM medium (Gibco, Eggenstein, Germany) containing 5.5 mmol/L d-glucose and supplemented with 10% FBS (Biological Industries, ISR) as well as 100 U/mL/100 mg/ml pen/strep, at 37°C, in a humidified incubator, O2/CO2 (19:1) atmosphere.
Cell Death Assay
2×105 cells/well were seeded onto a 24-well plate and cultured in normal media or media containing indicated concentrations of palmitate in the presence or absence of SAA (5, 10, 20, 40 μM). After 12 h, 450 μM MTT solution was added into each well and incubated for 4 h. The supernatant was removed and 600 μL DMSO added to dissolve the resulting formazan. Absorbance was then read at 470 nm using FLUOstar Omega (BMG Labtech). For the LDH test, the culture medium was collected and LDH assayed using an LDH assay kit (Thermo Scientific Inc., VA) according to the manufacturers’ instructions. Nuclear morphological changes were examined by staining with 5 mg/L Hoechst 33342 for 10 min at 37°C before being imaged under a fluorescent microscope (Leica).
Reactive Oxygen Species (ROS)
ROS levels were evaluated as described before (Li et al., 2014). After treatments, cells were washed and placed in serum free medium. 2, 7-dichlorodi-hydrofluorescein diacetate (DCFH-DA) was added to each well at a final concentration of 10 μM and cells cultured at 37°C for 20 min. They were then washed thrice using ice-cold PBS. Fluorescence intensity was determined using an inverted fluorescent microscope (Leica, Wetzlar, Germany). The mean fluorescence intensity (MFI) of five random fields was determined using ImageJ.
Mitochondrial Membrane Potential (MMP) Assay
MMP was evaluated using Rhodamine123 (Rh123) at a final concentration of 100 μg/ml for 45 min. Fluorescence was measured using a fluorescent microscope (Leica, Wetzlar, Germany). The mean fluorescence intensity (MFI) of five random fields was determined using ImageJ.
Western Blotting
Western blotting was done as previously described (Li et al., 2014) using the following antibodies: anti-β-actin, anti-cleaved-caspase3, anti-Bcl-2, anti-Bax, anti-MyD88, anti-JNK, anti-phospho-JNK, anti-ERK1/2, anti-phospho-ERK1/2, and anti-GAPDH from Cell Signaling Technology; Anti-TLR4, anti-SIRT1, anti-AMPK, anti-phospho-AMPK, from Santa Cruz Biotechnology. β-actin and GAPDH were used as loading controls. Protein levels were detected using HRP-conjugated secondary antibodies, and signal developed using ECL.
Statistical Analysis
Data are presented as mean ± SD for ≥3 independent biological experiments with three replicates per experiment. Statistical analysis was done using SPSS. Student’s t-test or one-way ANOVA followed by Tukey test were used for pairwise comparisons between groups. p < 0.05 was set as the threshold for statistical significance.
RESULTS
SAA Protects Against Lipotoxicity-Induced Myocardial Cell Injury
First, we tested the cytotoxic effects of various FFAs on myocardial cells with or without SAA. Analysis of LDH levels in the culture media revealed that long-chain saturated fatty acids (LSFAs), including PA and SA, exhibited significant dose-dependent lipotoxicity (Supplementary Figures S2A–D). OA, an important representative of long-chain monounsaturated fatty acids, did not exert lipotoxic effects in myocardial cells (Supplementary Figures S2E,F). Based on these results, we chose 0.4 mM PA to stimulate myocardial cells. To establish appropriate SAA concentrations for the experiments, we evaluated SAA cytotoxicity in cells without fatty acid treatment, and found that tolerance was up to 800 μM SAA (Figure 1A). Cell viability and LDH assays indicated that SAA significantly suppressed PA-induced cell death (Figures 1B,C). In vitro assays were done using SAA at a maximum concentration of 40 μM. Pretreating cells with SAA significantly reversed PA-induced cytotoxicity in a dose-dependent manner (Figures 1B,C). Then, 10 μM of SAA were chosen for the subsequent experiments. It was found that 10 μM SAA inhibited PA-mediated upregulation of cleaved Caspase-3, Bcl-2, Bax, and Bcl2/Bax ratio, indicating suppressed apoptosis (Figure 1D). Additionally, PA-stimulated chromatin damage was reversed by SAA pre-treatment (Figure 1E). Reduced circulating FFA levels enhanced oxidative stress during cardiomyopathy. This prompted us to assess SAA’s capacity to scavenge PA-induced ROS in cardiac cells. The DCFH-DA assay showed that 0.4 mM PA significantly increased ROS levels relative to control cells (Figure 1F). However, SAA was shown to significantly suppress ROS production. MFI values showed that SAA significantly reduced PA-induced ROS production. Pretreatment with SAA was also shown to significantly reverse PA-induced reduction of mitochondrial membrane potential (MMP) (Figure 1G). Together, these data demonstrate the protective effects of SAA against mitochondrial damage, apoptosis, and oxidative stress-mediated injury.
[image: Figure 1]FIGURE 1 | SAA reverses PA-induced lipotoxicity in H9c2 cardiomyocytes (A) Cardiomyocytes were seeded onto 24-well plates and grown to 80–90% confluence before treatment with the indicated SAA concentrations for 24 h. Cell viability was determined using MTT. (B), (C) Cardiomyocytes were pretreated with indicated SAA concentrations for 1 h and incubated with 0.4 mM palmitic acid (PA) for 12 h and cell viability and LDH release measured. (D) Western blot analysis of cleaved Caspase-3, Bcl-2, and Bax. Values are presented as mean ± SD for three or more independent tests. (E) Hoechst staining for nuclei. Cell death was detected by morphologic examination after Hoechst staining by fluorescence microscopy (mag = 200X). (F) ROS levels were measured using DCFH-DA. (G) MFI analysis of mitochondrial membrane potential using Rh123. Values with different superscripts are significantly different at p < 0.05. * shows comparison with normal control group while # shows comparison with PA-only treatment group.
The Protective Role of SAA Is Independent of SIRT1 and AMPK Pathways
Next, we determined whether SIRT1 mediates the beneficial effects of SAA against PA-induced cardiac lipotoxicity and found that SIRT1 levels were significantly reduced in PA-treated cells, while SAA treatment did not reverse SIRT1 suppression by PA (Figure 2). Analysis of potential AMPK involvement showed that pretreatment with SAA did not effectively improve PA-induced alteration of AMPK (Figure 2), implying that SIRT1 and AMPK did not mediate SAA effects in myocardial cells.
[image: Figure 2]FIGURE 2 | SIRT1/AMPK pathway is not involved in SAA protection from lipotoxicity. Cardiomyocytes were incubated with 0.4 mM palmitic acid (PA) for 12 h. 10 μM SAA was added 1 h before PA treatment. SIRT1, AMPK, and p-AMPK, protein levels were determined by western blot. Data were quantified by densitometric analysis as fold changes. Values are presented as mean ± SD for ≥3 independent tests. Bars with different characters are significantly different, p < 0.05.
Activation of TLR4/AMPK Signaling Pathway Contributes to SAA Lipo-Protective Effects in Cardiac Cells
TLR4 inhibition is thought to be an SAA target during liver injury. Therefore, we determined if TLR4 signaling modulated the protective effects of SAA against lipotoxicity. Analysis of TLR4 expression levels in PA-treated cardiac cells showed that treatment with PA at 0.4 mM for 2–4 h significantly increased TLR4 levels. At 8–12 h, the expression levels of TLR4 were not found to be significantly different from the untreated cardiac cells (Figure 3A). Then, we determined the expression level of TLR4 after the treatment with indicated concentrations (0.2, 0.4, 0.6, 0.8 mM) of pA. It was found that TLR4 were significantly up-regulated by PA treatment in a dose-dependent manner (Figure 3B). We then tested 0.4 mM concentration of PA on H9c2 cells for 4 h with or without SAA. MAPKs mediate SAA protection of liver injury. Analysis of whether MAPKs signaling mediate SAA protection against PA-induced lipotoxicity showed that SAA pretreatment significantly reversed PA-induced upregulation of MyD88, p-JNK and p-ERK1/2 levels. This implies that SAA lipo-protective effects are, partly, mediated by TLR4/MyD88/MAPKs signaling (Figure 3C).
[image: Figure 3]FIGURE 3 | SAA attenuates palmitate-induced TLR4 activation. Cardiomyocytes were seeded onto 24-well plates and grown to 80% confluence before treatment with 0.4 mM PA for 2, 4, 8 and 12 h (A) or 0.2, 0.4, 0.6, or 0.8 mM PA for 4 h (B) For the detection of anti-lipotoxicity role of SAA, H9c2 cells were incubated with 0.4 mM palmitic acid (PA) for 4 h. 10 μM SAA was added 1 h before free fatty acids treatment. Representative western blot data on TLR4 levels. Data are shown as mean ± SD. Total protein was extracted from myocardial cells. TLR4, MyD88, p-JNK, and p-ERK1/2 levels were determined by western blot. Values with different superscripts are significantly different at p < 0.05. * indicates comparison with normal control group while # indicates comparison with PA-only treatment group.
TLR4 Upregulation Mediates PA-Induced Lipotoxicity in Cardiac Cells
To confirm whether TLR4 regulates lipotoxicity in cardiomyocytes, we inhibited TLR4 using CLI-095 in H9c2 cells. TLR4 inhibition significantly suppressed cytotoxicity and LDH release relative to palmitate-treated cells (Figures 4A,B), supporting the observation that TLR4 facilitates PA-induced lipotoxicity in cardiomyocytes. Moreover, inhibiting TLR4 also suppressed PA-induced elevation of cleaved Caspase-3 and ROS, mitochondrial membrane potential repression, and apoptosis in cardiac cells (Figures 4C–F), implying that TLR4 is involved in PA-induced lipotoxicity in cardiac cells.
[image: Figure 4]FIGURE 4 | TLR4 was involved in lipotoxicity-induced injury in cardiomyocytes. Cardiomyocyte cells were treated with PA at 0.4 mM for 4 h with or without 1 h CLI-095 preincubation (1 μM). PA-induced cytotoxicity in CLI-095-treated cardiomyocytes was determined using the MTT assay (A) and analysis of LDH release into culture medium (B). (C) Nuclear staining with Hoechst. (D) Representative western blot with densitometric analysis of cleaved Caspase-3 levels in cells. (E) ROS levels were measured using DCFH-DA. (F) MFI analysis of mitochondrial membrane potential using Rh123. Values are presented as mean ± SD for ≥3 independent tests. * indicates comparison with normal controls while # shows comparison with PA-only treatment. Bars with different characters are significantly different, p < 0.05.
TLR4/MAPKs Is Involved in SAA Lipo-Protective Effects in Cardiomyocytes
To determine the role of TLR4/MAPKs in SAA’s lipo-protective effects in cardiomyocytes, we activated TLR4 using LPS and found that it significantly suppressed the protective properties of SAA against lipotoxicity, including cell viability, LDH release, MMP, ROS formation, apoptosis, and cleaved Caspase-3 levels (Figures 5A–F). Moreover, TLR4 upregulation mitigated the lipo-protective effects of SAA through PA-induced targets of MyD88 and MAPKs, including p-JNK and p-ERK1/2 (Figure 5F). These findings confirmed that TLR4 signaling is involved in the exertion of the lipo-protective effects of SAA in cardiomyocytes.
[image: Figure 5]FIGURE 5 | TLR4 activation contributes to SAA protection from lipotoxicity-induced injury in cardiomyocytes. Cardiomyocyte cells were treated with PA at 0.4 mM for 4 h. TLR4 was activated with 100 ng/ml LPS for 2 h before PA treatment. 10 μM SAA was added 1 h before PA treatment. (A) Cell viability was tested using MTT. (B) LDH release measurement. (C) Nuclear staining with Hoechst. Cell death was detected by assessing nuclear morphology by fluorescence microscopy at a ×200 magnification (D) ROS levels were measured by DCFH-DA. (E) Mitochondrial membrane potential (MMP) was examined by fluorescence microscopy. (F) Cleaved Caspase-3, TLR4, MyD88, p-JNK, and p-ERK1/2 levels were determined by western blot. Values are presented as mean ± SD for ≥3 independent tests. Bars with different characters are significantly different, p < 0.05.
TLR4/MAPKs Mediate SAA Lipo-Protective Effects in Cardiomyocytes of HFD-Fed Mice
To determine the protective effects of SAA in cardiomyocytes of HFD-fed mice, we examined the pathological alterations of cardiomyocytes in various groups using H&E staining. There were structural abnormalities in the cardiomyocytes of HFD-fed mice, including altered cellular structures and broken fibers, which were significantly alleviated by SAA treatment (Figure 6A). The plasma levels of AST and CK-MB are indicators of cardiomyocyte injury. We found that SAA significantly reduced HFD-driven increase in plasma AST and plasma CK-MB levels (Figures 6B,C). Furthermore, SAA significantly suppressed HFD-induced increase in cleaved Caspase-3 in mouse myocardial tissues (Figure 6D), implying that SAA prevented against cardiomyocyte lipotoxicity in HFD fed mice.
[image: Figure 6]FIGURE 6 | TLR4/MAPKs pathway is involved in SAA protection of cardiomyocytes from lipotoxicity-induced injury in high-fat diet (HFD)-fed mice. Animals were divided into the following groups (6 mice each); normal diet group (Control), HFD group (HFD), normal diet with 40 mg/kg BW SAA group (SAA), and HFD with 40 mg/kg BW SAA (SAA + HFD) group. The Control group was fed AIN-93G diet. HFD mice were fed 60% fat diet to induce obesity (60% fat, D12492, Research Diets, New Brunswick, NJ) and water enriched with high fructose and sucrose. SAA was dissolved in sterilized physiologic saline with a stock concentration of 20 mg/mL. A total volume of 100 μL SAA diluted solution or sterilized physiologic saline was intraperitoneally administered every other day for 12 weeks. (A) H/E staining of cardiomyocytes - scale bars = 50 μm. (B) Plasma aspartate aminotransferase (AST) level (C) plasma creatine kinase, MB (CK-MB) level. (D) Cleaved Caspase-3, TLR4, MyD88, JNK, p-JNK, ERK1/2 and p-ERK1/2 levels in mouse heart tissues were determined by western blot. Values with different superscripts are significantly different at p < 0.05. * indicates comparison with normal controls while # shows comparison with HFD-fed group.
We then examined the role of TLR4/MAPKs in SAA anti-lipotoxic effects in vivo and found that SAA significantly suppressed HFD-induced elevation of TLR4, MyD88, p-JNK and p-ERK1/2, consistent with our in vitro data (Figure 6D). These findings suggest that TLR4/MAPKs inhibition contributes to SAA’s protection of cardiomyocytes from lipotoxicity.
DISCUSSION
We have shown that SAA, a phytochemical found in Danshen, protects against lipotoxicity in HFD-fed mice and cultured cardiomyocytes. Its benefits are associated with its effects on TLR4/MAPKs signaling. SAA is a bioactive component of Salvia miltiorrhiza Bunge. In traditional Chinese medicine, Danshen is used to enhance blood flow, resolve blood stasis and for the prevention and treatment of cardiovascular diseases. However, the cardioprotective benefits of SAA are not well understood.
Lipotoxicity refers to cellular damage and death caused by free fatty acids elevation and aberrant lipid metabolism. Lipotoxicity by saturated fatty acids (SFAs) promotes myocardial lipotoxic injury. Sustained SFA elevation leads to myocardial lipotoxic injury, resulting in cardiac dysfunction (Wende and Abel, 2010). As documented in literature, PA and SA, but not OA, cause significant myocardial cell injury by suppressing cell viability and enhancing LDH activity in a dose-dependent manner. Moreover, PA elevated Bcl2: Bax ratio, as well as Caspase-3 levels, implying that it mediates cardiomyocyte apoptosis. These data established that SFAs induce myocardial lipotoxic injury in vitro. LSFA induction of myocardial injury, mitochondrial dysfunction, and subsequent mitochondrial apoptosis mediate cardiomyopathic pathogenesis (Murphy et al., 2016). We found that cardiomyocytes are susceptible to PA stimulation, causing mitochondrial damage, increased ROS, decreased MMP, and reduced Bcl2/Bax ratio. To our knowledge, a limited number of studies have evaluated the protective effects of SAA against SFA-induced myocardial lipotoxicity. Analysis of the effect of SAA on PA-induced myocardial lipotoxicity revealed that SAA exposure inhibited the PA-induced LDH release and cell viability in a dose-dependent manner by reversing the effect of lipotoxicity on MMP, ROS, and Bcl2/Bax ratio. These findings are in tandem with the role of SAA on PA-induced hepatic lipotoxic injury in NAFLD (Li et al., 2020).
Activation of SIRT1/AMPK signaling may prevent oxidative stress and inflammation during lipotoxicity-related hepatocyte injury (Xu et al., 2020). SAA alleviates insulin resistance and HFD-induced NAFLD through AMPK activation (Li et al., 2020). Moreover, SIRT1/AMPK attenuates palmitate-induced oxidative stress in cardiomyocytes. Multiple bioactive compounds, including curcumin (Zhang et al., 2019) and resveratrol (Feng et al., 2019) protect cardiomyocytes from apoptosis through the AMPK pathway. However, in this study, SAA did not reverse PA-induced activation of SIRT1 and AMPK phosphorylation in cardiomyocytes.
Another potential mechanism for SAA is through the TLR4 axis (Yang et al., 2019). In myocardial cells, TLR4 acts as a cellular injury sentinel and mediates inflammatory responses (Zhou et al., 2020). PA has been reported to be a TLR4 ligand during the induction of myocardial inflammatory responses where it activates TLR4 after HFD-induced injury (Wang et al., 2017). In line with the reports, we found TLR4 expression levels were upregulated in PA-stimulated cardiomyocytes injury, in vitro. In addition, TLR4 inhibition using CLI-095 significantly suppressed PA-induced cardiomyocytes mitochondrial dysfunction and apoptosis. This implies that TLR4 inhibition is a potential therapeutic target for lipotoxic heart disease. Interestingly, the cytoprotective effects of SAA in various cellular contexts are attributed to TLR4 inhibition (Zeng et al., 2020). Through modulating TLR4 signaling, SAA reduces oxidative stress, inflammation, and apoptosis in liver tissue during insulin resistance (Yang et al., 2019). Thus, we determined whether TLR4 signaling involved in the protection of SAA against lipotoxicity-induced myocardial damage. Accordingly, SAA significantly alleviated PA-activated TLR4 protein levels, concurrent with reduction of its downstream factor MyD88 to activate the MAPK family members.
In cardiomyopathy, MAPK signaling activation induces cardiomyocytes apoptosis and promotes inflammation injury (Liang et al., 2019). In vitro, MAPKs overactivation has been reported to be involved in LSFAs-induced apoptosis in various cell types, including cardiomyocytes, pharmacologically inhibiting MAPKs or silencing them significantly elevates H2O2 levels and LSFAs-induced cell death (Oh et al., 2014). Previously, we have shown that TLR4/MAPK activation contributes to PA-induced cell death in hepatocytes. Analysis of if TLR4/MAPK signaling is mechanistically involved in PA-induced cell death in cardiomyocytes and SAA′ s cardioprotective effects found that PA upregulated TLR4/MAPKs expression in H9c2 cells in vitro, SAA reversed the expression of TLR4, MAPK and its downstream signals p-JNK, ERK1/2.
To further delinate the role of TLR4 in SAA and PA-induced lipotoxicity in cardiomyocytes lipotoxicity, we further dissected potential underlying mechanisms. In our previous study (Dou et al., 2020), activating TLR4 using LPS markedly blocked the lipid-reducing effects of Salidrosid. Consistent with the results, the TLR4 activation by LPS prominently abolished the beneficial role of SAA on TLR4-regulated MAPKs inhibition and myocardial apoptosis, which indicated that TLR4-regulated MAPKs pathway was mechanistically involved in SAA protection against cardiomyocytes lipotoxicity. However, we still do not know how SAA regulates TRL4/MAPKs expression in cardiomyocytes. In addition, LPS is a very strong activator of TLR4 pathway, which induction markedly aggravated PA-induced adverse effects, which might mask the potential protective effect of SAA through other pathways. Therefore, the participation of other potential signaling pathways in SAA-prevented lipotoxicity could also not be excluded, although it seems like that LPS completely abolished the beneficial effects of SAA.
In summary, we show that SAA has anti-inflammatory and anti-mitochondrial dysfunction effects in vitro and in vivo. Thus, the clinical benefits of SAA are closely associated with its ability to reduce TLR4 and inhibit MAPKs. We provide important insights into the mechanisms by which SAA-mediates myocardial protection against lipotoxic injury, thereby highlighting SAA as a potential dietary supplement or therapeutic agent for preventing and treating lipotoxicity-induced heart diseases.
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Osteoporosis is a common skeletal disease in post-menopausal women. Palmul-tang, an herbal medicine, has been treated for gynecological disease such as anemia, anorexia, anti-fatigue, unspecified menstruation and female infertility in East Asia. In this study, ameliorative effects of Palmul-tang soft extracts (PMT), a Korean Medicine, on osteoporosis were investigated. Ovariectomized (OVX) osteoporotic ICR mice were intragastrically administrated PMT for 4 weeks. The level of bone mineral density (BMD) was analyzed in bone tissues by dual X-ray absorptiometry. The bone medullary cavity and deposition of collagen were investigated by histological analysis. In addition, the BMP-2 signaling-related molecules, osteoblastic differentiation and formation markers, were determined in femoral tissues. The levels of BMD and bone mineral content were significantly increased in tibia, femurs and LV by treatment of PMT. PMT replenished bone marrow cavity and increased collagen deposition in bone marrow cells of femur. In addition, administration of PMT recovered serum ALP, bALP, osteocalcin and calcium levels in osteoporotic mice. Moreover, PMT treatment up-regulated the expressions of BMP-2, RUNX2 and OSX with its downstream factors, ALP, OPN and BSP-1, in the femoral tissues. Taken together, PMT restored the bone minerals and improvement of bone integrity by bone-forming BMP-2 signaling pathway. These results demonstrate that PMT could be an ameliorative agent for osteoporosis.
Keywords: osteoporosis, traditional herbal medicine, palmul-tang, bone integrity, BMP-2
INTRODUCTION
Osteoporosis is a skeletal disease by occurring the impairment of osteoblast and osteoclast balances (Chen et al., 2018). During the procession of osteoporosis, the reduction of bone mass and deterioration of bone tissue leads to augmentation of bone fragility, thereby lowering bone mineral density (BMD) and increasing the risk of bone fractures such as wrist, hip and vertebrae (Kanis, 2002; Cheng et al., 2011). More than 30% of women over the age of 50 estrogen deficient which also causes environmental changes such as increased treatment costs and poor quality of life (Dickenson et al., 1981). Accordingly, management and prevention of osteoporosis is the most representative public health issue for the assignment of global strategies (Lewis et al., 2019).
A common prescription for treatment of osteoporosis is hormone therapy, bisphosphonates and supplements such as calcium and vitamin D (Bowring and Francis, 2011). The mode of action by anti-osteoporosis drugs is associated with improvement of balances for abnormal function of osteoblast and osteoclast that increase the bone mass and offset the bone loss (Tanaka et al., 2005; Nanjundaiah et al., 2013). However, the possibility of experiencing side effects including hot flush, breast cancer, blood clots, heart failure and osteonecrosis of jaw still remains an obstacle to be overcome and drives us to find new prospective drugs for improving osteoporosis (Nam et al., 2012; Tella and Gallagher, 2014).
Traditional herbal medicine in Korea is used to treat various diseases because of its low side effects and high efficacy in prevention and treatment (Yuan et al., 2016). Palmul-tang, also known as Paljin-tang in Korean, Hachimotsu-to in Japanese and Bawu-tang in Chinese, is a herbal formula which is consists of eight herbs, Panax ginseng C. A. Meyer, Atractylodes macrocephala Koidz, Poria cocos F. A. Wolf, Glycyrrhiza uralensis Fischer, Rehmannia glutinosa (Gaertner) Liboschitz, Paeonia lactiflora Pallas, Ligusticum officinale (Makino) Kitag and Angelica gigas Nakai (Eom et al., 2017; Jin et al., 2017). Palmul-tang has traditionally been prescribed for anemia, anorexia, anti-fatigue, and nerualgia (Heo et al., 2003; Park et al., 2004a; Park et al., 2004b; Ma et al., 2007b; Shin and Shin, 2012; Kim and Bak, 2015). Especially, Palmul-tang has been used for women diseases such as unspecified menstruation, reproductive activities and female infertility (Ma et al., 2007a). Also, Palmul-tang was used for women diseases such as unspecified menstruation, reproductive activities and female infertility (Ma et al., 2007a). Recent study showed inhibitory effects of Palmul-tang on inflammatory mediator production related to NF-κB, MAPK and HO-1 pathway in macrophages (Oh et al., 2014). According to the traditional theory including Korean medicine, traditional Chinese medicine and Kampo medicine, Palmul-tang has been known for improving the basis of metabolism and enhancing the organ activity by nourishing “qi” and enriching “blood.” Tonifying “qi” induces bone marrow to nourish the bone, resulting in growth of skeleton (Wang et al., 2016b). Interruption of “blood” circulation is highly involved in increasing osteoclastic activities leading to induction of cumulative bone loss as a crucial factor for bone growth (Fricke and Krokowski, 1975; Alagiakrishnan et al., 2003). In addition, Palmul-tang is a combination of Sagunja-tang and Samul-tang, which is reported to be effective for osteoporosis (Lee et al., 1995; Shim et al., 2011; Yim et al., 2018). Based on the recent studies, we anticipated that Palmul-tang soft extracts (PMT) has ameliorative effects on post-menopausal osteoporosis. In the present study, the effects of PMT on bone loss was investigated by assessing BMC and BMD levels and bone-forming BMP-2 signaling pathway-related molecules were determined in bone tissues.
MATERIALS AND METHODS
Samples
PMT (Lot. #8001), which is a standardized Korean medicine for health insurance, was obtained from Kyoungbang pharmacy Inc. (Incheon, Korea). The total volume of PMT is 10 g per pack and composed of Panax ginseng C. A. Meyer, Atractylodes macrocephala Koidz, Poria cocos F. A. Wolf, Glycyrrhiza uralensis Fischer, Rehmannia glutinosa (Gaertner) Liboschitz, Paeonia lactiflora Pallas, Ligusticum officinale (Makino) Kitag and Angelica gigas Nakai (Table 1). Voucher specimen PMT (Lot. #8001) is deposited in our laboratory.
TABLE 1 | Components of Palmul-tang soft extract one pack.
[image: Table 1]High-Performance Liquid Chromatography
Three packets (45 g) of PMT was thoroughly mixed, extracted and filtered to make a test liquid for injecting into the Alliance HPLC e2695 system with 2489 UV/Vis detector. A full scan spectrum in positive ESI mode was obtained for the main ingredient identification of PMT. Then the reference standards of atractylenolide I and atractylenolide III were accurately weighed and dissolved in methanol. The chromatographic separations of the analytes were conducted on Kromasil C18 column (4.6 × 159 mm, 3.5 μm). The mobile phase consisted of (A) water and (B) acetonitrile (30:70, v/v) flowed at a rate of 1.0 ml/min. Then 10 μL of the sample was injected for the analysis. Contents of atractylenolide I and atractylenolide III were 0.033 ± 0.0010 mg and 0.039 ± 0.0002 mg, respectively (n = 3). (Supplementary Figure S1).
Animals
All experiments were conducted with the approval of the Committee on Care and Use of Laboratory Animals of Kyung Hee University, Seoul, Korea (KHSASP-19-097). Female ICR mice aging of 5 weeks old were obtained from RaonBio Inc. (Yongin, Korea). All mice were acclimated at least 1 week under standard housing conditions (22–24°C, 12 h/12 h light/dark cycle) and had freely access food and water. The experimental groups divided into 6 groups (n = 7); 1) sham (blank control), 2) OVX (negative control), E2 (OVX + 17β-estradiol, 10 μg/kg, positive control), PMT 61.7 (OVX + PMT 61.7 mg/kg), PMT 617 (OVX + PMT 617 mg/kg), PMT 6170 (OVX + PMT 6170 mg/kg).
Experimental Protocol
All mice were intraperitoneally injected with avertin (Sigma-Aldrich, St. Louis, United States) and shaved dorsal midline skin. The shaved skins were longitudinally incised and operated sham or removed bilateral ovaries. Exposed skin and muscle were closed with silk 4-0 suture (AILEE co., Busan, Korea) and applied povidone iodine on surgical area to disinfect the skin. Following induce osteoporosis for 10 weeks, Day 70, OVX-operated groups were assigned to 5 groups in accordance with body weights. The PMT samples were administrated 5 days per week for 4 weeks; sham and OVX groups were orally treated with vehicle, E2 group was intraperitoneally injected with 10 μg/kg of 17β-estradiol, PMT groups were orally treated with dose of 61.7, 617, 6,170 mg/kg of PMT diluted in distilled water. The doses of PMT were selected from formula for dose translation by human equivalent dose (Nair and Jacob, 2016). The dosage of samples in use for human is 30 g/60 kg/day (3 packs). Dosage for human (30 g/60 kg/day) is converted into mice (6,170 mg/kg/day) by using human equivalent dose equation as high dosage of this study. During animal experiments, body weight was monitored by weekly. The body weights of osteoporotic mice showed almost same values in whole experimental periods without any adverse events. At the end of experiments, Day 96, the mice were sacrificed by cervical dislocation. The sacrifice mice dissected blood, tibiae, femora and L4∼L6 vertebrae (LV) to analyzed efficacy of PMT on osteoporosis.
Dual Energy X-Ray Absorptiometry Test
To measure bone mineral content (BMC; g) and bone mineral density (BMD; g/cm2), excised tibiae, femora and LV were detected by using dual energy X-ray absorptiometry (DXA, Medikors, Seongnam, Korea).
Histopathological Examination
Excised left femurs were fixed in 10% neutralized formalin for 24 h and demineralized using 0.1 M ethylene diamine tetra acetic acid (EDTA) for 2 weeks. After decalcification, femurs were dehydrated with a graded series of alcohol, xylene and paraffin. The femurs were embedded for sagittal sections in paraffin and harden in the freezer for 24 h. Paraffin blocks were sliced using microtome into 10 μm-thick and placed on gelatin-coated glass slides. To evaluate the recovery of bone marrow cavity and interstitial collagen, hematoxylin and eosin (H&E) staining and picrosirius red staining were performed. Stained sections were photographed with magnification ×400 under microscope.
ELISA Analysis of Osteoblastic Factors
Collected blood sample were isolated by centrifuge at 17,000 rpm for 20 min and supernatants were kept at −20°C until use. The serum samples were moved at 4°C 1 day before usage. Serum alkaline phosphatase (ALP), bone-specific ALP (bALP) (AnaSpec, United States), osteocalcin (TaKaRa Bio Inc., Japan) and Ca (Nikken SEIL Co., Japan) levels were analyzed using enzyme-linked immunosorbent assay (ELISA) kit. The procedures were conducted according to manufacturer’s instructions.
RT-PCR Analysis
To analyze osteoblastic markers, right femurs were pulverized using liquid nitrogen with mortar and pestle into fine powder. Powdered femurs were incubated with trizol (Invitrogen, United States) at 4°C for overnight and homogenized. Total RNA was extracted according to the manufacturer’s protocols. Total RNA was measured and synthesized cDNA using 1 μg RNA and Maxime RT premix (Invitrogen). Reverse transcription polymerase chain reaction (RT-PCR) was performed using Maxim PCR premix (Invitrogen). Osteoblastic markers specific primers were as follows: 5′-GCG​GTG​GAC​TGC​ACA​GGG​AC-3′ and 5′-CTA​CCC​TTC​CCC​GTG​GGG​GA-3′ for bone morphogenetic protein 2 (BMP-2), 5′-CCG​CAC​GAC​AAC​CGC​ACC​AT-3′ and 5′-CGC​TCC​GGC​CCA​CAA​ATC​TC-3′ for runt-related transcription factor 2 (RUNX2), 5′-TAA​TGG​GCT​CCT​TTC​ACC​TG-3′ and 5′-CAC​TGG​GCA​GAC​AGT​CAG​AA-3′ for osterix (OSX), 5′-TGG​AGC​TTC​AGA​AGC​TCA​ACA​CCA-3′ and 5′-ATC​TCG​TTG​TCT​GAG​TAC​CAG​TCC-3′ for alkaline phosphatase (ALP), 5′-CAT​TGC​CTC​CTC​CCT​CCC​GGT​G-3′ and 5′-GTC​ATC​ACC​TCG​GCC​GTT​GGG​G-3′ for osteopontin (OPN), 5′-GAG​CCA​GGA​CTG​CCG​AAA​GGA​A-3′ and 5′-CCG​TTG​TCT​CCT​CCG​CTG​CTG​C-3′ for bone sialoprotein (BSP-1), 5′-GGC​ATG​GAC​TGT​GGT​CAT​GA-3′ and 5′-TTC​ACC​ACC​ATG​GAG​AAG​GC-3′ for glyceraldehyde 3-phosphate dehydrogenase (GAPDH). The gene expressions were detected by 1% agarose gel and normalized to housekeeping gene, GAPDH. All bands were analyzed by image J software.
Statistical Analysis
All data are analyzed by using GraphPad Prism 5 software (GraphPad Software Inc., La Jolla, CA, United States). Significance was determined by one-way analysis of variance (ANOVA) and Tukey multiple comparison tests. Data were presented as the mean ± standard error. In all analyses, p < 0.05 was taken to indicate statistical significance. All data underlying the study was deposited in our laboratory.
RESULTS
Effects of PMT on BMC and BMD
Femoral, tibial and LV were used to evaluate the levels of BMC and BMD. As shown in Figure 1A, levels of femoral, tibial and LV BMC was declined 4.33, 6.01 and 17.31% in OVX group compared to sham group and recovered 5.20, 6.33 and 13.65% in E2 group compared to OVX group. Treatment of PMT up-regulated BMC in femur, tibia and LV compared to OVX group, especially increased 4.69, 5.86 and 11.32% in 6,170 mg/kg of PMT. As similar as result from Figure 1B, levels of BMD on femora, tibial and LV were decreased 9.29, 7.12 and 20.87% in OVX group by PMT. Also, treatment of E2 increased levels of BMD by 10.24% in femora, 8.06% in tibiae and 13.10% in LV. In addition, 6,170 mg/kg of PMT improved levels of BMD, 3.97, 3.10 and 11.34%, respectively.
[image: Figure 1]FIGURE 1 | Effects of PMT on BMC and BMD in osteoporotic mice. Bone mineral content and bone mineral density of tibiae, femora and lumbar vertebrae were analyzed by DXA. (A) Levels of bone mineral content in tibia, femur and LV. (B) Levels of bone mineral density in tibia, femur and LV. Results are presented as mean ± standard error of the mean. #p < 0.05, ##p < 0.01 and ###p < 0.001 vs. Sham group; *p < 0.05, **p < 0.01 and ***p < 0.001 vs. OVX group. OVX, ovariectomized group; E2, 17β-estradiol group; PMT, Palmul-tang soft extracts; LV, lumbar vertebrae; BMC, bone mineral content; BMD, bone mineral density.
Effects of PMT on Histological Changes
The bone marrow cavity in femoral shaft was used to determine by H&E staining. In Figure 2A, OVX group appeared high adiposity of bone marrow compared to sham group, whereas treatment of E2 and PMT ameliorated bone marrow adiposity, particularly treated with 6,170 mg/kg of PMT. Picrosirius red staining showed quantitatively improvement of collagen fibers in femur. As demonstrated in Figure 2B, the collagen fibers were markedly aggravated in OVX group compared to sham group. However, treatment of E2 and PMT recovered expression of collagen fibers, especially 6,170 mg/kg of PMT treatment.
[image: Figure 2]FIGURE 2 | Effects of PMT on histological changes in femur. Evaluation of histological changes using hematoxylin and eosin staining for bone marrow cavity and picrosirius red staining for detecting deposition of collagen. Magnification of images were ×400. OVX, ovariectomized group; E2, 17β-estradiol group; PMT, Palmul-tang soft extracts.
Effects of PMT on Bone Specific Markers in Serum
The ALP and bALP levels were decreased in OVX group, 23.29 and 21.43%, respectively, whereas E2 treatment increased levels of ALP and bALP compared to OVX group, 13.89 and 13.59%, respectively. In addition, the levels of ALP and bALP were recovered by administrating PMT compared to OVX group. Particularly 6,170 mg/kg of PMT treatment significantly increased expression levels by 12.31% in ALP and 13.86% in bALP. In addition, serum Ca levels were diminished 30.39% in OVX group, and rise 34.31% in E2 group. Treating PMT remarkably improved levels of Ca 32.96% in PMT 617 group and 36.04% in PMT 6170 group. Serum levels of osteocalcin, similar to Ca, was decreased 44.93% in OVX group and increased 34.07% in E2 group. Treatment with 617 and 6,170 mg/kg of PMT significantly advanced 18.7 and 20.85% Ca levels, respectively, in OVX-induced osteoporotic mice (Figure 3).
[image: Figure 3]FIGURE 3 | Effects of PMT on bone specific markers in serum. Secretion of bone specific markers in serum was analyzed by ELISA. Results are presented as the mean ± standard error. ##p < 0.01 and ###p < 0.001 vs. Sham group; *p < 0.05 and **p < 0.01 vs. OVX group. OVX, ovariectomized group; E2, 17β-estradiol group; PMT, Palmul-tang soft extracts; ALP, alkaline phosphatase; bALP, bone-specific alkaline phosphatase.
Effects of PMT on Osteoblastic Markers in Femur
As shown in Figure 4A, BMP-2 was expressed in OVX group 54.14% lower than sham group, however, there was no significance in E2 group. While 6,170 mg/kg of PMT treatment recovered 122.63% higher than OVX group. Expression levels of BMP-2 in PMT 6170 group seems to be approximated with sham group. In addition, transcription factors in osteoblast, RUNX2 and OSX, were decreased 74.45 and 79.73%, respectively, in OVX group. Expression of RUNX2 and OSX were significantly increased 250.37 and 148.25%, respectively, treated with E2. The treatment three doses of PMT remarkably up-regulated expressions of RUNX2 and OSX dose-dependent manner, 1.1, 2.81 and 3.79 folds of RUNX2 and 2.34, 5.7 and 7.25 folds of OSX, respectively (Figure 4B). By regulating osteoblast differentiation, ALP, OPN and BSP-1 were lowly expressed in OVX group, 51.21, 83.33 and 49.41%, respectively. On the contrary, treatment of E2 highly expressed mRNA levels of ALP and OPN, 24.27 and 130.7%, respectively. However, there was no significance expression of BSP-1 in E2 group. Administration of PMT increased levels of ALP, OPN and BSP-1 dose-dependent manner. These markers were significantly expressed 60.95, 161.13 and 507.68% of OPN and 68.49, 127.12 and 123.36% of BSP-1, respectively. Additionally, expression levels of ALP were increased 54.27 and 200.06% by treating 617 and 6,170 mg/kg of PMT (Figure 5).
[image: Figure 4]FIGURE 4 | Effects of PMT on osteoblastic differentiation initiation markers in femur. Osteoblastic differentiation initiation markers were analyzed by RT-PCR. Results are presented as the mean ± standard error. ###p < 0.001 vs. Sham group; ***p < 0.001 vs. OVX group. OVX, ovariectomized group; E2, 17β-estradiol group; PMT, Palmul-tang soft extracts; BMP-2, bone morphogenetic protein 2; RUNX2, Runt-related transcription factor 2; OSX, osterix.
[image: Figure 5]FIGURE 5 | Effects of PMT on osteoblastic production markers in femur. Osteoblastic production markers were analyzed by RT-PCR. Results are presented as the mean ± standard error. ###p < 0.001 vs. Sham group; ***p < 0.001 vs. OVX group. OVX, ovariectomized group; E2, 17β-estradiol group; PMT, Palmul-tang soft extracts; ALP, alkaline phosphatase; OPN, osteopontin; BSP-1, bone sialoprotein 1.
DISCUSSION
Postmenopausal osteoporosis is a metabolic and skeletal disease that has a high prevalence of age-related bone loss with porous and low levels of bone density (Garnero, 2014). BMD is commonly used in the clinics for the standards of osteoporosis, which is diagnosed with -2.5 or lower levels BMD T-score in the region of the femoral neck and lumbar spine (Kanis, 2002). In addition, the collapse of bone microstructure results in increases of the risk of fractures by reducing bone strength (Chesnut et al., 2001). Moreover, to form of mature osteoblast, collagen is essential extracellular matrix protein for increasing bone strength and remodeling (Elango et al., 2018). In this study, OVX-induced osteoporotic mice group, levels of BMC and BMD in femur, tibia and LV were lowered compared to sham-operated mice group. On the contrary, the levels of BMC and BMD were significantly improved in PMT-treated mice. In addition, PMT reduced bone marrow adiposity, which was promoted the deposition of collagen tissue in the bone marrow. Accordingly, PMT enhanced the levels of BMC, BMD and refilled a cavity with bone mineral which leads to improvement of bone integration.
Impaired osteoporotic bone is the imbalance of osteoblast and osteoclast (Aggarwal et al., 2012). Especially, postmenopausal osteoporosis reveals the inactivation of osteoblasts due to the insufficiency of estrogen, which disrupted the equilibrium of osteoblast and osteoclast (Paschalis et al., 2003). Promotion of osteoblastic activities, which lead to bone proliferation, maturation and formation, is recommended to prioritize for treating post-menopausal osteoporosis (Wang et al., 2016a). Bone turnover markers including ALP, bALP, Ca and osteocalcin, as specific and sensitive markers of bone formation, have been investigated in clinical and experimental studies in the early and late stages of osteoporosis (Risteli and Risteli, 1993). Several reports related to bone metabolism that the expression of ALP is maximized during bone matrix maturation (Alcantara et al., 2011). In addition, osteocalcin is a calcium-dependent biomarker that has a high affinity for the bone matrix to complete bone formation (Singh et al., 2015). In our study, levels of serum ALP and bone-specific ALP were lowly expressed in osteoporotic mice, while significantly recovered by administering PMT 6170 mg/kg. Additionally, OVX-induced mice treated with PMT augmented that diminished levels of serum Ca and osteocalcin. Thus, osteoblast differentiation is attributed to PMT by increasing levels of serum ALP, bALP, Ca and osteocalcin.
To clarify the underlying mechanism of PMT on the recovery of bone loss, osteoblastogenetic factors were investigated in femoral specimens. BMP-2 activates the expression of RUNX2 and OSX, which are mediated for osteoblast differentiation and new bone formation (Lee et al., 2003; Fan et al., 2013). In addition, bone-specific matrix proteins such as ALP, OPN and BSP-1 are also associated with osteoblast maturation for bone formation (Cowles et al., 1998). Hence, those genes are considered as the key markers of osteoporosis that newly construct a bone matrix. The present study determined that expression of osteoblastic markers BMP-2, RUNX2, OSX, ALP, OPN and BSP-1 were significantly decreased in OVX-induced osteoporosis while treating PMT increased those of osteoblastic markers in a dose-dependent manner. Therefore, PMT influences on osteoblasts to repair the balances of bone homeostasis and the formation of new bone matrix.
CONCLUSION
Taken together, PMT has ameliorative effects on postmenopausal osteoporosis. In the previous study, P. ginseng, P. lactiflora and L. officinale, consists of Palmul-tang, is recently reported to enhance the osteoblast activities, leading to generation of new bone matrix (Yen et al., 2007; Kim et al., 2013; Dong et al., 2020). In addition, A. macrocephala and P. cocos, and decursin derived from A. gigas are known to ameliorate the development progress of osteoporosis by inhibiting osteoclast differentiation (Ha et al., 2013; Wang et al., 2016c; Hwang et al., 2020). Moreover, G. uralensis and R. glutinosa showed protective effects on osteoporosis by maintaining bone mineral density (Lim and Kim, 2013; Galanis et al., 2019). Palmul-tang, which is a combination of those eight herbs as a traditional herbal formula, was assumed to exhibit a synergic effect on bone formation in osteoporosis. In this study, PMT ameliorated bone loss in osteoporosis by activating osteoblastic markers such as BMP-2 signaling pathway, leading to improving bone integrity. The bone marrow adiposity cavity filled with collagen fibers to restore the bone marrow tightly. Moreover, the expressions of the BMP-2 signaling pathway were upregulated by PMT treatment, resulting in an increase of bone differentiation and formation. These results might provide evidence of expanding the medical category and the basis of medical insurance in Korea for postmenopausal osteoporosis.
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Objectives: This study aimed to explore the mechanism of Xiong-Pi-Fang (XPF) in the treatment of coronary heart disease (CHD) with depression by an integrative strategy combining serum pharmacochemistry, network pharmacology analysis, and experimental validation.
Methods: An ultrahigh performance liquid chromatography-quadrupole-time-of-flight tandem mass spectrometry (UPLC-Q-TOF/MS) method was constructed to identify compounds in rat serum after oral administration of XPF, and a component-target network was established using Cytoscape, between the targets of XPF ingredients and CHD with depression. Furthermore, Gene Ontology and Kyoto Encyclopedia of Genes and Genomes pathway enrichment analyses were performed to deduce the mechanism of XPF in treating CHD with depression. Finally, in a chronic unpredictable mild stress (CUMS)-and isoproterenol (ISO)-induced rat model, TUNEL was used to detect the apoptosis index of the myocardium and hippocampus, ELISA and western blot were used to detect the predicted hub targets, namely AngII, 5-HT, cAMP, PKA, CREB, BDNF, Bcl-2, Bax, Cyt-c, and caspase-3.
Results: We identified 51 compounds in rat serum after oral administration of XPF, which mainly included phenolic acids, saponins, and flavonoids. Network pharmacology analysis revealed that XPF may regulate targets, such as ACE2, HTR1A, HTR2A, AKT1, PKIA, CREB1, BDNF, BCL2, BAX, CASP3, cAMP signaling pathway, and cell apoptosis process in the treatment of CHD with depression. ELISA analysis showed that XPF decreased Ang-II content in the circulation and central nervous system, inhibited 5-HT levels in peripheral circulation, and increased 5-HT content in the central nervous system and cAMP content in the myocardia and hippocampus. Meanwhile, western blot analysis indicated that XPF could upregulate the expression levels of PKA, CREB, and BDNF both in the myocardia and hippocampus. TUNEL staining indicated that the apoptosis index of myocardial and hippocampal cells increased in CUMS-and ISO-induced CHD in rats under depression, and XPF could increase the expression of Bcl-2, inhibit the expression of Bax, Cyt-c, and caspase-3, and rectify the injury of the hippocampus and myocardium, which exerted antidepressant and antimyocardial ischemia effects.
Conclusion: Our study proposed an integrated strategy, combining serum pharmacochemistry and network pharmacology to investigate the mechanisms of XPF in treating CHD with depression. The mechanism of XPF in treating CHD with depression may be related to the activation of the cAMP signaling pathway and the inhibition of the apoptosis.
Keywords: integrative pharmacology, serum pharmacochemistry, network pharmacology analysis, Xiong-Pi-Fang, coronary heart disease with depression
INTRODUCTION
Coronary heart disease (CHD) is a chronic and complex disease that poses a serious threat to human health (Mozaffarian et al., 2016; Blais et al., 2020). Traditional risk factors are mainly related to hypertension, hyperlipidemia, diabetes, etc (Li C et al., 2020). Moreover, depression is another independent risk factor for CHD, as it has been shown to diminish the quality of life of patients with CHD and also increase the incidence and mortality of major adverse cardiac events (Su et al., 2018; de Heer et al., 2020). Increasing evidence suggests that the incidence of CHD with depression is increasing, ranging from approximately 15–18%, moreover, approximately 31% of these patients develop major depressive disorder (MDD) (Carney and Freedland, 2017). However, there are no effective chemicals to improve the quality of life and survival rate of patients with comorbid CHD and depression (Lee et al., 2018; Magaard et al., 2018).
The ideal medication for CHD with depression would be integrated, improving myocardial blood supply and regulating nervous system function at the same time (Yeung et al., 2014; Chen M et al., 2018; Xue et al., 2019). Xiong-Pi-Fang (XPF), a classical traditional Chinese medicine (TCM) formula, consists of Radix Bupleuri (Bupleurum chinense DC. and Bupleurum scorzonerifolium Willd.) 15 g; Ligusticum wallichii (Conioselinum anthriscoides 'Chuanxiong' and Ligusticum striatum DC.) 12 g; Rhizoma Cyperi (Cyperus rotundus L.) 12 g; Sanders (Santalum album L.) 9 g; Fructus aurantii (Citrus × aurantium L. and Citrus trifoliata L.) 9 g; Dried tangerine peel (Citrus × aurantium L.) 15 g; Pinellia ternata (Pinellia ternata (Thunb.) Makino) 15 g; Herba Menthae (Mentha haplocalyx Briq.) 10 g; Perilla Stem (Perilla frutescens (L.) Britton) 15 g; Poria Cocos (Wolfiporia extensa (Peck) Ginns) 15 g; Rhizoma Atractylodis Macrocephalae (Atractylodes Macrocephala Koidz) 15 g; Radix Glycyrrhizae (Glycyrrhiza uralensis Fisch.) 9 g. It is widely used in clinical practices, showing satisfactory therapeutic effects in relieving angina pectoris, chest pain, and depression symptoms (Hou et al., 2017). However, it is difficult to fully understand the therapeutic mechanism of XPF for treating CHD with depression solely using traditional pharmacological methods. Hence, an integrated pharmacology-based strategy including computer high-throughput analytical techniques and biological experimental tools was established in this study, which provides a helpful method to reveal the potential bioactive ingredients and modern pharmacological mechanism of TCM (Park et al., 2018; Fang et al., 2019).
Integrative pharmacology, combined with conventional pharmacology, network pharmacology, bioinformatics, and other disciplines, is the systematic study of the overall interactions between drugs and humans at the molecular, cell, organ, and network levels (Hart and Xie, 2016; Zhang R. et al., 2018; Zhang R. et al., 2019). Network pharmacology, characterized by integration, systematization, and emphasis on drug interaction (Yuan et al., 2017), predicts the biological molecular mechanism of drug treatment of diseases from a holistic perspective by constructing an interaction network between active ingredients and disease targets. However, most TCM-related databases provide information on chemical ingredients extracted in vitro (Zhang W et al., 2019). Previous studies have shown that the drug ingredients absorbed into the blood circulation may be the main active constituents (Chen et al., 2014; Li et al., 2016). Therefore, it is critical to combine serum pharmacochemistry with a network pharmacology strategy to accurately establish the network.
In this study, an integrated pharmacology strategy employing serum pharmacochemistry, network pharmacological analysis, and experimental validation was conducted to illustrate the therapeutic mechanism of XPF in treating CHD with depression (Figure 1). Briefly, An ultrahigh performance liquid chromatography-quadrupole-time-of-flight tandem mass spectrometry (UPLC-Q-TOF/MS) method was established to determine the main active components of XPF in rat serum. Furthermore, a serum pharmacochemistry-based network was constructed and the component–target network between CHD comorbid depression-relevant genes and the targets of active components in XPF was established. Finally, we validated the predicted molecular mechanisms obtained from the network analysis of XPF in treating CHD with depression in a chronic unpredictable mild stress (CUMS)-and isoproterenol (ISO)-induced CHD in a rat model of depression.
[image: Figure 1]FIGURE 1 | Flowchart of the study.
MATERIALS AND METHODS
Reagents and Materials
Sertraline hydrochloride (Pfizer Inc., United States), metoprolol (Asilkan, United Kingdom), Isoproterenol (Sigma Aldrich Co., United States) were purchased from the Shanghai Yuanye Biotechnology Co. Ltd (Shanghai, China). UPLC-Q-TOF/MS grade acetonitrile and HPLC grade acetonitrile, methanol, formic acid, were provided by Fisher Scientific International Inc (Fair Lawn, NJ). The ELISA assay kits for Ang-Ⅱ (142191202), 5-HT (106191202), cAMP (202004) were purchased from Tianjin Zihan Biotechnology Co., Ltd. (Tianjin, China). TUNEL assay kit (7E310H9) was purchased from Vazyme Biotech Co., Ltd. (Nanjing, China), Rabbit antihuman monoclonal antibodies PKA (5842), CREB (6188), BDNF (3189), Bcl2 (26,593-1-12p), Bax (50,599–2-1 g), Cytochrome c (10993-1-Ap), and mouse antihuman monoclonal antibodies caspase-3 (66,470-E1g) and β-actin were provided by Proteintech Group, Inc. (Wuhan, China).
Animals
Male Sprague-Dawley rats (weighing 200 ± 20 g) were purchased from the Experimental Animal Center of the Academy of Military Medical Sciences (Beijing, China), and kept in an environmentally controlled room (temperature 22 ± 2°C, humidity 50 ± 10%) with food and water available. This study was carried out in accordance with the principles of the Basel Declaration and the guidelines of the National Institutes of Health. All animal experiments were approved by the Ethics Committee of Tianjin University of Traditional Chinese Medicine (Tianjin, China).
UPLC-Q-TOF/MS Method for Serum Pharmacochemistry Analysis
XPF was prepared by the pharmacy of the Second Affiliated Hospital of Tianjin University of Traditional Chinese Medicine (Tianjin, China). Twelve rats were randomly divided into a control group (n = 6, 0.9% saline IG), and According to the calculation method of equivalent dose coefficient of experimental animals in Methodology of Pharmacological Experiment (Xu et al., 2018), the XPF group (n = 6, 32.7 g/kg XPF IG), equivalent to twice the clinical effective dose, for three days (Xu et al., 1997). All rats fasted for 12 h before the experiment and then the serum samples were collected at 120 min after oral administration, via the postorbital venous plexus. The serum samples were centrifuged at 12,000 rpm for 10 min at 4°C. Then, 300 μL of serum was added to three times the amount of acetonitrile, vortexed for 2 min, followed by ultrasonic extraction for 10 min, and centrifugation (12,000 rpm, 10 min). and The supernatant was collected and placed in a N2 blower to blow dry at 40°C, 50% acetonitrile (50 μL) was added to the residue, vortexed for 3 min, ultrasound for 10 min, centrifugation (12,000 rpm, 10 min), and the supernatant was collected for UPLC-Q-TOF/MS analysis.
UPLC-Q-TOF/MS analysis was analyzed on a Waters ACQUITYTM UPLC BEH C18 (100 mm × 2.1 mm, 1.7 μm) system, maintained at 30 °C. The flow rate was set at 0.45 ml/min, and the injection volume was 5 µL. The mobile phase was consisted of water (A) and methanol (B) both containing 0.1% (v/v) formic acid for astragaloside (0–5 min, 2% B; 5–8 min, 2%–20% B, 8–11 min, 20% B, 11–14 min, 20%–48% B, 14–20 min, 48%–70% B, 20–23 min, 70%–90% B, 23–26 min, 90%–100% B, 26–30 min, 100% B). The mass spectrometer analysis was performed with reaction monitoring both in positive and negative ion modes.
Construction of the Compound-Target and Disease-Target Networks
All targets of active components of XPF determined by serum pharmacochemistry analysis were collected from TCM-related databases, including TCMSP (http://tcmspw.com/tcmsp.php) (Ru et al., 2014), DrugBank (https://www.drugbank.ca/) (Wishart et al., 2018), Swiss Target Prediction (http://www.swisstargetprediction.ch/) (Gfeller et al., 2014), and Similarity Ensemble Approach (http://sea.bkslab.org/) (Wang et al., 2016). Known therapeutic targets related to CHD and depression were obtained from the DrugBank database (Wishart et al., 2018), Online Mendelian Inheritance in Man (OMIM) (http://www.omim.org) (Amberger and Hamosh, 2017), DisGeNet database (http://www.disgenet.org/web/DisGeNET/menu/home) (Li Y et al., 2020), and Therapeutic Target database (TTD) (https://db.idrblab.org/ttd/) (Li et al., 2018). The common potential target of XPF in the treatment of CHD with depression was obtained by comparing the component target with the disease target analysis. Then, the component–target network between the targets of active components in XPF and CHD with depression was established using Cytoscape (Version 3.8.0) (Otasek et al., 2019).
Topological Analysis and Pathway Enrichment Analysis
A network analyzer was used to calculate the topological analysis of the nodes of the component–target network. Nodes with degrees higher than the average number 4) were identified as the core targets, and were brought into the STRING database (https://string-db.org/) (Szklarczyk et al., 2017) to obtain the interacting proteins. Then, the PPI network was constructed using Cytoscape for visual analysis and, according to topological features (degree centrality), the major hub target was extracted. Further, the core targets were brought into the DAVID database (https://david.ncifcrf.gov) (Dennis et al., 2003), and Kyoto Encyclopedia of Genes and Genomes (KEGG) signaling pathway enrichment analysis and Gene ontology (GO) were performed to obtain the representative biological processes and pathways (cutoff at p < 0.05) of XPF in treating CHD with depression.
Animal Model Preparation and Drug Treatments
Sixty-four male Sprague-Dawley rats (weighing 200 ± 20 g) were randomly divided into a normal control group (n = 8) and a depressive-like behavioral group (n = 56). Experimental rats (n = 56) were exposed to chronic unpredictable mild stress (CUMS) to induce depression. The regimen consisted of immobilization for 4 h; cage tilting at 45° for 12 h; continuous illumination for 24 h; clip the distal 1 cm rat tails with tongs for 3 min; deprivation of water for 24 h; noise stimulation for 30 min; damp animal bedding for 24 h; foot shock for 3 min; removal of animal bedding for 24 h; high-speed agitation for 10 min; deprivation of food 24 h; and forced cold swim stress for 6 min at 4°C. Each animal received two stressors randomly per day for a total of 28 days. The normal control group (n = 8) remained undisturbed. Subsequently, the CUMS-induced rats were injected with ISO (8 mg/kg) for five days to form the CHD model (Aa et al., 2019; Hu et al., 2020). The rat model for CHD with depression induced by CUMS and ISO was evaluated by measuring rat body weight change, open field test, sucrose preference test, and ST-segment of the electrocardiogram. Then, all CHD with depression rats were randomly divided into a model group (n = 15, 0.9% saline, IG), Ser + Met group (n = 8, sertraline 10 mg/kg + metoprolol 5 mg/kg, IG), Ser group (n = 8, sertraline 10 mg/kg, IG), Met group (n = 8, metoprolol 10 mg/kg, IG), high-dose XPF (XPF-H) group (n = 8, 32.7 g/kg, IG), equivalent to CH 3.13 g/kg, CX 2.5 g/kg, XF 2.5 g/kg, TX 1.88 g/kg, ZQ 3.13 g/kg, CP 3.13 g/kg, BX 3.13 g/kg, BH 2.08 g/kg, FL 3.13 g/kg, BZ 3.13 g/kg, ZS 3.13 g/kg, GC 3.13 g/kg, medium-dose XPF (XPF-M) group (n = 8, 16.35 g/kg, IG), equivalent to CH 1.65 g/kg, CX 1.25 g/kg, XF 1.25 g/kg, TX 0.94 g/kg, ZQ 1.65 g/kg, CP 1.65 g/kg, BX 1.65 g/kg, BH 1.04 g/kg, FL 1.65 g/kg, BZ 1.65 g/kg, ZS 1.65 g/kg, GC 0.94 g/kg, and low-dose XPF (XPF-L) group (n = 8, 8.175 g/kg, IG), equivalent to CH 0.78 g/kg, CX 0.62 g/kg, XF 0.63 g/kg, TX 0.47 g/kg, ZQ 0.78 g/kg, CP 0.78 g/kg, BX 0.78 g/kg, BH 0.52 g/kg, FL 0.78 g/kg, BZ 0.78 g/kg, ZS 0.78 g/kg, GC 0.47 g/kg. The control group received 0.9% saline via oral administration. The drugs were administered daily for three weeks, while the animals were exposed to CUMS, except for the control group. At 24 h after the last treatment, all rats were sacrificed, and the brain, hippocampus, and heart tissues were rapidly extracted from each rat, stored at −80°C until analysis. One part of the brain and heart tissues were placed into a flask containing 4% paraformaldehyde.
TUNEL Staining
TUNEL staining was performed according to the manufacturer’s instructions, to determine hippocampus and myocardial apoptosis. The apoptotic cells showed red fluorescence and the nucleus showed blue fluorescence, six high-power fields were selected from each sample. All cells and positive stained cells were counted, the percentage of positively stained cells was apoptotic index (AI) (AI = number of apoptotic cells/total number of nucleated cells).
ELISA Analysis
The level of 5-HT, Ang-Ⅱ, cAMP in hippocampus and myocardial were quantified by ELISA assay kit, according to the manufacturer's instruction. After color development, the absorbance was measured at 450 nm with fluorescence reader (THERMO USA).
Western Blot Analysis
Hippocampus, hearts tissue proteins were mechanically homogenized in lysis buffer, centrifuged at 12,000 rpm for 10 min at 4 °C, collected the supernatant. BCA protein assay was used to determine protein concentrations. Equal concentrations of protein were resolved on 10% SDS-PAGE gels, and were transferred onto PVDF membranes. These membranes PVDF were soaked in TBST buffer with 5% non-fat skim milk for 2 h, and then These membranes PVDF were incubated in the primary antibodies (PKA, CREB, BDNF, Bcl-2, Bax, Cyt-c, caspase-3, and β-actin) overnight at 4°C. Subsequently, the membrane was washed for 5 times with TBST, followed by secondary antibodies incubated with horseradish peroxidase for 2 h at room temperature. After rewashing with TBST, the membranes were scanned on X-ray film by chemiluminescence reaction, used ImageJ software to analysis the band intensity.
Statistical Analysis
Data were expressed as mean ± SD, Differences between groups were analyzed using a one-way analysis of variance (ANOVA), followed by Dunnett’s t test. All data were analyzed statistically using GraphPad Prism 8.0 (GraphPad Software, Inc., La Jolla, CA, USA), p-value < 0.05 was considered significant.
RESULTS
Serum Pharmacochemistry Analysis of XPF by UPLC-Q-TOF/MS
Based on the established UPLC-Q-TOF/MS method, 51 serum prototypes of the drugs were analyzed and identified (Table 1). These compounds can be roughly divided into three categories: phenolic acids, saponins, and flavonoids. Figure 2 shows the base peak chromatogram (BPC) of each typical sample in the mode of positive and negative ions, and peaks 1–51 are the original components entering the blood. These 51 compounds of XPF detected in the serum were determined to be the main active components and further selected to predict the targets and pathways using network analysis.
TABLE 1 | Identification of absorbed components from XPF in serum of rats.
[image: Table 1][image: Figure 2]FIGURE 2 | BPI chromatograms of XPF in serum sample in positive (A) and negative. (B) Ion modes determined by UPLC-Q-TOF/MS.
Component-Target Network Construction
In this work, 820 targets for the 51 (Nine of them had no therapeutic targets) components were explored by using TCMSP, Swiss Target Prediction, Drugbank, and Swiss Target Prediction as shown in Supplementary Table S1, and 1817 candidate targets of CHD and depression were obtained from Drugbank, OMIM, and DisGeNet databases as shown in Supplementary Table S2. Taking the intersection of component targets and candidate targets associated with CHD and depression, 168 consensus targets were generated as potential targets for XPF in treating CHD and depression, which were used to construct a component–target network using Cytoscape. As shown in Figure 3A, the network comprised 42 components, 168 targets, and two diseases, and included 212 nodes and 845 edges.
[image: Figure 3]FIGURE 3 | The networks associating with XPF in the treatment of CHD with depression. (A) The component-target network consisted of 42 components, 168 targets and 2 diseases including 212 nodes and 845 edges. (B) The PPI network of hub targets obtained from STRING database and constructed by Cytoscape.
Topological Analysis and Pathway Enrichment Analysis
Among the 168 consensus targets, 75 major targets with degrees higher than the average number 4) were considered as the major targets (Table 2). Ten components with degrees higher than 20 were identified as the main active components (Kaempferol and quercetin were not included because they are widely distributed and have many targets, but their pharmacological effects are weak) (Table 3). The 75 major targets were brought into the STRING database to obtain protein-protein interaction (PPI) predictions. The PPI network was constructed using Cytoscape, and hide disconnected nodes in the network (5 nodes). A network analyzer was used to calculate topological features (degree) of the 70 major targets (Figure 3B). Among these, 10 target genes (ACE2, HTR1A, HTR2A, AKT1, PKIA, CREB1, BDNF, BCL2, BAX, and CASP3), with higher degree were recognized as the major hub targets of XPF in treating CHD with depression. KEGG pathway enrichment and GO analyses of the 75 major targets were performed using the DAVID database. GO analysis showed 184 enriched processes (Supplementary Table S3), including 126 biological processes, 39 molecular functions, and 19 cellular components. The top 30 according to p-values are shown in Figure 4A. KEGG pathway enrichment showed 117 signaling pathways, as shown in Supplementary Table S4, and the top 20 pathways according to p-values are shown in Figure 4B.
TABLE 2 | The topological parameters of 32 major targets.
[image: Table 2]TABLE 3 | The topological parameters of 20 main active components.
[image: Table 3][image: Figure 4]FIGURE 4 | GO and KEGG analysis of the candidate targets. (A) Biological process enrichment of candidate targets. (B) KEGG pathwayenrichment of candidate targets.
Experimental Validation
Evaluation of Depressive-like Behaviors of Chronic Stress-Depressed Rats
The open field test can reflect the spatial exploration behavior of rats (Chen et al., 2019), and sucrose preference test could be the objective indicator of hedonic behavior (Gross and Pinhasov, 2016b). All rats were evaluated by open field test, sucrose preference test before and after the CUMS and ISO-induced process, then all CHD with depression rats were randomly divided into 7 groups. After three weeks of administration, open field test and sucrose preference test were performed again of all rats. As shown in Table 4, after CUMS and ISO-induced, compared with the control group the open-field test and sucrose preference scores were significantly reduced in the model group and each administration groups (p < 0.005). It was shown that the depression model was successfully established. After treatment for 21 days, compared with the model group, XPF administration significantly improve the open-field test and sucrose preference scores (p< 0.005).
TABLE 4 | The comparison of the open field test scores and sucrose preference of rats in different groups.
[image: Table 4]Effects of XPF on Myocardial and Hippocampal Apoptosis
Apoptosis can cause myocardial and hippocampal injury and dysfunction, which are the major mechanisms of CHD and depression. As shown in Figure 5, the myocardial and hippocampus of the CUMS and ISO-induced rats were injured. The effects of XPF on myocardial apoptosis are shown in Figure 5A. And the effects of XPF on hippocampal apoptosis are shown in Figure 5B. Compared with the control group, the myocardial and TUNEL-positive cells were significantly increased in the model group, as shown in Figure 5C (p < 0.005). The myocardial apoptotic index of the XPF-H and XPF-M groups was significantly lower than that of the model group (p < 0.01). Sertraline 10 mg/kg + metoprolol 5 mg/kg and metoprolol 10 mg/kg also significantly inhibited the apoptosis in the myocardia (Figure 5C) (p < 0.005). Sertraline (10 mg/kg) and low-dose XPF treatment did not alter myocardial apoptosis.
[image: Figure 5]FIGURE 5 | Anti-apoptosis effect of XPF on CUMS and ISO-induced rats (×400). (A) Representative images of myocardial apoptosis stained by TUNEL. (B) Representative images of hippocampal apoptosis stained by TUNEL. (C) Rate of myocardial apoptosis in each group. (D) Rate of hippocampal apoptosis in each group. Data wer presented as means ± SD (n = 3). ***p < 0.05 compared with the control group, ##p < 0.01, ##p < 0.005 compared with the model group.
There were significant differences in the total apoptotic index in the hippocampus after XPF treatment for 21 days. In the model group, the apoptotic index significantly increased compared with the control group, as shown in Figure 5D. Furthermore, XPF administration significantly decreased the apoptotic index in the hippocampus. Additionally, sertraline and metoprolol also significantly inhibited apoptosis in the hippocampus (p < 0.005).
The results indicated that the brain and myocardial tissues of the rats were injured after CUMS and ISO-induced damage. It was shown that the CHD with depression model was successfully established, while the treatment of XPF can inhibit apoptosis of myocardial and brain tissue simultaneously.
According to key proteins with a higher degree in the PPI network and KEGG pathway enrichment analysis, it is suggested that the mechanism of XPF in the treatment of CHD with depression may be through the regulation of ACE2, HTR1A, HTR2A, AKT1, PKIA, CREB1, BDNF, BCL2, BAX, CASP3, cAMP signaling pathway, and the cell apoptosis process. As the second intracellular messenger, cAMP regulates the expression of downstream proteins and plays an important role in cell growth and apoptosis (Zhou et al., 2012). Bcl-2 and Bax, as targets downstream of CREB and BDNF, regulate apoptosis through the mitochondrial pathway (Mi et al., 2015; Tang et al., 2016). Recent studies have shown that the cAMP-PKA-CREB-BDNF signaling pathway is closely related to depression (Wang et al., 2017; Ye et al., 2017). Meanwhile, the related proteins in the cAMP-PKA-CREB-BDNF signaling pathway can also improve myocardial microcirculation, improve the ability of myocardial cells to resist ischemia and hypoxia, and effectively prevent the development and deterioration of CHD (Huang et al., 2016). To verify whether XPF works in treating CHD with depression by intervening in the cAMP-PKA-CREB-BDNF signaling pathway and cell apoptosis process, the expression of 5-HT, Ang-II, cAMP, PKA, CREB, BDNF, Bcl-2, Bax, Cyt-c, and caspase-3 in the myocardial and hippocampal tissues were detected.
3.4.3 Effects of XPF on the Expression of Ang-II, 5-HT, and cAMP in Myocardial Tissues
As shown in Figures 6A–C, it was noted that compared with the control group, the levels of Ang-II and 5-HT were significantly increased in the myocardial tissues in the model group. Compared with the control group, the expression of cAMP in the myocardial tissues was markedly lower in the model group (p < 0.005). After treatment for 21 days, high-dose XPF decreased the levels of Ang-II and 5-HT in the myocardium (p < 0.01). The treatments with middle-dose XPF solely decreased the levels of Ang-II (p < 0.05), whereas low-dose XPF had no effect on the levels of Ang-II and 5-HT in the myocardium. The levels of cAMP were significantly increased, in a dose-dependent manner, in the myocardium of the rats in the XPF-H, XPF-M, and XPF-L groups (p < 0.005).
[image: Figure 6]FIGURE 6 | Experimental validation of key targets Ang-II, 5-HT, cAMP in rat myocardium and hippocampus induced by CUMS and ISO. (A) The levels of Ang-II in the myocardial were determined by ELISA. (B) The levels of 5-HT in the myocardial were determined by ELISA. (C) The levels of cAMP in the myocardial were determined by ELISA. (D) The levels of Ang-II in the hippocampus were determined by ELISA. (E) The levels of 5-HT in the hippocampus were determined by ELISA. (F) The levels of cAMP in the hippocampus were determined by ELISA. Data were presented as means ± SD (n = 3). ***p < 0.005 compared with the control group, ##p < 0.05, ##p < 0.01, ###p < 0.005.
3.4.4 Effects of XPF on the Expression of Ang-II and 5-HT cAMP in the Hippocampus
As shown in Figures 6D–F, it was noted that, compared with the control group, the levels of Ang-II were significantly increased in the hippocampus of the model group. Conversely, the expression of 5-HT and cAMP in the hippocampus was markedly lower in the model group. After treatment for 21 days, the treatment with high-dose XPF and middle-dose XPF significantly decreased the levels of Ang-II (p < 0.005) and increased the levels of 5-HT and cAMP in the hippocampus (p < 0.05). Similarly, treatment with metoprolol markedly decreased the levels of Ang-II, and treatment with sertraline increased the levels of 5-HT and cAMP in the hippocampus (p < 0.05). However, low-dose XPF had no effect on the levels of Ang-II, 5-HT, and cAMP in the hippocampus.
Effects of XPF on the Expression of PKA, CREB, and BDNF on Myocardial Tissue
As presented in Figures 7A–C, the results of the WB analysis indicated that the expression of PKA, CREB, and BDNF in the myocardium in the model group was significantly lower than that of the control group (p < 0.005). XPF could upregulate the expression of PKA, CREB, and BDNF compared with the model group (p < 0.05).
[image: Figure 7]FIGURE 7 | Experimental validation of key targets PKA, CREB, BDNF in rat myocardium and hippocampus induced by CUMS and ISO. (A) Quantitative analysis of PKA expression in the myocardial. (B) Quantitative analysis of CREB expression in the myocardial. (C) Quantitative analysis of BDNF expression in the hippocampal. (D) Quantitative analysis of PKA expression in the hippocampal. (E) Quantitative analysis of CREB expression in the hippocampal. (F) Quantitative analysis of CREB expression in the hippocampal. Data were presented as means ± SD (n = 3). ***p < 0.005 compared with the control group, ##p < 0.01, ##p < 0.005.
Effects of XPF on the Expression of PKA, CREB, and BDNF in the Hippocampus
As shown in Figures 7D–F, the PKA, CREB, and BDNF protein levels of the model group were significantly lower than those of the control group. High-dose XPF and middle-dose XPF was able to upregulate the expression of PKA, CREB, and BDNF compared with the model group (p < 0.005). However, low-dose XPF had no effect on the levels of CREB and BDNF in the hippocampus.
Effects of XPF on the Expression of Bcl-2, Bax, Cyt-C, and Caspase-3 in the Myocardium
As shown in Figure 8 and Table 5, compared with the control group, the levels of Bax, Cyt-c, and caspase-3 were significantly increased in the model group, although Bcl-2 levels significantly decreased. Treatment with XPF significantly increased the levels of Bcl-2 and decreased the levels of Bax, Cyt-c, and caspase-3 (p < 0.005), in a dose dependent manner.
[image: Figure 8]FIGURE 8 | Experimental validation of key targets Bcl-2, BAX, Cyt-c, caspase-3 in rat myocardium induced by CUMS and ISO. (A) Quantitative analysis of Bcl-2 expression in the myocardial. (B) Quantitative analysis of BAX expression in the myocardial. (C) Western blot analysis of Bcl-2 and BAX protein. (D) Quantitative analysis of Cyt-c expression in the myocardial. (E) Quantitative analysis of caspase-3 expression in the myocardial. (F) Western blot analysis of Cyt-c and caspase-3 protein. Data were presented as means ± SD (n = 3). ***p < 0.005 compared with the control group, ###p < 0.005 compared with the model group.
TABLE 5 | Comparison of gray values of Bcl-2, Bax, Cyt-C and Caspase-3 in myocardium of rats in different groups.
[image: Table 5]Effects of XPF on the Expression of Bcl-2, Bax, Cyt-C, and Caspase-3 in the Hippocampus
As shown in Figure 9 and Table 6, the results of the WB analysis indicated that the expression of Bax, Cyt-c, and caspase-3 was significantly increased in the model group, while Bcl-2 levels were significantly decreased. After treatment for 21 days, high-dose XPF and middle-dose XPF significantly decreased the levels of Bax, Cyt-c, and caspase-3 (p < 0.005). High-dose, and middle-dose XPF also increased the levels of Bcl-2 (p < 0.05), in a dose-dependent manner. In contrast, low-dose XPF only inhibited the expression of Bax and Cyt-c (p < 0.005), but had no effect on the expression of Bcl-2 and caspase-3.
[image: Figure 9]FIGURE 9 | Experimental validation of key targets Bcl-2, BAX, Cyt-c, caspase-3 in rat hippocampus induced by CUMS and ISO. (A) Quantitative analysis of Bcl-2 expression in the hippocampal. (B) Quantitative analysis of BAX expression in the hippocampal. (C) Western blot analysis of Bcl-2 and BAX protein. (D) Quantitative analysis of Cyt-c expression in the hippocampal. (E) Quantitative analysis of caspase-3 expression in the hippocampal. (F) Western blot analysis of Cyt-c and caspase-3 protein. Data were presented as means ± SD (n = 3). ***p < 0.005 compared with the control group, ###p < 0.005 compared with the model group.
TABLE 6 | Comparison of gray values of Bcl-2, Bax, Cyt-C and Caspase-3 in hippocampus of rats in different groups.
[image: Table 6]DISCUSSION
XPF, characterized by multiple components and targets, has been shown to have a relatively satisfactory therapeutic effect in treating CHD with depression. XPF can improve myocardial blood supply and mental state of patients at the same time, which reflects the overall concept of traditional Chinese medicine (Hou et al., 2017). Through this study, we found that XPF could protect the myocardium and hippocampus in CUMS and ISO-induced CHD in depression rats, it shows that XPF has the advantages and characteristics of treating the heart and brain at the same time. However, it is difficult to accurately identify and understand the active compounds and mechanisms of XPF in treating CHD with depression solely by using conventional pharmacological methods. Therefore, new research approaches to reveal the interaction between components of TCM and biological system networks are urgently required. Here, an integrated strategy was established by combining serum pharmacochemistry and network pharmacology to comprehensively and systematically investigate the components and mechanisms of XPF in treating CHD with depression, and validated in experiments.
In this study, 51 compounds were detected in rat serum after oral administration of XPF using UPLC-Q-TOF/MS technology. The identified constituents, mainly phenolic acids, saponins, and flavonoids, were determined to be the main active components of XPF. Among them, phenolic acids, such as rosmarinic acid and eugenol, can inhibit vascular smooth muscle cell proliferation and have a cardioprotective effect (Liu Y et al., 2018). Rosmarinic acid can treat neurodegenerative diseases via anti-neuroinflammatory activity (Wei et al., 2018). Furthermore, saponins, such as saikosaponin A, are the major bioactive component extracted from Radix Bupleuri (Chen et al., 2018; Liu R et al., 2018) and have anti-inflammatory and antioxidant pharmacological activities, as well as a good therapeutic effect on many diseases of the central nervous system and cardiovascular system (Guo et al., 2020). Flavonoids, such as hesperidin and hesperetin, can inhibit inflammatory reactions and oxidative stress, and protect nerve cells and vascular endothelium (Hwang et al., 2012; Van Rymenant et al., 2017).
Moreover, the component–target network between the targets of absorbed components in the serum of XPF and CHD with depression was built using Cytoscape, followed by topological parameters and PPI analysis. As a result, 8 components (eugenol, emodin, isorhamnetin, nobiletin, isoliquiritigenin, rosmarinic acid, 4-Hydroxy-3-butylphthalide, and acacetin), with higher degree centrality were determined to be the active ingredients of XPF, and 10 hub targets, including (ACE2, HTR1A, HTR2A, AKT1, PKIA, CREB1, BDNF, BCL2, BAX, CASP3, cAMP) were determined as hub targets of XPF in treating CHD with depression. GO analysis and KEGG pathway enrichment analysis showed that XPF may regulate the cAMP signaling and apoptosis pathways by interfering with the expression of Ang-II, 5-HT, cAMP, PKA, CREB, BDNF, Bcl-2, Bax, Cyt-c, and caspase-3.
In this study, CUMS and ISO-induced CHD in a rat model of depression was used to explore the mechanism of XPF in treating CHD with depression. These rats showed a large number of apoptotic cells in myocardial and hippocampal tissues compared with the control group, which indicated that the CHD with depression model was successfully established. Sertraline and metoprolol were used as positive control drugs to treat CHD in rats with depression. Sertraline can increase the content of 5-hydroxytryptamine (5-HT) in the brain and exert antidepressant-like effects (Sun et al., 2020). Metoprolol is a beta-blocker commonly used in the clinic (Podlesnikar et al., 2019; Qin et al., 2020). Studies have shown that metoprolol could reduce the oxygen consumption of the myocardium and reduce the risk of cardiovascular events (Assimon et al., 2018). However, co-administration of sertraline and metoprolol increases the blood concentration of metoprolol. Therefore, we adjusted the dose of metoprolol in the sertraline and metoprolol groups in this study (Bahar et al., 2018).
Under these experimental conditions, XPF could decrease Ang-II content in the circulation and central system, inhibit 5-HT level in peripheral circulation, and increase 5-HT content in the central nervous system. Meanwhile, XPF could upregulate the expression levels of cAMP, PKA, CREB, and BDNF both in the myocardium and hippocampus, which matched the predicted results of the network pharmacological analysis. Interestingly, sertraline regulated the cAMP, PKA, CREB, and BDNF levels in the hippocampus, but had a limited effect on the myocardium. Metoprolol can regulate the cAMP, PKA, CREB, and BDNF expression in myocardial, but it has a limited effect on the central nervous system. XPF treatment not only activated the cAMP signal pathway, but also further inhibited apoptosis and protected the myocardium and hippocampus. The cAMP signaling pathway can increase the expression of Bcl-2 and inhibit the activation of caspase-3 by regulating the expression of CREB and BDNF proteins (Mo et al., 2020; Yang et al., 2020). In this study, XPF rectified the injury of the hippocampus and myocardium caused by CHD in depressed rats, significantly decreasing the hippocampal and myocardial levels of Bax, Cyt-c, caspase-3, and increased Bcl-2 expression, which suggests that XPF may inhibit hippocampal and myocardial apoptosis, improve heart function and nerve function, and exert antidepressant and anti-myocardial ischemia effects.
Chronic stressful life events can stimulate the renin-angiotensin-aldosterone system (RAAS). Evidence has shown that Ang-II levels are significantly higher in patients with CHD and depression. Ang-II is metabolized into Ang-(1–7), which directly interferes with the intestinal uptake of tryptophan and affects the metabolism of 5-HT (Klempin et al., 2018; W et al., 2020). The decrease of 5-HT levels in the central nervous system leads to depression or other mental disorders (Jiao et al., 2019; Wenxiu et al., 2020). 5-HT metabolic disorder inhibits the cAMP signaling pathway (Louiset et al., 2017). The cAMP signaling pathway was observed in both CHD and depression patients (Amare et al., 2017; Wang and Mao, 2019; Sandrini et al., 2020).
Activated cAMP and PKA can phosphorylate the Ca2+channel on the cell membrane, promote calcium flow in cardiomyocytes, promote excitation contraction coupling, enhance myocardial contractility, improve the anti-ischemic effects of cardiomyocytes, and produce protective effects on cardiomyocytes (Inserte et al., 2004; Zhang et al., 2010). At the same time, cAMP and PKA are also widely distributed in the nervous system, which can guide the regeneration of neurons, improve the plasticity of synapses, and play a role in protecting the nervous system (Zhang M et al., 2018). CREB is involved in a wide range of neural plasticity processes, including neuronal survival, neuroprotection, neurogenesis, synaptic plasticity, and regulation of emotional expression (Liu et al., 2016; Tang et al., 2020). BDNF is a classical downstream target gene of CREB, which can nourish nerves and promote the differentiation, increment, and regeneration of neurons (Wang et al., 2019). BDNF also has a modulatory role in cardiovascular function, is involved in angiogenesis maintenance of endothelial integrity (Kaess et al., 2015; Jin et al., 2018), repairing myocardial microcirculation, and maintaining myocardial cell function after myocardial injury (Lee et al., 2017). Low expression of CREB and BDNF causes Bax overexpression, Bcl-2 expression is inhibited, and the promotion of the release of apoptosis factors such as cytochrome c (Cyt-c) into the cytoplasm and increased caspase-3. Caspase-3, the final executive factor of apoptosis, leads to apoptosis (Xu et al., 2018). Bcl-2 can form a heterodimer with Bax to inhibit its function, Bcl-2 can also inhibit the activation of caspase-3, and inhibit apoptosis (Abu et al., 2018). Meng (Meng and Wang, 2013) have found that Baishile (BSL) capsule could significantly improve the CUMS rats with depression-like behavior; K252a could block the cAMP signaling pathway to antagonize the antidepressant effect of BSL capsule. Jiang (Jiang et al., 2017) have found that acupuncture could improve depressive-like behaviors via PKA/CREB signaling pathway, H89 could block the PKA/CREB signaling pathway to antagonize the antidepressant effect of acupuncture. Mao (Mao and Zhang, 2014) have found H89 could block the PKA/CREB signaling pathway to antagonize the myocardial protective effect of Danlou tablets. Therefore, enhanced expression of related proteins in the cAMP signaling pathway and inhibition of the cell apoptosis process contributes to the alleviation of angina pectoris, chest pain, and depression symptoms. Essentially, it promotes protection of the cardiovascular and nervous system against coronary heart disease with depression.
The 8 active components (eugenol, emodin, isorhamnetin, nobiletin, isoliquiritigenin, rosmarinic acid, 4-Hydroxy-3-butylphthalide, and acacetin) in XPF have been reported to activate the cAMP signaling pathway of CHD and depression. Eugenol can reverse oxidative stress, inhibit of caspase-3 activity, and it has an anti-myocardial ischemia effect. Emodin opposes CUMS-induced depressive-like behavior in rats by upregulating the levels of hippocampal BDNF (Choudhary et al., 2006; Liu et al., 2017). Isorhamnetin has a positive effect on H/R-induced injury by reducing caspase-3 and attenuating oxidative stress in H9c2 cardiomyocytes (Zhao et al., 2018). Nobiletin and acacetin exerted antidepressant-like effects by increasing the level of 5-HT in the hippocampus (Yi et al., 2011). Isoliquiritigenin has been shown to have neuroprotective effects by increasing the level of cAMP in peripheral nerves (Shindo et al., 1992). Rosmarinic acid can regulate the expression of BDNF in the hippocampus (Makhathini et al., 2018), and inhibit angiotensin-converting enzyme activity (Ferreira et al., 2018).
Increasing evidence has shown a reciprocal causation relationship between CHD and depression. Regulating psychopathy can significantly improve the quality of life of patients with CHD and reduce the incidence of acute cardiovascular events (Kuhlmann et al., 2019). Recently, TCM has attracted increasing attention in treating cardiovascular and psychological diseases because of its holistic approach and satisfactory clinical efficacy. Through this study, we found that XPF could protect the myocardium and hippocampus in CUMS and ISO-induced CHD in depression rats by regulating the cAMP signal cascade. Furthermore, XPF can inhibit cell apoptosis, improve heart function, reduce neuropathy, improve nerve function, and exert an antidepressant and antimyocardial ischemia effect. These results preliminarily show the material basis and mechanism of XPF in the treatment of CHD with depression.
CONCLUSION
In this study, we proposed an integrative systems pharmacology strategy to illustrate the mechanism of XPF in treating CHD with depression by combining serum pharmacochemistry, network analysis, and experimental validation. First, we identified 51 ingredients in rat serum after oral administration of XPF, which was used for the construction and analysis of the component–target network between the targets of absorbed components in serum and CHD with depression. As a result, 10 components with higher degree centrality were determined to be the active ingredients of XPF, and 10 hub genes, including ACE2, HTR1A, HTR2A, AKT1, PKIA, CREB1, BDNF, BCL2, BAX, CASP3, and cAMP were determined as targets of XPF in treating CHD with depression. Furthermore, the hub targets (AngⅡ, 5-HT, cAMP, PKA, CREB, BDNF, Bcl-2, Bax, Cyt-c, and caspase-3) predicted by network pharmacology analysis were validated. We confirmed the myocardial protective and neuroprotective effects of XPF in treating CHD with depression, which was associated with its activation of the cAMP signaling pathway and inhibition of myocardium and hippocampus apoptosis. In conclusion, these results indicate that the integrated pharmacology strategy provides an efficient approach for exploring the pharmacological mechanisms of TCM.
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Muscle dysfunction is a complication of high-fat diet (HFD)-induced obesity that could be prevented by exercise, but patients did not get enough therapeutic efficacy from exercise due to multiple reasons. To explore alternative or supplementary approaches to prevent or treat muscle dysfunction in individuals with obesity, we investigated the effects of Rhodiola on muscle dysfunction as exercise pills. SIRT1 might suppress atrogenes expression and improve mitochondrial quality control, which could be a therapeutic target stimulated by exercise and Rhodiola, but further mechanisms remain unclear. We verified the lipid metabolism disorders and skeletal muscle dysfunction in HFD feeding mice. Moreover, exercise and Rhodiola were used to intervene mice with a HFD. Our results showed that exercise and Rhodiola prevented muscle atrophy and dysfunction in obese mice and activating the SIRT1 pathway, while atrogenes were suppressed and mitochondrial quality control was improved. EX-527, SIRT1 inhibitor, was used to validate the essential role of SIRT1 in salidroside benefit. Results of cell culture experiment showed that salidroside alleviated high palmitate-induced atrophy and mitochondrial quality control impairments, but these improvements of salidroside were inhibited by EX-527 in C2C12 myotubes. Overall, Rhodiola mimics exercise that activates SIRT1 signaling leading to improvement of HFD-induced muscle dysfunction.
Keywords: salidroside, SIRT1, atrogenes, mitochondrion, rhodiola
INTRODUCTION
Skeletal muscle dysfunction (or muscle wasting) characterized with a reduction of myofibrillar, and mitochondrial dysfunction has been reported as an important complication of high-fat diet (HFD)-induced obesity (Perry et al., 2016). However, compared to its adverse impacts on type 2 diabetes, cardiovascular, or osteoarticular diseases, muscle dysfunction has received less attention. Thus, investigating the mechanisms and potential therapy against HFD-induced muscle dysfunction will have important clinical significance. Though the underlying mechanisms are not thoroughly understood, several factors are well known, for example, the oversupplied energy and impaired lipid metabolism damage the mitochondrial which is essential in maintain muscle quality (Jorgensen et al., 2015).
A major therapeutic strategy against muscle dysfunction is exercise that effectively increases muscle mass, strength, and physical performance (Pillard et al., 2011; Dun et al., 2019a; Dun et al., 2019b). Although the molecular mechanisms of exercise in regulating HFD-induced muscle dysfunction are largely unknown, previous evidence indicated that exercise could decrease transcription of atrogenes, such as muscle-specific RING finger protein 1 (MuRF1) and atrogin1, both of which inhibit protein degradation and facilitate myofibrillar synthesis. Exercise also promotes mitochondrial mass and functions (Sandri et al., 2006). Mitochondrial quality control (MQC), including mitochondrial biogenesis, mitophagy, and fusion/fission, has been used as an important evaluation for mitochondrial function. Our previous studies indicated that exercise activates MQC in skeletal and myocardial muscle (Xie et al., 2019; Jiang et al., 2021). However, exercise lacks a long-term therapeutic efficacy for muscle dysfunction due to poor compliance or disabilities resulted from skeleton-muscle system (Conraads et al., 2012). Therefore, alternative or supplementary approaches to prevent muscle dysfunction in individuals with overweight need to be explored.
Sirtuin 1 (SIRT1), a sirtuin family protein, displays a nicotinamide adenine dinucleotide (NAD) protein deacetylase activity (Milne and Denu, 2008). Thus, it can be activated by changes of NAD+ levels during exercise. SIRT1 is associated with beneficial effects of exercise through resisting protein degradation and improving the quality of mitochondria (Tonkin et al., 2012). Overexpression of SIRT1 reduces muscle dysfunction by inhibiting key atrogenes and activating peroxisome proliferator-activated receptor gamma coactivator 1-α (PGC-1α) in skeletal muscle (Lee and Goldberg, 2013). SIRT1 also modulates transcription factors, such as FOXO3/PINK1/Parkin and MFN1/DRP1 that participate in the regulation of mitophagy and mitochondrial dynamics (Valero, 2014; Lei et al., 2020). Thus, SIRT1 might be a key therapeutic target for muscle atrophy or dysfunction stimulated by exercise.
Rhodiola is a natural plant which has been widely used to treat altitude sickness for hundreds of years (Kelly, 2001). Salidroside, an active ingredient from Rhodiola roots, activates the SIRT1 pathway to ameliorate diabetic nephropathy and hypoxia-induced neurodegeneration in mice via promoting mitochondrial biogenesis (Barhwal et al., 2015; Xue et al., 2019). More recently, salidroside was also found to improve denervation-induced muscle proteolysis and muscle atrophy (Wu et al., 2019). Our previous study also indicated that Rhodiola chrysanthemifolia subsp. sacra (Raym.-Hamet) H.Ohba (R. sacra) supplementary and exercise activated MQC of skeletal muscle, which contributes to the enhancement of exercise capacity and facilitates the muscle ability to resist fatigue in healthy mice (Dun et al., 2017). However, the effects of R. sacra on HFD-induced mitochondrial dysfunction and muscle atrophy remain unknown. Thus, in the present study, we explored the role of SIRT1 signaling pathway in mediating muscle dysfunction and compared the potential therapeutic effects of R. sacra and exercise.
MATERIALS AND METHODS
Animals
Male C57BL/6J mice (8 weeks old) were purchased from the Laboratory Animal Centre, Xiangya Medical School (Changsha, Hunan, China). The mice were housed in temperature-controlled (22°C ± 2°C) quarters with a 12:12 hour light-dark cycle and free access to water and food. All animal procedures were in accordance with the guidelines for the use of live animals of National Institute of Health and were approved by the Medicine Animal Welfare Committee of Xiangya Medical School, Central South University (Changsha, China) (approval ID: SYXK 2015-0017).
Groups
After one-week feeding adaptation, mice were randomly divided into four groups (n = 16 for each): normal chow (NC), high fat diet (HFD), HFD + R. sacra (HFD + RS) and HFD + exercise (HFD+EX). The HFD contains 45% of fat. The mice in the HFD + EX group were trained for exercise as described previously (Dun et al., 2017). In the HFD+RS group, mice were given 50 mg/ml of R. sacra per 500 mg/kg weight (Tibet Rhodiola Pharmaceutical Holding Company, Tibet, China) by gavage (0.1 ml/10 g weight) daily between 9 to 10 a.m. as previously described (Dun et al., 2017). The rest groups obtained normal saline by gavage at a dose of 0.1 ml per 10 g weight. Exercise, R. sacra and normal saline were administered together with HFD for 8 consecutive weeks. Body weights were weekly monitored during the whole experiment. An additional R. sacra treatment to the HFD mice didn’t cause any observable change in food intake pattern or gastrointestinal reaction.
After 8 weeks, each group was further divided into two subgroups with or without exhaustive exercise (n = 8). The mice in the EE subgroups further underwent an inverted screen test and load swimming (5% body weight) session as previously described (Dun et al., 2017). After the experiments, all mice were anesthetized via an intraperitoneal injection of 1% pentobarbital sodium (150 mg/kg) and then sacrificed via exsanguination. Blood samples were collected from the inferior vena cava. Gastrocnemius muscle and visceral fat including mesenteric, epididymal, and perirenal fat tissue were dissected and weighted eventually. The protocol has been described in Figure 1.
[image: Figure 1]FIGURE 1 | Diagram of animal experiments. After a 1 week adaptive feeding, mice were randomly divided into four groups: normal chow (NC), high-fat diet (HFD), HFD + R. sacra (HFD + RS) and HFD + exercise (HFD+EX). 8 weeks later, mice in each group were randomly divided into two subgroups: normal subgroup and exhaustive exercise (EE) subgroup, the subsequent experiments were performed as the diagram showed.
R. Sacra
The highly pure extract from the root of Rhodiola chrysanthemifolia subsp. sacra (Raym.-Hamet) H.Ohba (R. sacra) was provided by the Tibet Rhodiola Pharmaceutical Holding Company. Root of R. sacra was decocted with double distilled water twice, first time for 1.5 hours and second time for 1 hour, then collect the decoction after filtration. The filtrated liquor was concentrated to the relative density 1.25–1.30 (detected in 40°C) and prepared to powder by spray-drying. HPLC-MS analysis revealed that the main effective components are salidroside (C14H20O7, 2.62%) and flavone (C27H30O16, 3.27%) (Supplementary Figure S1 and Supplementary Table S1) and the exact preparation complied with The Chinese Pharmacopeia 2015 (inspection report number C1051612067). The extract powder was dissolved in distilled water (50 mg/ml) and it was administered to mice by gavage at a liquid/ body weight ratio of 0.1 ml/10 g for ten consecutive weeks (Every morning between 9 a.m. and 10 a. m.).
Exercise Training
The mice in the HFD + EX group were subjected to a moderate intensity swim training as previously described (Dun et al., 2017). Briefly, the mice were placed in a Morris water maze pool (60 cm high and 120 cm in diameter) (XR-XM101-R, ZSdichuang, Beijing, China) for a swimming training from 10 to 60 min. Swimming exercise was performed between 9 a.m. to 2 p.m. and the mice exhibited minimal variations in aerobic capacity.
Serum Free Fatty Acid
Mouse blood samples were collected and then assayed for serum free fatty acid according to the manufacturer’s instructions (A042, Nanjing Jiancheng Bioengineering Institute, China). Free fatty acid and coenzyme A (CoA) reaction and produce acetyl-CoA. Then, acetyl-CoA produce H2O2 with the acetyl CoA oxidase. We used peroxidase to make H2O2 colorized and quantify free fatty acid indirectly.
Cross-Sectional Area of Muscle Fibers
Sliced muscle was stained by hematoxylin and eosin. Then, use the image analysis software Image J to measure area of each muscle fiber. Eventually, we statistically analyze the difference among groups.
Inverted Screen Test
Mice were placed on the center of an invertible 40 × 40 cm wire screen with a padded surface. After gently inverting the screen, the time for hanging on and the limb strength was recorded.
Exhaustive Exercise (EE) Program
The mice in EE subgroup (n = 8) performed a forced weight-loaded swimming session. The load composed of a lead sheath (0.8 mm thick, 0.5 cm wide) which is equal to 5% of each mouse body weight. The mice were enforced to swim till exhaustion, defined as the failure to rise the surface of water to breathe for 7 s. The swimming time was recorded and regarded as exercise capacity or muscular endurance.
Transmission Electron Microscope (TEM)
The muscle tissues were resized to 1 × 1 × 3 mm3 and then fixed by 2.5% Glutaraldehyde and 1% osmic acid. After washed by 0.1 mol/L phosphate buffer, the tissue was dehydrated with acetone at a gradient concentration. Then embedding and solidify the tissue in 37°C for 12 hours and 60°C for 24 hours. After sliced to 50–100 nm and eventually they were examined by a transmission electron microscope (Tecnai G2 Spirit, FEI, United States) (Dun et al., 2017).
Creatine Kinase (CK), and Blood Urea Nitrogen (BUN)
Blood samples were also collected from the EE subgroup 12 h after EE program. The CK concentration was determined via a colorimetric kit according to the manufacturer’s instructions (A032-1, Nanjing Jiancheng Bioengineering Institute, Nanjing, China). And the BUN was determined by a urease methods kit (C013-2, Nanjing Jiancheng Bioengineering Institute, Nanjing, China). The urea produced ammonia when exposed to urease, and ammonia could be colorized in the alkaline environment.
Western Blot
Muscle tissues or cells were lysed in radioimmunoprecipitation assay (RIPA) buffer (Beyotime) containing 1 mmol/L phenylmethanesulfonyl fluoride (PMSF; Beyotime) on ice to extract proteins. After SDS-PAGE, the proteins were detected (Dun et al., 2017) and treated with primary antibodies against SIRT1, myosin heavy chain II (MyHC II), MuRF1, atrogin1, PGC1α, Microtubule-associated proteins 1A/1B light chain 3B (LC3), PTEN-induced kinase 1(PINK1), mitofusin-1 (MFN1), dynamin-related protein 1 (DRP1), citrate synthase (CS), and Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (Proteintech, Rosemont, IL, USA), respectively. Following HRP-labeled goat anti-rabbit IgG or goat anti-mice IgG (Proteintech), the bands were analyzed using a gel documentation system (Bio-Rad, Hercules, CA, United States).
Adenosine Triphosphate (ATP) Content
The ATP content in muscle tissues and lysed cells were determined via phosphomolybdic acid colorimetric method according to the manufacturer’s instructions (A095-1-1, Nanjing Jiancheng Bioengineering Institute, Nanjing, China).
Gene Expression Analysis
Total DNA was isolated from gastrocnemius using a DNeasy Kit (Qiagen). MtCO3 oligos and succinate dehydrogenase complex subunit A (SDHA) were analyzed to evaluate the quantification of mitochondrial and nuclear genomes. The primer sequences for the specific target genes are listed in the following Table 1.
TABLE 1 | Primer sequences for qPCR analyses on tissues
[image: Table 1]Cell Culture
C2C12 mouse myoblasts (Cobioer Biotechnology Ltd, Nanjing, China) were cultured in Dulbecco Modified Eagle Medium (DMEM) containing 10% fetal bovine serum and penicillin/streptomycin (5000U/5000 μg/ml; Gibco, Grand Island, NY, USA). Cells with a 75% confluence were incubated with differentiation media (DMEM containing 2% horse serum, Gibco) for 5 days. Our preliminary data suggested that the concentrations of salidroside (UPLC ≥98%, Sinopharm Chemical Reagent, Shanghai, China) above 50 μg/ml will induce cell death. Thus, our current study only used a concentration of salidroside less than 50 μg/ml to treat differentiated myotubes together with 0.75 mmol/L of palmitate for 24 hours, with or without pretreatment of 10 μmol/L EX-527 (SIRT1 inhibitor, 6-Chloro-2,3,4,9-tetrahydro-1H-Carbazole-1-carboxamide).
SIRT1 Activity
Cells’ SIRT1 activity was measured by Colorimetric quantitative detection kit (Genmed Scientifics Inc. United States), each procedure follows the instruction.
Immunofluorescence Staining
Cells were seeded on glass coverslips and incubated with anti-MyHC II (Proteintech). Following incubation with a fluorescent secondary antibody (Abcam, Cambridge, United Kingdom), images were acquired using a fluorescence microscope (Eclipse, Nikon, Japan).
Oxygen Consumption Rate (OCR)
C2C12 myoblasts were seeded in XF 24-well microplates (Seahorse Bioscience, Billerica, MA, United States) and differentiated. Following treatments of mitochondrial inhibitors, including 1 μmol/L oligomycin, 1 μmol/L Carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP) and 1 μmol/L rotenone/antimycin A, OCRs were measured with extracellular flux analysis (Seahorse Biosciences) every 8 minutes.
Statistical Analysis
The results are expressed as Mean ± SEM. One-way ANOVA plus the Student-Newman-Keuls test was used for statistical analysis. p < 0.05 represents statistical significance.
RESULTS
R. sacra Alleviates HFD-Induced Muscle Atrophy in Mice as Exercise
Lipid infiltration induced muscle atrophy in HFD mice (Tong et al., 2019). Exercise has been considered as an effective therapy to limit muscle atrophy or sarcopenia associated with disuse or denervation. However, it remains unclear how exercise affects HFD-induced muscle atrophy. In our present study, following HFD feeding for 8 weeks, mouse body weights increased more profound than normal chow group (Figure 2A). However, the body weight gain was significantly inhibited in the HFD group accompanied with exercise. Interestingly, HFD+RS mice showed a decreased tendency of body weight gain when compared to HFD group, but there is no statistical difference. The visceral fat weight (% body weigh) and serum free fatty acid in HFD mice were also increased following HFD. However, R. sacra or exercise decreased these two parameters (Figure 2B,1C). Gastrocnemius muscle weight was decreased following HFD feeding (Figure 2D) accompanied with a lower cross-sectional area of muscle fiber (Figure 2D). However, exercise training or R. sacra treatment significantly ameliorate these pathological conditions as showed in Figures 2D,E. These data collectively suggested that R. sacra treatment mimics exercise training to improve HFD-induced muscle atrophy.
[image: Figure 2]FIGURE 2 | R. sacra alleviates HFD-induced muscle atrophy in mice as exercise (A) 8 week-old mice were fed normal chow (NC) or high-fat diet (HFD) with either R. sacra treatment (RS) or exercise training (EX) for 8 weeks, body weight was monitored in the whole process; (B) after 8 weeks, visceral fat/body weight, (C) serum free fatty acid, and (D) muscle weight/body weight were calculated and assessed; (E) Representative gastrocnemius muscle sections were stained with hematoxylin-eosin, (F) the cross-sectional area (CSA) of muscle fiber were measured. Scale bar = 50 μm. Data are expressed as Mean ± SEM, n = 8, ** represents p < 0.01 in comparison with NC; #, ## represent p < 0.05, p < 0.01 in comparison with HFD.
R. sacra or Exercise Improves Muscle Dysfunction in HFD Mice
We next performed inverted screen test and load swim test to assess muscle strength and endurance. The hanging time was decreased 50% in HFD group compared NC. However, accompanied with exercise or R. sacra treatment, the mice following HFD demonstrated a normal hanging time as NC group (Figure 3A). A similar result was also observed in the load swimming experiment (Figure 3B). Following load swimming, muscle damage was subsequently evaluated by electron microscopy. We found that in HFD group, muscle fiber consistency was disrupted, and mitochondrial membrane was ruptured (Figure 3E). In parallel, serum creatine kinase (CK) and BUN were also increased (Figures 3C,D). However, neither the morphologic changes in muscle cells nor CK and BUN release occur in HFD+EX or HFD+RS groups (Figures 3C–E), suggesting that exercise or R. sacra could improve muscle function deficiency induced by HFD.
[image: Figure 3]FIGURE 3 | R. sacra or exercise improves muscle dysfunction in HFD mice (A) 8 week-old mice were fed normal chow (NC) or high-fat diet (HFD) with either R. sacra treatment (RS) or exercise training (EX) for 8 weeks, then the inverted screen test was performed and hanging time was analyzed; (B) and the forced weight-loaded swimming session were performed, and swimming time was analyzed; (C) 12 h after exhaustive exercise (EE), serum creatine kinase (CK), and (D) blood urea nitrogen (BUN) of mice were measured; (E) meanwhile, the morphology of muscle sample was observed by transmission electron microscope (TEM), and the damaged myofibrils (yellow arrows) were indicated in TEM images, scale bar = 1 μm. Data are expressed as Mean ± SEM, n = 3, *, ** represent p < 0.05, p < 0.01 in comparison with NC; #, ## represent p < 0.05, p < 0.01 in comparison with HFD.
R. sacra Improves Atrophy Through Activating SIRT1 Signaling Pathway
Atrophy is associated with protein degeneration, inflammation, and mitochondrial dysfunction. SIRT1, a key regulator in nutrients/energy metabolism and cell fate signaling, also modulates atrophic genes and mitochondrial homeostasis (Tonkin et al., 2012). We found that SIRT1 protein levels were significantly decreased in skeletal muscle following HFD feeding, and this reduction was inhibited by exercise training or R. sacra treatment (Figure 4A). MyHC II content was lost almost 76% in muscles isolated from HFD group compared to NC (p < 0.01). The protein expression of atrogenes including MuRF1 and atrogin1 were increased in HFD group (Figure 4B). All these changes were partially corrected in HFD+EX and HFD+RS groups. Interestingly, exercise training seems to have greater effects than R. sacra treatment although there is no statistical significance.
[image: Figure 4]FIGURE 4 | R. sacra improves atrophy through activating sirt1 signaling pathway (A,B) 8 week-old mice were fed normal chow (NC) or high-fat diet (HFD) with either R. sacra treatment (RS) or exercise training (EX) for 8 weeks, then muscle samples were obtained and the relative protein expression of SIRT1, MyHC II, MuRF1, and Atrogin1 were assessed; (C) the ATP content is measured; (D) the ratio between mitochondrial DNA (mtDNA) and nuclear DNA (nucDNA) determined; (E,F) the relative protein expression of CS, PGC-1α, LC3, PINK1, MFN1, and DRP1 were assessed; (G) the morphology of muscle sample was observed by transmission electron microscope (TEM), and the damaged mitochondrion (yellow arrows), normal mitochondria (m), autophagic vacuoles (AV), as well as myofilament (M) were indicated in TEM images, scale bar = 1 μm. Data are expressed as Mean ± SEM, n = 3, *, ** represent p < 0.05, p < 0.01 in comparison with NC; #, ## represent p < 0.05, p < 0.01 in comparison with HFD; $, $$ represent p < 0.05, p < 0.01 in comparison with HFD+EX.
ATP content is an important parameter to evaluate mitochondrial functions. In our study, we found that ATP content was significantly reduced in skeletal muscle isolated from HFD group. This reduction was accompanied with a decrease in the expression of mtDNA/nucDNA and CS (Figures 4C–E), suggesting that HFD might induce muscle mitochondrial dysfunction. Exercise or R. sacra facilitated mitochondrial function recovery by increasing ATP content, mtDNA/nucDNA and CS. HFD skeletal muscle also demonstrated a reduction in protein expression of mitochondrial biogenesis marker, PGC-1α, mitophagy markers, LC3-II and PINK1, and fusion marker MFN1. The fission marker DRP1 was increased. Exercise training or R. sacra treatment prevent these changes (Figure 4F). Eventually, by using TEM, we observed damaged mitochondria characterized with edema and reduction of cristae (yellow arrows) in HFD muscles but autophagic vacuoles (marked by AV) were hardly observed. Autophagic vacuoles were more abundant in NC, HFD+EX and HFD+RS.
Salidroside Prevents Myotube Atrophy Through Activating SIRT1 Signaling
To further investigate the molecular mechanisms by which R. sacra prevents HFD-induced muscle dysfunction, C2C12 myotubes were incubated with a high palmitate treatment. We found that high palmitate significantly inhibited the protein expression of SIRT1 in C2C12 myotubes as we observed in vivo, suggesting that palmitate might be a direct factor in accelerating muscle cell atrophy (Figure 5A). Salidroside, as the major active ingredient of R. sacra, activated SIRT1 in myotubes in a dose-dependent manner (Figure 5B). We therefore used salidroside to treat C2C12 myotubes with palmitate. We found that salidroside significantly relieve the inhibition of SIRT1 in palmitate-treated cells (Figures 5B–D).
[image: Figure 5]FIGURE 5 | Salidroside prevents myotube atrophy through activating SIRT1 signaling. (A) The differentiated myotubes were vehicle (Ctrl) or 0.75 mmol/L palmitate (PA) for 24 hours, SIRT1 expression were subsequently measured; (B) the cells were incubated in different concentration of salidroside (SAL), then the protein expression of SIRT1 was measured; (C,D) the cells were treated with 50 μg/ml salidroside with or without 10 μmol/L EX-527 in the presence of 0.75mmol/L palmitate for 24 hours, then the protein expression and activity of SIRT1 were measured; (E,F) the morphology of differentiated myotubes was observe by MyHC II immunofluorescence, meanwhile the diameters and nucleus ratio of myotubes were calculated; (G) the relative protein expression of MyHC II, MuRF1, and Atrogin1 were assessed. Scale bar = 100 μm. Data are expressed as Mean ± SEM, n = 3, *, ** represent p < 0.05, p < 0.01 in comparison with Ctrl; #, ## represent P < 0.05, P < 0.01 in comparison with PA; $, $$ represent p < 0.05, p < 0.01 in comparison with PA+SAL.
We also analyzed the morphology of myotubes following 0.75 mM palmitate treatment. High palmitate significantly decreased the diameter of myotubes around 29% (P < 0.01) and reduced the number of nuclei located within the myosin heavy chain positive myotube by 44% (p < 0.01) (Figures 5E,4F). Salidroside abated these morphological alterations. Salidroside also upregulated MyHC II and decreased atrogenes expression (Figure 5G). To further clarify the role of SIRT1 signaling pathway in the influences of salidroside, a SIRT1 signaling inhibitor, EX-527, was used with salidroside in the presence of high palmitate in C2C12 myotubes. EX-527 prevented the effects of salidroside on upregulating SIRT1 expression and activity (Figures 5C,D). Meanwhile, the effects of salidroside on the myotube morphology, nucleus ratio, MyHC II content, as well as atrogenes were also abolished by EX-527 (Figures 5E–G). These data together suggest that salidroside limits myotube atrophy probably through activating the SIRT1 signaling pathway.
Salidroside Activates Mitochondrial Quality Control Through the SIRT1 Signaling
Mitochondria maintain muscle contractile function and remodeling (Gan et al., 2018). In order to evaluate whether the beneficial effects of salidroside on skeletal muscle are associated with mitochondrial functions, we quantify mitochondrial functions and MQC-associated parameters. In this study, OCR levels, including basal respiration, maximal respiration, ATP production respiration, and spare respiration as well as ATP content were decreased in myotubes following palmitate-treatment. However, salidroside treatment prevented these reductions (Figures 6A–C). Similar results were observed in the expression of CS, the mitochondrial respiratory critical enzyme (Figure 6E). In morphology, we found that high palmitate induced a damage in mitochondrial structures characterized with edema and reduction of crista (yellow arrows). Salidroside treatment successfully mitigate the morphological changes in mitochondria (Figure 6D). However, EX-527 inhibited the improvement effects of salidroside on mitochondrial structure and functions evaluated by OCR levels, ATP content, CS expression, and TEM.
[image: Figure 6]FIGURE 6 | Salidroside activates mitochondrial quality control through the SIRT1 signaling. (A,B) the cells were treated with 50 μg/ml salidroside (SAL) with or without 10 μmol/L EX-527 in the presence of 0.75mmol/L palmitate (PA) for 24 hours, oxygen consumption rate (OCR) was measured by seahorse XF analyzer whereas 1 μmol/L oligomycin (O), 1 μmol/L FCCP (F) and 1 μmol/L rotenone/antimycin A (A/R) were added in order, then the basal respiration, maximal respiration, ATP respiration, and spare respiration were calculated from the OCR data; (C) ATP content were measured; (D) mitochondria in treated cells were directly observed by transmission electron microscope (TEM), and the normal mitochondria (m) as well as damaged mitochondria (yellow arrows) were indicated in TEM images, scale bar = 2 μm; (D,F) the protein expression of CS, PGC-1α, LC3, PINK1, MFN1, and DRP1 were measured; (G) the treated cells were stained by lysoTracker and mitoTracker, scale bar = 25 μm. Data are expressed as Mean ± SEM, n = 3, *, ** represent p < 0.05, p < 0.01 in comparison with Ctrl; #, ## represent p < 0.05, p < 0.01 in comparison with PA; $, $$ represent p < 0.05, p < 0.01 in comparison with PA+SAL.
To explore how the activated SIRT1 signaling by salidroside regulates mitochondrial functions, we evaluated MQC. As shown in Figure 6F, salidroside treatment increased MQC quantified by PGC-1α, LC3-II, PINK1, MFN1, and DRP1 compared to PA group while EX-527 abolished this enhancement. Mitolysosome, a mitophagy marker, has been defined as the colocalization of LysoTraker and MitoTracker-stained organelles in cells. In the presence of SAL, Mitolysosomes were more abundant compared to palmitate-treated cells. However, addition of EX-527 reduced mitolysosomes content (Figure 6G). These results suggest that SIRT1 is a key regulator in modulating palmitate-induced MQC impairment and salidroside as an activator of SIRT1 might be a potential therapeutic treatment for HFD-induced muscle dysfunction.
DISCUSSION
HFD-induced muscle dysfunction is an important clinical issue due to its prevalence and poor prognosis. Exercise training improves muscle functions against atrophy (Perry et al., 2016). Our present study indicated that a long-term exercise mitigated HFD-induced muscle dysfunction via inhibiting atrogenes and enhancing MQC. Interestingly, R. sacra mimics long-term exercise training to mitigate muscle dysfunction and it also modulates SIRT1 signaling pathway, suggesting that R. sacra might be a new strategy to replace the long-term exercise training.
Diet containing 45% of fat (mainly lard) was used in this study to induce muscle dysfunction. It is long-chain saturated fatty acids (SFA) instead of unsaturated fatty acid described to be involved in lipotoxic pathways (Listenberger et al., 2003). Palmitate, as the most important SFA in lard (about 24%), was proposed to be an inducement of muscle mitochondrial dysfunction (Nisr et al., 2020). Thus, we used palmitate to establish dysfunctional C2C12 myotubes.
The NAD-dependent protein deacetylase, SIRT1, belongs to the sirtuin family and it performs a wide variety of functions in resisting metabolic disorders, cancer and cardiac stress etc.(Canto and Auwerx, 2012). Activation of SIRT1 by resveratrol also prevents muscle atrophy induced by mechanical unloading and dexamethasone (Lagouge et al., 2006; Momken et al., 2011). SIRT1 blocks FoxO1 and 3 and prevents the induction of key atrogenes atrogin1 and MuRF1 which are muscle-specific ubiquitin ligases contributing to proteolysis (Lee and Goldberg, 2013). Our present study found that SIRT1 activation also alleviates muscle dysfunction induced by HFD by reversing the upregulation of atrogenes in mice, suggesting that SIRT1 is an important signaling pathway in preventing or rescuing muscle dysfunction through the regulation of atrogenes.
Muscle dysfunction is associated with mitochondrial dysfunction (Gan et al., 2018), which is usually characterized with alteration of mitochondrial hemostasis, reduction of mitochondrial contents, and changed expression of mitochondrial genes which are responsible for oxidative metabolism in skeletal muscle (Joseph et al., 2012). Any cellular mechanism which improves mitochondrial functions would have important therapeutic potentials to resist the development of muscle dysfunction. SIRT1 activation protects mitochondrial oxidative functions. Supplementation of nicotinamide riboside, an NAD+ precursor, activates SIRT1 and upregulates mitochondrial energy metabolic genes in mice (Canto et al., 2012). Furthermore, an increase in mitochondrial respiration has been observed in permeabilized skeletal muscle fibers from human subjects following 2 weeks of supplementation with acipimox, another NAD+ precursor (van de Weijer et al., 2015). SIRT1 also improves obesity-associated metabolic diseases through deacetylating and activating mitochondrial biogenetic marker, PGC-1α (Lagouge et al., 2006). Thus, SIRT1-regulated mitochondrial biogenesis and oxidative metabolism may be another important mechanism to prevent or rescue muscle dysfunction.
Exercise counteracts deleterious muscle influence of aging and obesity via resisting lipid-induced protein degeneration or metabolic disorders in skeletal muscle (Heo et al., 2018). Thus, a 12-month exercise training increased thigh cross-sectional area and muscle mass in older-aged patient with diabetes mellitus (Mavros et al., 2014). Exercise also enhances mitochondrial oxidative functions via activating SIRT1 (Gurd, 2011). Indeed, our present study indicated that HFD decreased mitochondrial ATP content, DNA ratio, and CS expression in mouse muscle which are accompanied with attenuated mitochondrial functions. These effects were overcome by additional exercise training. MQC including mitochondrial biogenesis, autophagy, fusion, and fission is key to maintain mitochondrial homeostasis and oxidative function. MQC disorders result in mitochondrial dysfunction and pathological changes. Exercise enhances MQC and improves exercise capacity in healthy mice (Dun et al., 2017). Our present data suggest that MQC-related parameters, PGC-1α, LC3-II, PINK1, DRP1, and MFN1 were inhibited, whereas exercise relieve the MQC impairment, suggesting that exercise training mitigate HFD-induced muscle dysfunction probably through mediating atrogenes and MQC.
Extracts from the root of Rhodiola have been traditionally used to improve hypoxic tolerance for the people who ascend to high altitudes (Kelly, 2001). Rhodiola also improves exercise performance and anti-stress ability of skeletal muscle in human subjects and animal models which are probably associated with enhanced mitochondrial functions in skeletal muscle (Abidov et al., 2003; Noreen et al., 2013). We previously indicated that R. sacra triggered MQC and ultimately improves the exercise capacity and anti-fatigue ability in healthy mice (Dun et al., 2017). However, it remains uncertain whether R. sacra is beneficial to HFD-induced muscle dysfunction. In the present study, muscle atrophy and SIRT1 inhibition occurred in HFD-induced obese mice which were significantly mitigate by R. sacra treatment or exercise training. In parallel, HFD-impacted mitochondrial function and MQC in obese mice were also improved by R. sacra treatment or exercise training, suggesting that R. sacra has similar therapeutic effect as exercise training on activating SIRT1 and enhancing mitochondrial functions.
Salidroside is an active ingredient from the roots of R. sacra. It ameliorates muscle atrophy in cachexia or denervation via activating mTOR signaling pathway or reducing expression of atrogenes, such as MuRF1 and Atrogin-1 (Chen et al., 2016; Wu et al., 2019). Our previous study also indicated that salidroside resists metabolic disorders in skeletal muscle via upregulating SIRT1-mediated mitochondrial quality control in mice (You et al., 2020). Our present study further showed that in skeletal muscle cells, salidroside abated palmitate-induced SIRT1 inhibition, atrogenes activation, and myotubes atrophy and these therapeutic effects were significantly attenuated by additional EX-527 pre-treatment. These results indicate that salidroside may counteract lipid accumulation-caused atrophic factors and mitochondrial alteration by activating SIRT1 signal pathway. As the LC-MS analysis shown, polyphenols are main bioactive compounds of R. sacra too. Moreover, Capó and his colleagues found that polyphenolic extract ameliorate muscle decline in by reducing oxidative stress and oxidative damage (Annunziata et al., 2020). Thus, polyphenols might be responsible for the biological effects of R. sacra in the study and could be another potential treatment for HFD-induced muscle atrophy, but more data is needed.
In summary, our present study indicated that R. sacra mimics exercise to alleviate HFD-induced muscle dysfunction via inhibiting atrogenes and enhancing MQC via SIRT1 pathway, which was summarized in Figure 7. We believe that R. sacra treatment may be a potential substitute for long-term exercise training in clinical practice against muscle dysfunction in the future.
[image: Figure 7]FIGURE 7 | Proposed pathway of Rhodiola effects on HFD-induced muscle dysfunction. Sirtuin1 (SIRT1) is the key regulator of atrophy via mediating atrogenes and mitochondrial hemostasis. During high-fat diet (HFD)-induced obesity, SIRT1 in muscle was inhibited and adversely alteration in atrogenes and mitochondrial quality control (MQC) were observed. However, our data shows exercise training or R. Sacra treatment suppress atrogenes and enhances MQC to alleviate HFD-induced muscle dysfunction through activating SIRT1 signaling. Thus, we conclude that R. sacra treatment might be a potential exercise mimic or supplement therapy against HFD-induced muscle dysfunction.
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Effective therapies for stroke are still limited due to its complex pathological manifestations. QiShenYiQi (QSYQ), a component-based Chinese medicine capable of reducing organ injury caused by ischemia/reperfusion, may offer an alternative option for stroke treatment and post-stroke recovery. Recently, we reported a beneficial effect of QSYQ for acute stroke via modulation of the neuroinflammatory response. However, if QSYQ plays a role in subacute stroke remains unknown. The pharmacological action of QSYQ was investigated in experimental stroke rats which underwent 90 min ischemia and 8 days reperfusion in this study. Neurological and locomotive deficits, cerebral infarction, brain edema, and BBB integrity were assessed. TMT-based quantitative proteomics were performed to identify differentially expressed proteins following QSYQ treatment. Immunohistochemistry, western blot analysis, RT-qPCR, and ELISA were used to validate the proteomics data and to reveal the action mechanisms. Therapeutically, treatment with QSYQ (600 mg/kg) for 7 days significantly improved neurological recovery, attenuated infarct volume and brain edema, and alleviated BBB breakdown in the stroke rats. Bioinformatics analysis indicated that protein galectin-3 and its mediated inflammatory response was closely related to the beneficial effect of QSYQ. Specially, QSYQ (600 mg/kg) markedly downregulated the mRNA and protein expression levels of galectin-3, TNF-α, and IL-6 in CI/RI brain as well as serum levels of TNF-α and IL-6. Overall, our findings showed that the effective action of QSYQ against the subacute phase of CI/RI occurs partly via regulating galectin-3 mediated inflammatory reaction.
Keywords: qishenyiqi, cerebral ischemia/reperfusion injury, TMT-based quantitative proteomics analysis, inflammatory response, galectin-3
INTRODUCTION
Stroke is recognized as one of the main leading causes of death and serious long-term disability, as well as cognitive functional impairment, worldwide (Benjamin et al., 2019). Of all strokes, ischemic stroke incidents account for approximately 87% (Benjamin et al., 2019). Although intensive basic and clinical research has uncovered multiple modifiable risk factors (such as high systolic blood pressure, high fasting plasma glucose, and high total cholesterol) (Feigin et al., 2016), and has revealed many potential molecular mechanisms (such as inflammatory response (Jin et al., 2013), oxidative stress (Li et al., 2018), blood-brain barrier dysfunction (Jiang et al., 2018), activation of apoptotic and autophagic pathways (Kalogeris et al., 2012), mitochondrial dysfunction (Yang et al., 2018), and complement activation of stroke (Ma et al., 2019), effective therapies are still limited. Currently, the standard clinical therapy for appropriate patients with acute ischemic stroke are tissue plasminogen activator (tPA)-mediated intravenous thrombolysis and executing intra-arterial thrombectomy to realize recanalization (Dong et al., 2017; Goda et al., 2020). However, the major problems of the relatively narrow therapeutic time window and a high risk of hemorrhagic transformation in tPA treatment should not be ignored (Dong et al., 2017; Puig et al., 2017). Reperfusion injury following the restoration of blood supply may also result in more adverse stroke outcomes via complicated pathological processes (Lin et al., 2016). It is believed that cerebral ischemia/reperfusion injury (CI/RI) has become an increasingly critical challenge for post-stroke recovery (Pan et al., 2007). Thus, it is crucial to discover novel and alternative therapies for ischemic stroke.
In China, herbal remedies have been historically applied in the treatment of stroke and stroke-associated symptoms based on the theory of traditional Chinese medicine (TCM) (Sun et al., 2015; Han et al., 2017a). Qishen Yiqi (QSYQ) formula, which is composed of Astragalus membranaceus (Fisch.) Bge. (Huangqi), Salvia miltiorrhiza Bge. (Danshen), Panax notoginseng (Burk.) F. H. Chen (Sanqi), and Dalbergia odorifera T. Chen (Jiangxiang), is a typical component-based Chinese medicine that was approved by the State Food and Drug Administration of China in 2003 for treatment of angina pectoris of coronary heart disease origin with Qi deficiency and blood stasis syndrome (Cao et al., 2017), and secondary prevention of myocardial infarction (Shang et al., 2013). Recently, the major active ingredients in QSYQ, such as astragaloside IV, calycosin, calycosin-7-O-β-D-glycoside, formononetin, salvianolic acid A, salvianolic acid B, tanshinone IIA, notoginsenoside R1, ginsenoside Rg1, and ginsenoside Rb1(Yu et al., 2017; Zhang et al., 2018), have been reported to have therapeutic potential in acute and subacute phases of ischemic stroke via various functional mechanisms, especially immune-inflammatory response related mechanism (Han et al., 2017b; Zhang et al., 2020). Furthermore, we have found the protective action of QSYQ against acute ischemic stroke via regulating neuroinflammatory network mobilization in a mouse model of cerebral ischemia and reperfusion (Wang et al., 2020).
At present, it is believed that immune-inflammatory response is an important endogenous mechanism involved in the pathophysiological process of CI/RI (Famakin, 2014). An anti-inflammatory strategy appears to be a favorite therapeutic target, given its pleiotropic roles in the acute damage to long term recovery phase of ischemic stroke (Peng et al., 2019). Galectin-3 is a unique chimera-type member of the galectin family and exerts various functions depending on cell type and cellular location (Yip et al., 2017). Recent studies suggested that galectin-3 may serve as a promising prognostic biomarker as well as a potential therapeutic target for cardiovascular and cerebrovascular diseases (Shen et al., 2016; Dong et al., 2018). Accumulated evidence has indicated that galectin-3 appeared to function as a significant regulator participating in the neuroinflammatory reaction caused by cerebral ischemia and reperfusion (Shin, 2013; Rahimian et al., 2018). Interestingly, Burguillos et al. reported that microglia-secreted galectin-3 acted as an endogenous ligand for Toll-like receptor 4 (TLR-4) activation and deteriorated typical TLR4-dependent inflammatory response after cerebral ischemia (Burguillos et al., 2015).
In the present study, we aimed to explore the pharmacodynamic effect of QSYQ against the cerebral injury induced by ischemic stroke in the subacute phase. Subsequently, tandem mass tag (TMT)-based quantitative proteomics analysis followed by experimental verification was executed to explain the galectin-3 mediated neuroinflammatory mechanism of QSYQ treatment in response to CI/RI of the subacute phase.
MATERIALS AND METHODS
Drugs and Reagents
QSYQ (drug approval number: Z20030139; batch number: 20160604), which was supplied by Tasly Pharmaceutical Group Co., Ltd. (Tianjin, China), was prepared according to the ratio of Huangqi: Danshen: Sanqi: Jiangxiang oil = 148.01:70.35:70.35:11.97 and dissolved in ultrapure water to make a solution at concentrations of 15 mg/ml, 30 mg/ml, and 60 mg/ml for experiments. Nimodipine (Nim) (drug approval number: H14022821) was purchased from Yabao Pharmaceutical Group Co., Ltd. (Taiyuan, China). Chromatographic-grade methanol and acetonitrile were purchased from Merck (Darmstadt, Germany). Water was purified using the Millipore-Q water purification system (Millipore, Milford, MA, United States). Standards of tanshinol, calycosin-7-O-β-D-glycoside, protocatechualdehyde, formononetin, and rosmarinic acid were purchased from the National Institutes for Food and Drug Control of China (Beijing, China). Standards of lithospermic acid, ononin, and calycosin were purchased from Tianjin Shilan Technology Co., Ltd. (Tianjin, China). Standards of salvianolic acid A, salvianolic acid B, salvianolic acid D, salvianolic acid T, and salvianolic acid U were obtained from Tianjin Tasly Pharmaceutical Group Co., Ltd. (Tianjin, China). The purities of the above standards were more than 98%. 2, 3, 5-Triphenyl-2H-Tetrazolium Chloride (TTC) solution (2%, G3005), paraformaldehyde (4%, P1110), RIPA lysis buffer (R0020), PMSF (100mM, P0100), BCA Protein Assay Kit (PC0020–50T), and SDS-PAGE Gel Kit (P1200–50T) were purchased from Solarbio (Beijing, China). Evans Blue was purchased from Meilunbio (MB4680-5°g, Dalian, China). Isoflurane (Lot No. B506) was purchased from Ruiwode Lifescience Co., Ltd. (Shenzhen, China). Omnipaque (300 mg I/ml, drug approval number: H20000,595) was purchased from GE Pharmaceutical Co., Ltd. (Shanghai, China). Tandem mass tag (TMT) (6-plex) isobaric label reagents were purchased from Thermo Fisher Scientific (Waltham, MA, United States). Sodium dodecyl sulfate (SDS), DL-dithiothreitol (DTT), Iodoaceamide (IAA), Triethylamine borane (TEAB), and urea were obtained from Bio-Rad (Hercules, CA, United,States). Trypsin was obtained from Promega (Madison, WI). Tris was obtained from Sigma (St. Louis, MO, United States). Anti-Galectin-3 antibody was purchased from the Abcam Company (ab53082, Cambridge, United Kingdom). Anti-β-actin antibody was purchased from Cell Signaling Technology (8457S, Beverly, MA, United States). Goat anti-rabbit IgG H&L was purchased from Zhongshan Jingqiao Biotechnology, Inc. (ZB-5301, Beijing, China). Cytokine IL-6 and TNF-α ELLISA kits were obtained from Shanghai Zhuocai Biotechnology Co., Ltd. (Shanghai, China).
High Performance Liquid Chromatography Analysis
Mixed standards were prepared as follows: all standards were weighed accurately and dissolved in 10 ml of methanol. Mixed standards were then filtered using a 0.45 μm filtration membrane before analysis. Samples were extracted as follows: One hundred fifty milligrams of QSYQ was accurately weighed and ultrasonically extracted with 10 ml of 50% (v/v) methanol by ultrasonication for 30 min. After replenishing the lost weight during extraction, samples were filtered using a 0.45 μm filtration membrane for HPLC analysis.
The HPLC analysis of QSYQ was performed using an Agilent 1,290 Infinity LC, which was equipped with a photodiode array ultraviolet-visible detector. A Waters ACQUITY UPLC BEH Shield RP18 column (2.1 × 100 mm, 1.7 µm) was used to perform the chromatography separation using water (A) and acetonitrile (B) as mobile phases. The gradient elution was set as follows: 0–3 min, 15% B; 3–10 min, 15–20% B; 10–12 min, 20% B; 12–18 min, 20–40% B; 18–24 min, 40–70% B; 24–27 min, 70–95% B; and 27–28 min, 95–8% B. The column temperature was maintained at 25°C with an injection volume of 2 μL and a flow rate of 0.4 ml/min for analysis. Dual-wavelength detection was applied in this analysis: channel A was set as 254 nm; channel B was set as 280 nm from 0 to 3 min and 325 nm from to 28 min.
Experimental Animals
Male Sprague-Dawley (SD) rats weighing 200–220 g were obtained from Beijing Vital River Lab Animal Technology Co., Ltd. (Beijing, China, Certificate No: SCXK [Jing] 2014-0013). Rats were housed under a 12 h light/dark cycle in polypropylene cages, which were well ventilated, and there was a controlled in-house temperature of 22 ± 2°C as well as humidity of 40 ± 5%. Commercial rodent chow (Beijing Vital River Lab Animal Technology Co., Ltd.) and clean water were provided ad libitum. Before the surgery, animals were fasted for 12 h, but with free access to water. The behavioral assessment was executed during the rats’ active periods.
Middle Cerebral Artery Occlusion Model and Drug Treatment
Before the surgery, rats were anesthetized with 4% isoflurane in 70% nitrous oxide (N2O)/30% oxygen (O2). Then, isoflurane was lowered to 2.5% to maintain anesthesia using a small animal anesthesia machine (Matrix VIP 3,000; Midmark, United States). Throughout all surgical procedures, the animal was placed on a heating pad to keep body temperature at 37°C. Surgery was performed using transient MCAO technique as described elsewhere with proper modification (Uluc et al., 2011; Gubskiy et al., 2018; Lopez and Vemuganti, 2018). A ventral midline incision (∼1 cm) was made at the sterile neck and the left common carotid artery (CCA), external cerebral artery (ECA), and internal cerebral artery (ICA) were orderly exposed. After temporarily blocking the left CCA and ICA using two microsurgical clips, two sterile 4–0 silk sutures were placed around the left ECA: one tight ligature was tied as distally as possible from the bifurcation and the other loose ligature was put near the bifurcation. Then, a small hole was created between two silk sutures on the left ECA with a microsurgical scissor and a 3.0–5.0 cm length of silicone-coated 4-0 nylon monofilament (diameter with coating 0.32 ± 0.02 mm, Guangzhou Jialing Biotechnology Co., Ltd., Guangzhou, China) was inserted into the left ECA and gently guided toward the ICA. The microsurgical clip from the ICA was removed and advanced toward the monofilament until the tip occluded the origin of the left middle cerebral artery (MCA), resulting in a decline of local cerebral blood flow to 20% of baseline. After 90 min MCAO, the perfusion of blood flow was regained by withdrawing the monofilament. Before its closing, the wound area was moisturized with sterile saline and lidocaine was applied as a topical analgesic. Isotonic saline was intraperitoneally injected to prevent dehydration. After wound closure, bupivacaine was applied along the sutures and the animal was placed in a temperature-controlled recovery chamber to monitor its behavior for 1–2 h. Finally, the rat was put back to the housing cage and moistened rodent chow was placed on the bottom of the cage to facilitate eating. Sham-operated rats were handled in the same way like the model group, although the monofilament was not used to achieve the occlusion of MCA.
Animal Grouping and Drug Treatment
After 22.5 h reperfusion, two independent observers, who were blinded to the experiment, tested the neurological deficits of the animals that had undergone MCAO surgery according to a five-point scale described previously by Longa et al. with a minor modification (Longa et al., 1989). The criteria were set as follows: score 0, no neurological deficit; score 1, mild focal neurological deficit (failure to fully extend contralateral forelimb); score 2, moderate focal neurological deficit (repetitive circling to the contralateral side); score 3, severe focal neurological deficit (falling to the contralateral side); and score 4, unable to walk spontaneously with a depressed level of consciousness or death. A total of 130 rats with a score between 1 and 2 were selected for the present study. As shown in Supplementary Figure S1, apart from the Sham group, the selected experimental rats were randomly divided into five different groups, including I/R (model), Nim (positive control)+I/R, QSYQ low dose (150 mg/kg) + I/R, middle dose (300 mg/kg) + I/R, and high dose (600 mg/kg) + I/R groups. Rats in QSYQ (150 mg/kg, 300 mg/kg, 600 mg/kg) and Nim (12 mg/kg) groups were orally administered their respective dose once daily for 7 days. Meanwhile, the Sham-operated and I/R model groups were given 0.9% normal saline via gavage at a dose of 10 ml/kg.
Neurological Deficits and Mortality Rate
For the evaluation of neurological function, a modified Neurological Severity Score (mNSS) was used on days 1, 3, 5, and 7, respectively after MCAO. The mNSS was a synthetic scale, including motor function, sensory disturbance, balance, and reflection tests, graded on a score of 0–18 (Chen et al., 2001). The details were shown in Supplementary Table S1. One point was defined as inability to complete the tasks or no response to tests, while higher scores represented more serious neurological deficit. All tests were assessed by two independent investigators who were blinded to the experimental groups. The mortality rate of each group was calculated for the whole period of the drug treatment.
Behavioral Assay
Open field test was executed to evaluate the locomotor activity of experimental animals (Jin et al., 2015). On the 8th day after stroke, the rats were respectively placed in four open field locomotion chambers (50 cm in length× 50 cm in width× 40 cm wall height) made of plywood. The bottom of the chamber was actually divided by white drawn lines, composing nine equal-area grids. After 5 min adaption to the novel environment, the locomotor data of each rat was automatically recorded for 30 min and calculated using the ANY-maze software (version 4.82, Stoelting, United States). The following parameters were analyzed: total distance traveled by the animals and average speed. The behavioral assessment was performed in a quiet room, from 8:00–12:00 a.m., by two observers who were blinded to the animal experiment.
Gait Analysis
For the gait test, CatWalk XT 9.1 (Noldus Information Technology, Wageningen, Netherlands), an automated quantitative gait analysis system, was performed in this study (Orgah et al., 2019). Prior to surgery, rats were trained for at least three consecutive days to adapt to the walkway in a quiet room. On the 8th day after the MCAO or sham-operation, post-surgery testing was executed in the same conditions as the training period. Each experimental animal was placed individually on the runway and allowed to freely run back and forth until three accepted runs were recorded. The subsequent data analysis was handled using the Catwalk XT 9.1 Software. The main gait parameters, including walking speed (the speed of rats across the runway), base of support (distance between girdle paw pairs), stride length (distance the paw traveled from one step to the next), and stand (time duration of the paw in contact with the floor during a step cycle), were employed for assessing the effects of QSYQ on functional recovery. At least two observers who were blinded to the animal grouping carried out the CatWalk test and data analysis.
Micro-CT Imaging and Analysis
After 8 days post-reperfusion, anesthetized rats were intra-arterially injected with a clinically available iodinated x-ray contrast agent (Omnipaque) at 2.0 ml over a period of 20 s. Subsequently, the micro-Computed Tomography (CT) imaging technique was used to visualize the blood-brain barrier (BBB) disruption and cerebral edema (Park et al., 2014; Orgah et al., 2018). In brief, brain micro-CT imaging was performed using a small animal micro-CT imager (Quantum FX; PerkinElmer, United States) with the following main imaging parameters: voltage for 90 kV, current for 180 μA, field of view (FOV) for 40 mm, and scan for 4.5 min. BBB disruption was detected for Omnipaque leakage and cerebral edema was presented with position offset of midline. Next, the “VOL EDIT” module in Analyze 12.0 image analysis software (Analyze Direct, Overland Park, KS, United States) was applied to make 3D reconstructions of whole-cerebral slide images. The “ROI” measure module was used to calculate the mean micro-CT number (HU) of Omnipaque leakage and cerebral hemisphere volumes.
TTC Staining and Quantification of Infarct Volume
After performing micro-CT imaging, brains were quickly removed. Six pieces of 2 mm-thick coronal cerebral slices were obtained using a rat brain matrix (Shenzhen RWD life technology Co., Ltd., Guangzhou, China) and stained with 2% TTC solution in the dark for 10 min at 37°C. After stained cerebral slices were photographed, ImageJ image processing software (ImageJ 1.51, Wayne Rasband, National Institutes of Health, United States) was applied to measure cerebral infarct area. Ratios of infarct volume were displayed as a percentage (%) of (total cerebral infarct volume/total brain volume) ×100 (Lin et al., 1993).
Assessment of BBB Permeability
BBB permeability was examined by the extravasation of Evans Blue (EB) stain into the brain following the tail-vein injection. After 7 days post-reperfusion, rats were injected with 4% EB solution in 0.9% normal saline (2 ml/kg) via the tail vein. 24 h later, the brains suffering perfusion were cut into 2 mm-thick coronal slices. After recording the EB-stained cerebral sections, the Caliper IVIS Lumina K Series III system was used for fluorescent imaging detection [58]. Then, the Living Image® Software (version 4.3.1) was used to quantify the EB leakage via calculating a total radiant efficiency [(p/s)/(μW/cm2)].
TMT-Based Quantitative Proteomics Analysis
Sample Preparation
According to the above experimental results, rats from the model group (n = 3) and QSYQ high dose group (n = 3) were screened to further perform proteomic analysis. A total of eight days after MCAO, anesthetized rats were transcardially perfused with prechilled saline and then the brains were immediately removed. The infarcted cerebral hemisphere tissues were separated, snap frozen in liquid nitrogen, and stored at -80°C until use. Protein extraction from the cerebral tissues were carried out referring to a method previously described (Zhu et al., 2014) with some modifications. In brief, all samples were homogenized in ice-cold lysis buffer. Subsequently, the homogenate was sonicated and boiled for 15 min. After centrifugation at 14,000 g for 40 min at 4°C, the supernatant was filtered with 0.22 µm filters. Protein content was determined using the BCA protein assay kit.
Protein Digestion Based on Filter-Aided Sample Preparation
Protein digestion was performed according to the method of filter-aided sample preparation (FASP) (Wisniewski et al., 2009). 200 μg of proteins for each sample were incorporated into 30 μL SDT buffer (4% SDS, 100 mM DTT, 150 mM Tris-HCl pH 8.0). The detergent, DTT, and other low-molecular-weight components were removed using UA buffer (8 M Urea, 150 mM Tris-HCl pH 8.0) by repeated ultrafiltration (Microcon units, 10 kD). Then 100 μL iodoacetamide (100 mM IAA in UA buffer) was added to block reduced cysteine residues and the samples were incubated for 30 min in the dark. The filters were washed with 100 μL UA buffer three times and then 100 μL100 mM TEAB buffer twice. Finally, the protein suspensions were digested with 4 μg trypsin (Promega) in 40 μL TEAB buffer overnight at 37°C, and the resulting peptides were collected as a filtrate. The peptide content was estimated by UV light spectral density at 280 nm using an extinctions coefficient of 1.1 of 0.1% (g/L) solution that was calculated on the basis of the frequency of tryptophan and tyrosine in vertebrate proteins.
TMT Labeling and Peptide Fractionation
According to the manufacturer’s instructions, 100 μg peptide mixture of each sample was labeled using tandem mass tags (TMT) isobaric label reagents (Thermo Fisher Scientific). Subsequently, pierce high pH reversed-phase peptide fractionation kit (Thermo Fisher Scientific, Waltham, MA, United States) was used to fractionate TMT-labeled digest samples into 15 fractions by an increasing acetonitrile step-gradient elution according to instructions (Wei et al., 2018). The fractions were dried, lyophilized, and stored at -80 C until LC-MS/MS analysis.
Reversed-Phase Liquid Chromatography-Tandem Mass Spectrometry
The NanoLC-MS/MS analysis of each fraction was performed using a Q Exactive mass spectrometer (Thermo Fisher Scientific) that was coupled to an Easy nLC1000 HPLC system (Thermo Fisher Scientific). The labeled peptides were loaded onto a reverse phase trap column (Thermo Scientific Acclaim PepMap100, 100 μm inner diameter× 2 cm, nanoViper C18) connected to the C18-reversed phase analytical column (Thermo Scientific Easy Column, 10 cm long, 75 μm inner diameter, 3 μm resin) in buffer A (0.1% formic acid) and eluted with a 60 min linear gradient - 0–50% buffer B (84% acetonitrile and 0.1% formic acid), 50 min; 50–100% buffer B, 5 min; 100%–100% buffer B, 5 min - at a flow rate of 300 nL/min controlled by IntelliFlow technology. The mass spectrometer was operated in positive ion mode. MS data was acquired using a data-dependent top 10 method dynamically choosing the most abundant precursor ions from the survey scan (300–1800 m/z) for high-energy collision dissociation (HCD) fragmentation. Automatic gain control (AGC) target value was set to 3 × 106 with a maximum ion injection time of 10 ms. Dynamic exclusion duration was 40.0 s. The survey scans were acquired at a high resolution of 70,000 at m/z 200, resolution for HCD spectra was set to 17,500 at m/z 200, and isolation width was 2 m/z. Normalized collision energy was 30 eV and the underfill ratio, which specified the minimum percentage of the target value likely to be reached at maximum fill time, was defined as 0.1%. The instrument was run with peptide recognition mode enabled.
Protein Identification and Quantification
The MS/MS spectra were searched using MASCOT engine (Matrix Science, London, United Kingdom; version 2.2) embedded into Proteome Discoverer 1.4 (Thermo Fisher Scientific). Trypsin was chosen as the enzyme, allowing up to two missed cleavage sites. Carbamidomethylation (C), TMT 6-plex (N-term), and TMT 6-plex (lysine, K) were chosen as fixed modification. Oxidation (methionine, M) was regarded as a variable modification. The peptide mass tolerances were set at 20 ppm for MS1 spectra acquired, and the fragment mass tolerance for MS2 spectra was set to 0.1 Da. In this study, only rank 1 peptide and a false discovery rate (FDR) of ≤1% were accepted. The protein ratios were calculated as the median of only unique peptides of the protein. All peptide ratios were normalized by the median protein ratio, and the median protein ratio should be 1 after the normalization. Comparisons of the protein identification and quantitation results were done between each QSYQ high dose (H) and the corresponding model (M) groups. Significantly regulated proteins between experimental groups were determined based on their p-value (p-value<0.05). Only proteins with more than 1.20-fold or less than 0.833-fold change compared to control groups were considered differentially regulated.
Bioinformatics Analysis
In this study, Cluster 3.0 (http://bonsai.hgc.jp/∼mdehoon/software/cluster/software.htm) and Java Treeview software (http://jtreeview.sourceforge.net) were used to perform hierarchical clustering analysis. Euclidean distance algorithm for similarity measure and average linkage clustering algorithm (clustering uses the centroids of the observations) for clustering were selected when carrying out hierarchical clustering. The acquired protein relative expression data was visualized as a tree heat map. Then, the data, including significantly differential protein name, p-value, and log(fold change), were imported into Ingenuity® Pathway Analysis (IPA) system (http://www.ingenuity.com) to execute further analysis. “Core analysis-Diseases and Functions” module was performed to obtain the top diseases and functions related to the significantly differential proteins. “Build-Connection” module was used to analyze protein-protein interaction (PPI) network.
According to the direct functional degree of each protein, the importance of the protein in the PPI network was displayed. “Path designer” module was used to polish the network images and graphs.
The algorithm of the IPA analysis was based on Fisher’s exact test with the enrichment score of p-value.
Immunohistochemistry Analysis
After 8 days post-reperfusion, brain tissues were quickly obtained from euthanized rats and then fixed in 4% paraformaldehyde for at least 48 h. The fixed tissues were dehydrated and embedded in paraffin blocks to be cut into 5 μm cerebral coronal paraffin slices. Subsequently, the sections were dewaxed in xylene and rehydrated followed by incubation with 3% hydrogen peroxide at room temperature for 10 min to block intrinsic peroxidase activity. After performing antigen repair, the brain slices were treated with blocking buffer (10% bovine serum) at 37 C for 1 h to block any nonspecific antibody responses. Next step, the sections were incubated overnight at 4 C using anti-galectin-3 antibody diluted with blocking buffer (1:50), then sequentially incubated with secondary antibody (the biotin-conjugated goat anti-rabbit IgG) diluted with blocking buffer (1:200) for 40 min at 37 C. The immunoreactivity of galectin-3 protein was visualized using a DAB substrate kit, followed by counterstaining hematoxylin, differentiation with 1% hydrochloric acid alcohol, dehydration, and sealing. Finally, the optical microscope (Vectra 3, PerkinElmer, United States) was carried out to observe and photograph the brain slices. ImagePro Plus software (National Institutes of Health, Bethesda, MD, United States) was executed to quantify the expression of galectin-3 by calculating the average optical density (AOD) value.
Western Blotting Analysis
The frozen post-ischemic hemisphere tissues (n = 3 per group) were collected in ice-cold RIPA lysis buffer containing serine proteases and acetylcholinesterase inhibitors. The lysates were centrifuged at 12,000 g for 10 min at 4 C. The BCA protein assay kit was used to measure the protein concentration. Equal amounts of 30 μg protein extracts were loaded and separated by 12% sodium dodecyl sulfate-polyacrylamide gels (SDS-PAGE) and transferred to polyvinylidene fluoride (PVDF) blotting membrane (GE Healthcare, Millipore, United States) using an electrophoresis apparatus (Tanon Science and Technology Co., Ltd., Shanghai, China). The membrane was blocked with a 5% non-fat milk-Tris-HCl-buffered saline and Tween 20 (TBST) solution for 3 h at room temperature, and then incubated overnight at C with the antibodies of anti-Galectin-3 (1:1,000) and anti-β-actin (1:2,000). After washing three times with TBST, the membrane was incubated with goat anti-rabbit IgG H&L (1:10,000) as the secondary antibody for 2 h at room temperature. After incubation finished, the membrane was washed three times (10 min each) and visualized using enhanced chemiluminescence detection reagents (TransGen Biotech Co., Ltd., Beijing, China). Western blotting bands were captured using the C-DiGit scanner with Image Studio (Version 5.2) imaging system. The quantification of band intensity was performed according to integrated density by ImageJ image processing software (ImageJ 1.42, Wayne Rasband, National Institutes of Health, United States).
Quantitative Real-Time Polymerase Chain Reaction Analysis
Total RNA samples from the post-ischemic hemisphere tissues were isolated using TRIzol® reagent (Invitrogen, Thermo Fisher Scientific, Inc., Waltham, MA, United States) according to the manufacturer’s protocol. Subsequently, the complementary DNA (cDNA) was synthesized from 1 µg total RNA in a 20 µL reaction using Transcriptor First Strand cDNA Synthesis Kit (Roche, Mannheim, Germany).
The Bestar®Sybr Green qPCR Master Mix (DBI®Bioscience, Ludwigshafen, Germany) was used in reverse transcription-quantitative real-time polymerase chain reaction (RT-qPCR) to quantify the mRNA expression levels of LGALS3 (galectin-3), TNF-α, and IL-6 with glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as an internal control. The designed gene-specific primers were obtained by Sangon Biotech (Shanghai, China) and the following oligonucleotide primer sequences were used: for LGALS3 forward 5′-GAG AAC AAC AGA AGA GTC ATC GTG-3′, reverse 5′-GAC CTG TAT TTT GAA TGG TTT GCC-3′; for TNF-α forward 5′-GCG TGT TCA TCC GTT CTC TA-3′, reverse 5′-CGT CTC GTG TGT TTC TGA GC-3′; for IL-6 forward 5′-ACC TGG AGT TTG TGA AGA ACA AC-3′, reverse 5′-GGA AGT TGG GGT AGG AAG GA-3′; for GAPDH forward 5′-GGC CTT CCG TGT TCC TAC C-3′, reverse 5′-CGC CTG CTT CAC CAC CTT C-3′.The amplification and analysis were performed using LightCycler®480 Software Version1.5.0.39 (Roche, Mannheim, Germany) for 45 cycles. The relative mRNA expression levels were calculated using 2−ΔΔCT method, following normalization to the housekeeping gene GAPDH.
Enzyme-Linked Immunosorbent Assay
After 8 days post-reperfusion, the blood samples were collected from anesthetized rats. Then, blood samples were centrifuged at 10,000 rpm for 15 min at 4 C to separate and obtain the serum. In order to measure the expression levels of TNF-α and IL-6 in serum, the rat TNF-α ELISA kit (ZC-37624, ZCi Biotechnology Co., Ltd.) and rat IL-6 ELISA kit (ZC-36404, ZCi Biotechnology Co., Ltd.) were applied according to the manufacturer’s instructions. Finally, the protein concentrations of TNF-α and IL-6 in serum were calculated with the reference to the standard curve acquired from a gradient concentration standard substances provided by the assay kit.
Statistical analysis Statistical analysis was performed using Student’s two-tailed t-test for comparison between two groups and using one-way analysis of variance (ANOVA) followed by Dunnett’s t-test for comparisons between multiple groups. The mortality was analyzed using the Kaplan-Meier survival curve. A value of p< 0.05 was defined as a statistically significant difference. Data from different experiments were expressed either as mean ± SD or mean ± SEM as indicated. GraphPad Prism 7 software (GraphPad Software, Inc., La Jolla, CA, United States) was used to generate all data graphs.
RESULTS
Chemical Profile of Major Ingredients in QSYQ by HPLC
To elucidate the main chemical components in QSYQ, HPLC analysis was performed in this study. A representative HPLC chromatogram was displayed in Supplementary Figure S2. Thirteen constituents in QSYQ were successfully identified according to the comparison of the retention times with standard substances, which was similar with the previous report (Zhang et al., 2018).
QSYQ Improved the Survival Rate and Neurological Scores of Subacute Stroke Rats
The Kaplan-Meier survival curve showed the survival proportion of the stroke-induced rats (Figure 1A). Rats after MCAO significantly increased mortality, especially during the acute period of reperfusion (first 72 h), compared to the sham group within the 7 day period of data collection. As expected, MCAO rats treated with low and middle doses of QSYQ or Nim obviously improved their survival rate (p<0.05). Furthermore, treatment with QSYQ at high doses (600 mg/kg) increased the survival rate from 50 to 84% (p<0.01; Figure 1A). As shown in Figure 1B, rats subjected to sham operation behaved normally without neurological deficit symptoms, however, the left side cerebral I/R surgery caused serious neurological deficit of rats in the model group. Compared with the model group, treatment with Nim or different doses of QSYQ markedly decreased scores with better neurological function. Moreover, QSYQ at middle and high doses had similar effects on neurological function to the Nim group (Figure 1B). In addition, we also carried out an open field test to measure the locomotor activity of experimental animals on post-stroke day 8. The data of total distance traveled by the animals and average speed within the 30 min indicated severe motor deficits in the model group (Figures 1C,D). Fortunately, the Nim, QSYQ middle dose (300 mg/kg), and QSYQ high dose (600 mg/kg) groups significantly enhanced the locomotor activity of stroke rats (p<0.01).
[image: Figure 1]FIGURE 1 | Effect of treatment with QSYQ on survival rate and neurological as well as motor deficits caused by stroke. (A) The Kaplan-Meier survival curve of each group. Treatment with QSYQ at all doses or Nim improved the survival rate compared to the model group. (B) The mNSS scores on days 1, 3, 5, and 7 after I/R surgery. The model group exhibited serious neurological deficit among six groups on days 3, 5, and 7 after drug treatment, whereas QSYQ and positive control groups showed a distinct reduction in mNSS scores. (C) Bar graph representing results of traveled total distance (n = 15). QSYQ at middle and high doses/Nim + I/R groups obviously improved the total traveled distance compared to the stroke rats. (D) Bar graph representing results of mean speed (n = 15). QSYQ at middle and high doses/Nim + I/R groups significantly boosted the mean speed compared to the stroke rats. Data are expressed as the mean ± SD. #p< 0.05, ##p < 0.01, and ###p< 0.001 vs. the sham group; *p< 0.05, **p< 0.01, and ***p< 0.001 vs. the model group. I/R, ischemia/reperfusion; Nim, Nimodipine; QSYQ-L, QSYQ 150°mg/kg-low dose; QSYQ-M, QSYQ 300°mg/kg-middle dose; QSYQ-H, QSYQ 600°mg/kg-high dose.
QSYQ Ameliorated Motion Deficits of Subacute Stroke Rats
In this study, we applied CatWalk XT 9.1 system to conduct the gait test of rats in each group 8 days after the MCAO or sham-operation. The collected footprints of rats from each group were automatically labeled by the system as right front paw (RF), right hind paw (RH), left front paw (LF), and left hind paw (LH). Once auto-classification of labeled footprints was finished, we could obtain the corresponding gait parameters of each labeled paw. Then, a one-way between subjects ANOVA was used to compare the effect of drugs on the function recovery of post-stroke motion impairment for walking speed, base of support (BOS), stride length, and stand time. In subacute phase of stroke, the rats subjected to MCAO significantly reduced walking speed, BOS, and stride length as well as increased stand time (Figure 2). Surprisingly, treatment with QSYQ could dose-dependently enhance walking speed (Figure 2A). Secondly, MCAO rats treated with QSYQ at high dose (600 mg/kg) obviously increased BOS of their front paws and hind paws (Figure 2B).
[image: Figure 2]FIGURE 2 | Locomotive gait analysis and functional recovery of QSYQ treated subacute stroke rats. (A–D) Bar graph representation of main parameter statistics, including walking speed, BOS, stride length, and stand time, for estimating functional recovery of QSYQ-treated stroke rats (n = 8). Left brain lesion induced by I/R resulted in a significant motion deficits of rats. Fortunately, QSYQ treatment could attenuate the abnormal motion function during the 8th-days post-reperfusion. Data are presented as the mean ± SD. #p< 0.05, ##p< 0.01, and ###p< 0.001 vs. the sham group; *p< 0.05, **p< 0.01, and ***p< 0.001 vs. the model group. I/R, ischemia/reperfusion; Nim, Nimodipine; QSYQ-L, QSYQ 150°mg/kg-low dose; QSYQ-M, QSYQ 300°mg/kg-middle dose; QSYQ-H, QSYQ 600°mg/kg-high dose.
For the parameter of stride length, treatment with QSYQ at high dose (600 mg/kg) remarkably improved the impairment of RH, LF, and LH caused by stroke, while treatment with QSYQ at middle dose (300 mg/kg) only increased stride length in RH and LF (Figure 2C). Treatment with high doses of QSYQ positively reduced stand time of RF, RH, and LH (Figure 2D). As expected, treatment with Nim also obviously improved the deficit of locomotor function induced by cerebral ischemia and reperfusion (Figure 2).
QSYQ Reduced Cerebral Infarction Volume and Cerebral Edema in Subacute Stroke Rat Brain
By calculating the cerebral infarction volume in TTC-stained slices and indirectly assessing the severity of brain edema in micro-CT imaging, the brain injury in different groups on the 8th day after MCAO surgery was evaluated. Compared with the sham-operated group, the infarct volume was significantly increased in the experimental ischemic stroke model group (25.87 ± 2.88% of the cerebral volume), whereas treatment with Nim, QSYQ middle dose (300 mg/kg), and high dose (600 mg/kg) could exhibit a positive effect on reducing infarct volume induced by I/R injury (Figures 3A,B). According to the cerebral coronal image, we found that the model group presented the most obvious midline offset caused by cerebral edema, however, treatment with QSYQ at all three doses as well as Nim lessened the degree of midline offset (Figure 3C). Subsequently, Analyze 12.0 image analysis software was used to calculate the cerebral edema. Compared with the sham group, the ratio of the bilateral cerebral hemisphere volume markedly elevated on account of undergoing left MCAO surgical operation (Figure 3D). Similar to the result of Nim, treatment with QSYQ at three doses inhibited the ratio of the bilateral cerebral hemisphere volume, which confirmed that QSYQ treatment reduced cerebral edema in the subacute phase of the experimental animal model of ischemic stroke (Figure 3D).
[image: Figure 3]FIGURE 3 | Effect of treatment with QSYQ on cerebral infarction and cerebral edema in subacute stroke rat brain. (A) Representative images of TTC-stained brain slices of each group. The infarct areas were in white, whereas normal areas were in red. (B) Quantitative analysis of cerebral infarction volumes of each group (n = 6). QSYQ/Nim + I/R group significantly decreased the infarct volumes caused by MCAO. (C) Representative coronal cerebral slice image of each group. Yellow dotted line marks the cerebral midline and red arrows indicate offset distance of midline. (D) Quantitative analysis of the ratio of bilateral brain hemisphere volume of each group (n = 6). Treatment with QSYQ at three doses as well as Nim decreased the raised values of the ratio of bilateral brain hemisphere volume due to left cerebral I/R injury. TTC staining and cerebral edema data are presented as the mean ± SD. #p< 0.05, ##p< 0.01, and ###p< 0.001 vs. the sham group; *p< 0.05, **p< 0.01, and ***p<0.001 vs. the model group. I/R, ischemia/reperfusion; Nim, Nimodipine; QSYQ-L, QSYQ 150°mg/kg-low dose; QSYQ-M, QSYQ 300°mg/kg-middle dose; QSYQ-H, QSYQ 600°mg/kg-high dose.
QSYQ Attenuated BBB Disruption in Subacute Stroke Rats
IVIS fluorescent imaging and brain micro-CT imaging techniques were integrated to detect and quantify the BBB integrity. As a control, no EB extravasation, Omnipaque leakage, and detectable spectrum were observed in the sham group, whereas a significant leakage (EB and Omnipaque) of the BBB was detected in the model samples (Figure 4). Notably, treatment with both Nim and QSYQ high dose (600 mg/kg) significantly lowered EB extravasation and Omnipaque leakage (Figure 4). Treatment with QSYQ at middle dose (300 mg/kg) also reduced Omnipaque leakage, whereas treatment with QSYQ at middle dose (300 mg/kg) attenuated EB leakage to some extent, but did not reach significance (Figures 4D,E). The results of EB and Omnipaque extravasation indicated that treatment with QSYQ at high dose (600 mg/kg) or Nim observably reduced BBB disruption of model rats in the subacute phase of experimental stroke.
[image: Figure 4]FIGURE 4 | Treatment with QSYQ reduced the BBB breakdown in subacute stroke rats. (A) Representative images of cerebral coronal slices of the experimental rats stained with EB dye after undergoing ischemic stroke (n = 5–6). (B) The corresponding fluorescent pictures of EB leakage of brain coronal sections (n = 5–6). (C) Representative cerebral micro-CT images of Omnipaque extravasation of each group (n = 6). Red arrows indicate the position of Omnipaque extravasation. (D) Quantitative analysis of EB leakage of cerebral coronal sections of rats in each group. Treatment with QSYQ at high dose/Nim markedly reduce EB leakage caused by BBB disruption compared with the model group. (E) Quantitative analysis of brain Omnipaque leakage of rats from each group. Treatment with QSYQ at middle and high doses as well as Nim significantly lowered Omnipaque extravasation caused by BBB disruption. The data of total radiant efficiency are expressed as mean ± SEM. The data of Omnipaque leakage are presented as mean SD. #p< 0.05, ##p < 0.01, and ###p < 0.001 vs. the sham group; *p< 0.05, **p< 0.01, and ***p< 0.001 vs. the model group. I/R, ischemia/reperfusion; Nim, Nimodipine; QSYQ-L, QSYQ 150°mg/kg-low dose; QSYQ-M, QSYQ 300°mg/kg-middle dose; QSYQ-H, QSYQ 600°mg/kg-high dose.
Identification of Differentially Expressed Proteins Induced by QSYQ Treatment in the Brain of Subacute Stroke Rats.
To reveal the underlying molecular mechanisms of subacute phase (1.5 h ischemia and 8 days reperfusion) stroke protection against cerebral injury by QSYQ, TMT-based quantitative proteomics analysis was employed on the proteins extracted from ischemic brain tissues of MCAO/reperfusion rats with or without QSYQ treatment. A total of 34,187 unique peptides were detected (only rank 1 peptides and FDR ≤1% were accepted) and 5,813 proteins were identified by one or more unique peptides. Using a strict criteria (fold change >1.20 or <0.833, p-value <0.05), a total of 92 differentially expressed proteins in ischemic brain tissues were detected between QSYQ (high dose)-treated and the model groups. Among them, the expression levels of 40 proteins were significantly elevated with a fold change more than 1.20 in H (QSYQ high dose group) vs. M (model group), whereas the expression levels of 52 proteins were dramatically reduced with a fold change less than 0.833 in H (QSYQ high dose group) vs. M (model group), as displayed in a volcano plot in Figure 5A. Hierarchical clustering analysis of the acquired protein relative expression data were visualized in a tree heat map (Figure 5B), which supported the rationality of selecting differentially expressed proteins. The detailed information of significantly differentially expressed proteins was shown in Supplementary Table S2.
[image: Figure 5]FIGURE 5 | Identification of differentially expressed proteins between QSYQ-treated group and the model group in ischemic brain of subacute stroke rats. (A) Volcano plot of differentially expressed proteins regulated by QSYQ treatment. The differentially expressed proteins in tested samples were presented in different colors. Red stands for the proteins of increased expression, green stands for the proteins of decreased expression, and black stands for proteins that are not differently expressed. (B) A tree heat map of hierarchical clustering analysis of the individual brain samples (n = 3). X-coordinates represented samples and Y-coordinates represented the gene name of differentially expressed proteins. The log2 (fold change) value of differentially expressed proteins in tested samples was expressed in different colors in the heat map, with red indicating up-regulation and blue indicating down-regulation. H means QSYQ at high dose (600 mg/kg) group; M means model group.
Network Pharmacology Analysis Revealed Galectin-3 Mediated Neuroinflammation as a Sey Mechanism of Subacute Stroke Protection by QSYQ.
To discover the molecular mechanisms accounting for the action of QSYQ treatment against ischemia and reperfusion injury, network pharmacology analysis was carried out using IPA system. The “Core analysis-Diseases and Functions” module was executed to gain the top diseases and functions strongly linked to the significantly differentially expressed proteins. Based on the Fisher’s exact test algorithm of IPA, the diseases as well as functions were ranked according to corresponding p-value scores so as to distinguish the relatedness or importance among these proteins and diverse diseases as well as functions. The top 10 diseases and functions influenced by QSYQ in the order of descending -log (p-value) score were inflammatory response, cardiovascular disease, organismal injury and abnormalities, neurological disease, renal and urological disease, cancer, connective tissue disorders, inflammatory disease, skeletal and muscular disorders, and developmental disorder. As the inflammatory response ranked the highest with a -log (p-value) score (Figure 6A), the result indicated that the anti-inflammatory mechanism could be one of the most vital mechanisms to explain QSYQ effective action against experimental stroke. The corresponding differentially expressed proteins involved in inflammatory response determined by “Build-Grow-Diseases and Functions” module of IPA (Figure 6B) showed that 30 proteins, including galectin-3 (LGALS3), albumin (ALB), cathepsin A (CTSA), clusterin (CLU), and transferrin (TF), participated in the inflammatory response. PPI network analysis positioned galectin-3 (LGALS3) and albumin (ALB) as the core proteins regulated by QSYQ since they displayed the most interactions with other significantly differentially expressed proteins revealed by our differential proteomic analysis (Figure 6C). The detailed information of PPI network analysis was shown in Supplementary Table S3.
[image: Figure 6]FIGURE 6 | (A) Diseases and Functions affected by QSYQ were ranked according to the Fisher’s exact test algorithm. Top 20 diseases and functions were displayed in descending order based on -log (p-value) score. Among them, inflammatory response ranked the highest with a -log (p-value) score. (B) 30 important proteins correlated with inflammatory response picked out from 92 differentially expressed proteins modulated by QSYQ. (C) PPI network of the differentially expressed proteins. From the network, galectin-3 (LGALS3) and albumin (ALB) directly interact with the greatest number of proteins.
QSYQ Reversed Galectin-3 Mediated Neuroinflammation in Subacute Stroke Brain Tissues
Based on the results of network pharmacology analysis, the differentially expressed protein of galectin-3 was found to act as a critical target involved in QSYQ-regulated inflammatory response during subacute stroke recovery. Both immunohistochemistry and western blotting were performed to confirm the results from the TMT-based quantitative proteomics analysis. As shown in Figures 7A–D, the protein expression level of galectin-3 was significantly increased in brain tissues of stroke rats in the subacute phase compared with the sham group. Treatment with high dose (600 mg/kg) of QSYQ markedly decreased galectin-3 expression compared to rats that underwent MCAO and reperfusion (Figures 7A–D). This was consistent with the above quantitative proteomic datasets. Since published literature reported that galectin-3 activated TLR-4 and downstream inflammatory targets like nuclear factor κB (NF-κB), resulting in an increase in the release of pro-inflammatory cytokines following brain injury (Burguillos et al., 2015), we compared the mRNA expression of the following genes - LGALS3 (galectin-3), TNF-α, and IL-6 - in rat brain samples from the sham group, cerebral I/R injury model group, and model treated with QSYQ (600 mg/kg) group by RT-qPCR. Compared with the sham group, MCAO and reperfusion caused obvious inflammation, as indicated by significant upregulation of these mRNA levels (Figures 7E–G). Importantly, treatment with high dose (600 mg/kg) of QSYQ distinctly downregulated mRNA expression of these neuroinflammation-related genes compared to the model group (Figures 7E–G).
[image: Figure 7]FIGURE 7 | The regulatory role of QSYQ on galectin-3 mediated neuroinflammation in response to cerebral ischemia and reperfusion injury. (A) Representative images of immunohistochemical staining of galectin-3 protein expression in brain tissue slices (×200 magnification). (B) Quantification of immunohistochemical staining (n = 3). (C) Representative images of western blotting of galectin-3. (D) The quantitative analysis of western blotting (n = 3). Treatment with high doses of QSYQ significantly reduced the protein expression level of galectin-3 compared with the model group. Relative expression levels of cerebral LGALS3 (E), TNF-α (F), and IL-6 (G) mRNA were evaluated by RT-qPCR (n = 3). Results were normalized to GAPDH expression. Treatment with high dose of QSYQ significantly decreased the mRNA expression of galectin-3-mediated inflammation related genes. Quantitative assessment the effect of QSYQ treatment on the release of TNF-α (H) and IL-6 (I) in rats serum following MCAO and reperfusion using ELISA kits (n = 6). The data of western blotting and ELISA are expressed as mean ± SD. Meanwhile, the data of RT-qPCR are presented as mean #p < 0.05, ##p < 0.01, and ###p < 0.001 vs. the sham group; *p< 0.05, **p< 0.01, and ***p< 0.001 vs. the model group. I/R, ischemia/reperfusion; QSYQ-H, QSYQ 600°mg/kg-high dose.
QSYQ Reduced Proinflammatory Factors TNF-α and IL-6 in Serum
To gain an insight into the regulatory role of QSYQ on galectin-3 mediated inflammation in subacute ischemic stroke, serum levels of TNF-α and IL-6 in different groups were determined by ELISA. As shown in Figures 7H,I, concentrations of TNF-α and IL-6 in serum were significantly higher in rats that underwent MCAO/reperfusion compared with that from sham-operated rats. As expected, treatment with QSYQ at high dose (600 mg/kg) markedly lowered the serum concentrations of TNF-α and IL-6 compared with the model group (Figures 7H,I).
DISCUSSION
Recovery after stroke is a complex, dynamic, multifactorial, and multicellular process (Alawieh et al., 2018; Sadler et al., 2020). No drugs or therapies have been approved for stroke recovery to date, in part due to inappropriate experimental models and because screen strategies focusing on single targets and drug molecules were used (Cramer, 2015). Our current study tested a hypothesis that a multi-component medicine, such as QSYQ, targeting different biological pathways would be more effective for post-stroke recovery. At present, QSYQ with the function of Qi-tonifying and blood-activating has been widely used to treat cardiovascular disease in clinic (Han et al., 2019). In addition to the cardioprotection against ischemia/reperfusion injury, we recently also reported the protective effect of pretreatment with QSYQ against CI/RI, which may be partly related to the modulation of neuroinflammatory response in an acute stroke model (Chen et al., 2015; Wang et al., 2020). However, questions remain on whether QSYQ contributes to the therapeutic post-stroke recovery and, if so, what the underlying mechanisms are.
To evaluate the efficacy of QSYQ for post-stroke recovery, we chose Nim as a positive control drug in the present study. Nim is a dihydropyridine calcium channel blocker and has been observed for its therapeutic application in stroke. Babu et al. showed that administration of Nim alleviated excitotoxicity and neurological deficits in experimental ischemic stroke rats (Babu and Ramanathan, 2011). Liu et al. found that Nim treatment reduced infarct volume and pathological damage and improved neurological function of subacute stroke animals (Liu et al., 2016). The beneficial effect of Nim on protecting BBB integrity has also been reported (Li et al., 2019). Since neurological and motor deficits are common in stroke patients, improvement of neural and behavioral outcomes are considered as necessary to estimate the action of anti-stroke drugs (Benjamin et al., 2019). Therefore, in addition to the parameters used in our previous acute CI/RI study, mNSS, open field test, and gait test were integrated to systematically evaluate the neuroprotective function of QSYQ on promoting post-stroke recovery in this work. Similar to Nim, the results indicated that treatment with QSYQ at middle (300 mg/kg) and high dose (600 mg/kg) markedly inhibited cerebral infarct volume as well as ameliorated neurological and behavioral impairment in subacute stroke rats (Figures 1–3), which revealed the beneficial effect of QSYQ on functional recovery.
BBB dysfunction, characterized by the structural disruption of tight junction protein complexes causing increased permeability, ion transporter dysfunction leading to cerebral edema, and further inflammatory damage induced by the infiltration and accumulation of peripheral immune cells and the activation of resident microglial cells, is a prominent pathological feature of ischemic stroke (Jiang et al., 2018). Damage to BBB permeability after cerebral ischemia and reperfusion is apparent in both the acute and subacute phases of ischemic stroke (∼1–7°days) (Jiang et al., 2012). In response to CI/RI, multiple mechanisms may be involved in the restoration of BBB integrity, such as inflammatory response, oxidative stress, and angiogenesis (Jiang et al., 2018). The therapeutic strategies to promote BBB repair may enhance the functional recovery of the subject after ischemic stroke (Boese et al., 2018). In this study, the IVIS fluorescent imaging and brain micro-CT imaging techniques were respectively applied to measure BBB permeability. Significantly, treatment with QSYQ at high dose (600 mg/kg) and Nim obviously reduced the extravasation of EB and Omnipaque on account of BBB breakdown after ischemic stroke, which suggested the positive action of QSYQ against BBB disruption caused by ischemia and reperfusion (Figure 4). The data of micro-CT imaging also indicated decreased cerebral edema after three doses of QSYQ treatment, which could be observed in the subacute stage of CI/RI (Figures 3C,D).
Proteomics analysis takes a holistic approach to deciphering the complexity of biological systems and to characterizing protein interactions and biological networks that mediate physiological and pathological processes of diseases (Ji et al., 2015). In recent years, it has been increasingly applied to reveal the underlying mechanisms of TCM for multiple therapeutic effects on stroke treatment (Ning et al., 2012; Ji et al., 2015). TMT-based proteomics technique, employing chemical peptide labeling with amine-reactive isobaric tags, is a reliable method for large-scale multiplexed proteins relative quantification between multiple samples within a single experiment (Rauniyar et al., 2013). In this study, we applied TMT-based proteomics (TMT-LC-MS/MS) to label ischemic rat brain tissue samples to identify differentially expressed proteins following QSYQ treatment. As a result, a total of 5,813 proteins were identified, of which 92 were significantly differentially expressed (fold change >1.20 or <0.833, p-value <0.05) (Figure 5A). IPA analysis revealed that among the differentially expressed proteins, those with the highest -log (p-value) score were closely associated with inflammatory response, suggesting that post-stroke inflammation may be one of the main mechanisms underlying the beneficial action of QSYQ in enhancing functional recovery after CI/RI (Figures 6A,B). Importantly, subsequent PPI network analysis revealed that an inflammation-related protein named galectin-3 (LGALS3) could be tightly networked with other proteins (Figure 6C) and serve as a key player of QSYQ action at the subacute phase of stroke.
Inflammation has been recognized as a double-edged sword which could be either detrimental or beneficial depending on the particular stages after a stroke. In response to acute ischemic stroke, resident glial cells activation, infiltration of peripheral immune cells, release of pro-inflammatory cytokines and BBB disruption together orchestrate the post-stroke augmented inflammatory response, which contribute to a series of long-term secondary brain damages and neurological behavioral deficits (Rajkovic et al., 2018; Wang et al., 2018). In the late repair phase of CI/RI, neuroinflammation fundamentally participates in multiple brain recovery processes, including post-stroke neurogenesis, neurovascular unit remodeling, post-stroke synaptogenesis, and axonal sprouting, which synergistically promote neurological behavioral outcomes (Wang et al., 2018). Currently, the regulation of inflammation is considered as a primary target for the development of stroke therapies.
Recently, growing evidence has suggested that galectin-3 could act as an endogenous regulator of brain injury-related inflammation (Shin, 2013; Rahimian et al., 2018). In response to cerebral damage induced by stroke, high level expression of galectin-3 was observed in activated microglial cells localized in the ischemic lesion (Lalancette-Hebert et al., 2012). Burguillos et al. showed that microglia-secreted galectin-3 acted as an endogenous ligand for TLR-4 activation to amplify the pro-inflammatory response and led to hippocampal degeneration in the injured brain caused by ischemia (Burguillos et al., 2015). However, galectin-3 deficiency reduced the expression of pro-inflammatory cytokines and exerted a neuroprotective effect (Yip et al., 2017). Prins et al. reported that the absence of galectin-3 attenuated neuroinflammation and ameliorated neurological functional recovery after spinal cord injury (Prins et al., 2016). These findings suggested that galectin-3 could be regarded as a major immunomodulatory molecule that played a significant role in the modulation of brain inflammation and neurodegeneration. In this study, we found that treatment with QSYQ (600 mg/kg) distinctly downregulated the high expression level of galectin-3 protein in brain tissues from MCAO/reperfusion rats according to the quantitative proteomics analysis results, which was verified with the methods of RT-qPCR, immunohistochemistry, and western blot analysis (Figures 7A–E). The results indicated that the neuroprotective function of QSYQ against the subacute phase of CI/RI might act partly through the regulation of galectin-3-mediated inflammatory response.
The inflammatory cytokines, tumor necrosis factor-alpha (TNF-α) and interleukin-6 (IL-6), are generally considered to be representative contributors to neuroinflammation in ischemic stroke and are therefore promising potential targets in future stroke therapy (Lambertsen et al., 2019). In experimental stroke model of rodents, the increased expression levels of TNF-α mRNA and protein were observed in ischemic brain tissues (Berti et al., 2002; Haddad et al., 2006). In the subacute phase of CI/RI, the upregulated level of TNF-α and IL-6 contents could be detected in damaged brain tissues (Yang et al., 2019). The enhanced serum levels of TNF and IL-6 in stroke patients were tested on days 1, 3, and 7 after stroke when compared to the control group (Jiang et al., 2017). Furthermore, TNF-α was also reported to regulate neuronal networks involved in cognition and behavior (Baune et al., 2008). In the present work, we further showed that treatment with QSYQ (600 mg/kg) significantly reduced the mRNA levels of TNF-α and IL-6 in brain tissues of stroke rats after ischemia and reperfusion (Figures 7F,G). Moreover, the serum levels of TNF-α and IL-6 were markedly increased in the subacute phase of stroke, which were reversed by QSYQ (600 mg/kg) (Figures 7H,I). The data suggested that the beneficial effects of QSYQ on brain damage and neurological behavioral dysfunction induced by experimental stroke were partly via the modulation of galectin-3-mediated inflammatory reaction.
LIMITATION AND FUTURE DIRECTIONS
Although we demonstrated the efficacy and mechanism of QSYQ for post-stroke recovery, there are still limitations to this study. First, the clinical relevance of the rat subacute stroke model we used needs to be tested in human studies. Secondly, models of longer-term recovery are to be established and optimized to evaluate drugs and treatments that will benefit real-time patients. Thirdly, differential contributions of Yiqi (Qi-benefitting, i.e., Huangqi) and Huoxue (Blood-activiting, i.e., Danshen + Sanqi) components of QSYQ need to be distinguished and the active components involved needs defining.
CONCLUSION
In summary, the current work provides the first evidence for the beneficial action of treatment with QSYQ against the subacute phase of CI/RI, which may be closely associated with its potential to inhibit MCAO/reperfusion-induced upregulation of brain-injury-related inflammatory regulator galectin-3, as well as the pro-inflammatory cytokines TNF-α and IL-6. The results suggest that QSYQ exerts a neuroprotective role in the damaged brain caused by experimental stroke probably through modulating the galectin-3-mediated inflammatory response. The fact that QSYQ can improve post-stroke outcome needs further clarification, and more thorough and reliable experimental data are required to support its clinical application. Our study may provide a novel therapeutic agent of ischemic stroke.
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C. morifolium flower and C. indicum flower are two closely related herbal species with similar morphological and microscopic characteristics but are discriminated in edible and medicinal purpose. However, there is no effective approach to distinguish the two herbs. A novel workflow for quickly differentiating C. morifolium flower and C. indicum flower was developed. Firstly, the difference in anti-inflammatory effects for C. morifolium flower and C. indicum flower was characterized using lipopolysaccharide-treated rats. Then HPLC fingerprint analysis for 53 batches of C. morifolium flowers and 33 batches of C. indicum flower was carried out to deep profile the chemical components. The preliminary markers were screened out by OPLS-DA, identified by HPLC-ESI-QTOF-MS, and quantified by the improved SSDMC (single reference standard to determine multiple compounds) approach. Finally, multiple statistical data mining was performed to confirm the markers and a binary logistic regression equation was built to differentiate C. morifolium flower and C. indicum flower successfully. In general, the established workflow was rapid, effective and highly feasible, which would provide a powerful tool for herb identification.
Keywords: Chrysanthemum morifolium flower, Chrysanthemum indicum flower, comparative evaluation, anti-inflammatory, phytochemical analysis
INTRODUCTION
Chrysanthemum morifolium flower [Chrysanthemum x morifolium (Ramat.) Hemsl.] and its wild relative, Chrysanthemum indicum flower (Chrysanthemum indicum L.), are commonly used as medicinal and edible cognate plants in Asia. C. morifolium flower and C. indicum flower have been widely used as food supplements, as well as herbal teas and health foods in China for 3,000 years (Lin and Harnly, 2010). Modern pharmacological studies indicate that both the two herbs possess various bioactivities, including anti-inflammation (Su et al., 2012; Han et al., 2015), antioxidation (Cui et al., 2012), cardiovascular protection (He et al., 2012), anticancer (Liu et al., 2018), etc.
In the Chinese Pharmacopoeia, C. morifolium flower is used for “scattering cold,” “cleaning heat and toxin,” and “brightening eyes,” and C. indicum flower is used to remove toxic heat (Chinese Pharmacopoeia Commission, 2020). Inflammation is the basic pathological changes of all these diseases. Inflammatory cytokines play an important role in the process, which is the interaction between pro-inflammatory cytokines like tumor necrosis factor-α (TNF-α), prostaglandin E2 (PGE2), interleukin (IL)-2, IL-6, IL-17, IL-23, and anti-inflammatory cytokines such as IL-4, IL-10, and IL-13 (Cheng et al., 2005). The dynamic change between pro-cytokines and anti-cytokines determines the ending and outcome of inflammation. Research on cytokines in inflammation especially in infective inflammation is meaningful as it may be the next breakthrough of a thorough cure in inflammatory disease (Gabay and Kushner, 1999; Kim et al., 2015). However, a comparative study of the anti-inflammatory activity of the two herbs remains to be investigated.
Though there are some differences between fresh C. morifolium flower and C. indicum flower, multiple batches of C. morifolium flower and C. indicum flower materials were easy to confuse due to different harvest periods, different origins, different processing or other reasons, especially for non-professionals (Fang et al., 2012; Japanese Pharmacopoeia Commission, 2016; Chinese Pharmacopoeia Commission, 2020). In addition, the commercialized products of C. morifolium flower and C. indicum flower are often sold in processed form as powder or extract (shown in Figure 1), which is more likely to lead to species misidentification and subsequent substitution. Furthermore, the two closely related herbal species have similar chemical compositions but are discriminated in medicinal and tea use due to differences in the contents of active compounds (Committee, C. P. 2015). However, the two herbs are usually assessed independently for quality using one or several marker compounds (Wu et al., 2010; Liu et al., 2013; Committee, C. P. 2015). The markers detected might be not sufficient to distinguish between herbal drugs that have similar appearances and/or chemical compositions (Osathanunkul et al., 2016). Therefore, the development of comparative quality evaluation and characterization methods for C. morifolium flower and C. indicum flower is essential.
[image: Figure 1]FIGURE 1 | Representative photos of C. morifolium flower and C. indicum flower.
Therefore, the present study aimed to define the chemical composition and pharmacological characteristics for comparative evaluation of C. morifolium flower and C. indicum flower (shown in Figure 2). First, the anti-inflammation activities of C. morifolium flower and C. indicum flower were systematically compared using lipopolysaccharide-treated rats. Then HPLC fingerprint analysis for 53 batches of C. morifolium flowers and 33 batches of C. indicum flower was carried out to deep profile the chemical components and differentiate the two herbs. The preliminary markers were screened out by OPLS-DA, identified by HPLC-ESI-QTOF-MS, and quantified by the improved SSDMC (single reference standard to determine multiple compounds) approach. Finally, multiple statistical data mining was performed to confirm the markers and a binary logistic regression equation was built to differentiate C. morifolium flower and C. indicum flower successfully.
[image: Figure 2]FIGURE 2 | The graphic workflow of the paper.
MATERIALS AND METHODS
Chemicals, Reagents and Materials
Isochlorogenic acid A, isochlorogenic acid B, isochlorogenic acid C, chlorogenic acid, luteolin-7-O-glucoside, apigenin-7-O-glucoside, linarin, luteolin-7-O-glucuronide, diosmetin-7-O-glucoside, caffeic acid, neochlorogenic acid and cryptochlorogenic acid (purity > 98%) were purchased from Chengdu Must Biological Technology Co. Ltd., (Chengdu, China). Water for HPLC was redistilled. Other chemical reagents were of HPLC grade. Dexamethasone sodium phosphate injection (DEX) (Specification: 1 ml: 2 mg) was purchased from Tianjin pharmaceutical Group Xinzheng Co. Ltd. Lipopolysaccharides (LPS) (Escherichia coli 055: B5) was purchased from Beijing Solaibao Biotechnology Co. Ltd., (Beijing, China). ELISA kits of rat 5-Hydroxytryptamine (5-HT), cyclooxygenase-2 (COX-2), Prostaglandin E2 (PGE2), nitric oxide (NO), nitric oxide synthase (NOS), tumor necrosis factor α (TNF-α), Histamine (HIS), interleukin 1β (IL-1β), IL-4, IL-6, IL-8, and IL-10 were purchased from Beijing Qisong Biotechnology Co. Ltd., (Beijing, China).
As listed in Table 1, 37 samples of C. morifolium flowers were purchased from herb markets, including the two cultivars of “Gongju” (from Huangshan City, Anhui Provence) and “Hangbaiju” (from Tongxiang County, Zhejiang Provence), which were considered as the genuine medicinal materials. From different farms owned by Zhejiang Conba Pharmaceutical Co. Ltd., 16 samples of C. morifolium flower were also collected. In addition, 33 batches of C. indicum flower samples were collected from different provinces in China as summarized in a previous study (He et al., 2016). All of these samples were authenticated based on analyses of microscopic and macroscopic characteristics by Professor Jia Ying and deposited at the Centre of Chinese Material Medica at Shenyang Pharmaceutical University.
TABLE 1 | Sample information of C. morifolium flower and C. indicum flower samples.
[image: Table 1]Apparatus and Chromatographic Conditions
HPLC analysis was performed using a Shimadzu 20A HPLC System (Shimadzu Corporation, Japan) composed of a binary solvent delivery system, an on-line degasser, an auto-sampler, a column temperature controller and a photodiode array detector coupled with Lab solution software. Additional different HPLC instruments were also used, including an Agilent 1260 HPLC system composed of a quaternary solvent delivery system, an on-line degasser, an auto-sampler, a column temperature controller and a photodiode array detector coupled with an analytical workstation. HPLC analysis was performed on a Luna C18 column (4.6 × 250 mm, 5 μm, Phenomenex Inc., CA, United States) with a sample injection volume of 10 μl. The detection wavelength was set at 327 nm, the flow rate was 1.0 ml min−1, and the column temperature was maintained at 25°C. The mobile phase consisted of a mixture of solution A (0.1% glacial acetic acid in water) and solution B (acetonitrile) along a linear gradient as follows: 0–10 min (10–18% B), 10–14 min (18–19% B), 14–20 min (19–19% B), 20–35 min (19–20% B), 35–40 min (20–22% B), 40–45 min (22–25% B), 45–55 min (25–35% B), 55–60 min (95–95% B), 60–65 min (10–10% B).
LC–MSn analysis was performed on an Agilent 1260 HPLC system coupled with a Triple TOF™ 5600 (AB SCIEX, Foster City, CA) with an ESI interface. The mass range was set at m/z 50–1,500. The optimum parameters of the MS/MS detector were set as follows: the ion spray voltage was 5000 V for positive ion mode and −4500 V for negative ion mode, the ion source temperature was set at 500°C, ion source gas 1 was set at 50 psi, ion source gas 2 was set at 50 psi, the curtain gas was set at 30 psi, and the declustering potential was set as 90 V. Peak View® Software V. 2.2 was used for data collection and processing.
Sample Preparation for Bioassay
Fifty grams of C. indicum flower/C. morifolium flower powder was refluxed with1250 ml of 75% EtOH for 2 h, and the extract solution was evaporated in vacuo to an adequate concentration. Then the extract powders were obtained with a freeze-drying method. The yields of C. indicum flower and C. morifolium flower extracts were 25 and 26%, respectively. For the vivo experiment on inflammatory response, both the C. indicum flower exact (CIE) and C. morifolium flower extract (CME) were suspended in 0.5% sodium carboxymethylcellulose at the concentration of 80, 40 and 20 mg/ml prior to use.
Sample Preparation for Qualitative and Quantitative Analysis
The reference mixture solutions of chlorogenic acid (0.1782 mg/ml), luteolin-7-O-glucoside (0.1110 mg/ml), isochlorogenic acid B (0.1234 mg/ml), isochlorogenic acid A (0.1882 mg/ml), apigenin-7-O-glucoside (0.1338 mg/ml), isochlorogenic acid C (0.1122 mg/ml), and linarin (0.2458 mg/ml) were prepared in methanol. The mixed stock solutions were serially diluted to produce calibration standard solutions. All standard solutions were kept at 4°C.
Five hundred milligrams of C. indicum flower (No. Y29)/250 g C morifolium flower (No. H5) powder was accurately weighed and transferred into a flask, followed by the addition of 25 ml of 60% methanol and sonication for 30 min. The supernatant was collected and filtered through a 0.22 μm membrane for qualitative and quantitative analysis.
Evaluation of the Anti-Inflammatory Activity In Vivo
Sprague Dawley (SD) rats (male, 16 weeks of age, 180–220 g) were provided by the Medical Experiment Animal Center of Shenyang Pharmaceutical University. They were housed under controlled temperature (23–25°C) and 12 h light/12 h dark cycle for a week before the experiment. Food and water were freely available. Experiments were conducted in accordance with the guidelines of the Guiding Principles for the Care and Use of Laboratory Animals approved by the Committee for Animal Experiments in Shenyang Pharmaceutical University.
For the experiment, rats were randomly assigned to nine groups (eight for each). CME (100, 200, and 400 mg/kg) and CIE (100, 200, and 400 mg/kg) were tube-fed for 7 days. The dose of linarin was selected based on previous report [20] and our preliminary study. The normal control, positive control group (DEX) and control group (LPS) were given equal amount of vehicle during this period. 0.5 h after final administration, all of the animals except for rats in normal control groups were injected intraperitoneally with 100 μg/kg LPS to induce acute inflammation. Rats in positive control group were injected with DEX (50 μg/kg) 0.5 h before LPS challenge. All of the animals were anesthetized with pentobarbital sodium and then the blood samples were collected from the abdominal aorta at 6 h after LPS injection. Blood samples were immediately centrifuged at 3,000 rpm for 10 min. Sera were collected, frozen, and kept at −80°C until analysis.
Calculation of Relative Conversion Factors in SSDMC Approach
According to the HPLC test results for the reference compound mixture solutions obtained using the method described in Apparatus and Chromatographic Conditions, the relative response factor (RRFX) could be calculated using the ratio of the peak areas and the ratio of the concentration of the analyte and internal reference substance (Eq. 1) (Hou et al., 2014):
[image: image]
where Asi and Axi are the peak areas of the internal reference substance and analyte, respectively, at the concentration level i. The variables Csi and Cxi are the concentrations (at level i) of the internal reference substance and analyte, respectively. N represents the number of concentration levels, which was seven in this work.
With the results of RRFx, the concentration of analyte (Cx) in the samples was calculated based on the following equation:
[image: image]
where Ax and As are the peak areas of the analyte and reference component, respectively. Cx and Cs are the concentrations of the analyte and reference compound in the sample solution and standard solution, respectively. RRFx is the relative response factor of the analyte vs. the reference compound.
Validation of the Quantitative Analysis Method
Analytical method validation ensures the suitability and ruggedness of the method as a quality measure for use across multiple laboratories. The method developed for quantitative analysis of the major caffeoylquinic acids and flavone glycosides in C. morifolium flower and C. morifolium flower was validated by tests of linearity, limits of detection (LODs), limits of quantification (LOQs), accuracy, precision (intra- and inter-day variability), robustness and stability.
RESULTS AND DISCUSSION
Anti-inflammatory Activity of C. morifolium Flower and C. indicum Flower Extract in Lipopolysaccharide-treated Rats
Gram-negative bacterial endotoxins or LPS, are associated with tissue injury and fatal outcome in septic shock (Girish, 2013). It has been demonstrated both experimentally and clinically that sepsis causes the production of a series of proinflammatory cytokines (IL-1β, TNF-α, IL-8, and IL-6), anti-inflammatory cytokines (IL-4 and IL-10), inflammatory mediums (NO, HIS, 5-HT, PGE2), and related enzymes (iNOS, COX-2), which determine the ending and outcome of inflammation (Gouwy et al., 2005; Chen et al., 2018; Dickson and Lehmann, 2019).
In the present study, levels of serum inflammatory cytokines, inflammatory mediums and related enzymes were measured by ELISA at 6 h after LPS injection based on pilot experiments results and the previous reports who demonstrated peaks in serum cytokines concentrations at 4–6 h after LPS injection (Kim et al., 2014). As shown in Figure 3, ELISA results displayed that all extracts of C. morifolium flower and C. indicum flower can cause a dose-dependent decrease in pro-inflammation cytokines, inflammatory mediators and related enzymes, and a dose-dependent increase in anti-inflammatory cytokines for anti-inflammatory effects. Moreover, high dose groups (400 mg/kg) of C. morifolium flower and C. indicum flower exhibited significant difference in inhibition or promotion of inflammatory mediums (NO, HIS, 5-HT, PGE2), and related enzymes (iNOS, COX-2) serum cytokines (p < 0.05), while low (100 mg/kg) and moderate (200 mg/kg) dose groups of C. morifolium flower and C. indicum flower showed no significant variation was observed between each other. Comparatively, high dose group of C. indicum flower reflected stronger inhibitory effects for COX-2, PEG2, 5-HT, TNF-α, IL-β in serum. While, high dose group of C. morifolium flower appeared to show stronger promoting effects for IL-4 and IL-10. In addition, all the groups with the same dose of C. morifolium flower and C. indicum flower showed no significant difference in expression of NOS, NO, HIS, and IL-6.
[image: Figure 3]FIGURE 3 | Anti-inflammation effect of C. morifolium flower extract (CME) and C. indicum flower extract (CIE) in lipopolysaccharide-induced rats. The data are expressed as the mean ± S.D. The significant difference between groups of CME and CIE with different dose was statistically evaluated, respectively, by the Student’s t-test (*p < 0.05).
HPLC Fingerprint Analysis
In the present work, the HPLC fingerprint analysis was validated and considered to be effective and reliable. Then, 53 batches of C. morifolium flower (“Hangbaiju” and “Gongju”) and 33 batches of C. indicum flower samples from different regions (Table 1) were analyzed under the optimized HPLC conditions. Figure 4 shows typical fingerprinting chromatograms of C. morifolium and C. indicum flowers. Eighteen common peaks, which moderately existed in all chromatograms from the samples and indicated similarity among the various samples, were collected from C. morifolium flower samples by comparison of the UV spectra and retention times. Chromatograms of C. indicum flower confirmed the abundance of peak 18 but showed a deficiency of peaks 11, 12, 14, 15, and 16 compared with the spectra of C. morifolium flower samples.
[image: Figure 4]FIGURE 4 | Typical chromatograms of (A) mixed standard solution, (B)C. morifolium flower and (C)C. indicum flower with the compounds numbered as follows: (1) neochlorogenic acid; (2) chlorogenic acid; (3) cryptochlorogenic acid; (4) caffeic acid; (5) luteolin-7-O-rutinoside; (6) luteolin-7-O-glucoside; (7) luteolin-7-O- glucuronide; (9) isochlorogenic acid B (10) isochlorogenic acid A (11) apigenin-7-O-glucoside; (13) isochlorogenic acid C; (15) diosmetin-7-O-glucoside; (16) apigenin-7-O-6″-malonylglucoside (18) linarin.
CFDA suggests that all herbal chromatograms should be evaluated in terms of similarity based on a calculation of the correlation coefficient and/or angle cosine value of the original data (Zhao et al., 2011). The similarities (Table 1) between the mean chromatogram (both C. morifolium flower and C. indicum flower) and each herb sample were within a range of 0.341–0.805 (C. indicum flower) and 0.816–0.947 (C. morifolium flower). These preliminary examinations showed that it was possible to discriminate C. morifolium and C. indicum flower samples by calculating the correlation coefficients of the main secondary metabolite profiles. It also demonstrated that C. indicum flower samples from numerous wild regions had a large fluctuation in quality, while the chromatograms of C. morifolium flower samples considered to be genuine were comparatively stable and consistent. In addition, C. morifolium flower (“Hangbaiju”) samples from Zhejiang Province (samples considered to be genuine) had higher correlation coefficients of similarity (0.833–0.947), while samples (K10-15) from Jiangsu and Hubei Provinces (introduction areas) had lower correlation coefficients of similarity (0.624–0.886). The results indicated that there were differences in the internal quality of “Hangbaiju” between samples grown in Zhejiang and those grown in the other two provinces of Jiangsu and Hubei.
OPLS-DA was used to preliminarily screen out the markers for differentiating C. morifolium and C. indicum flower samples based on the relative peak areas (RPAs) of common peaks. The score plot (Figure 5A) showed that C. morifolium flower and C. indicum flower were separated clearly (R2X 0.736, R2Y 0.756, Q2 0.725). Combined VIP value (Figure 5B) of OPLS-DA (VIP > 1.0) and p value of Student’s t-test (p < 0.05), potential marker pool was generated, which contained peaks 13, 11, 10, 12, 15, 16, 1, 17, 18, 4.
[image: Figure 5]FIGURE 5 | OPLS-DA projection plots in HPLC fingerprint analysis: (A) Score plot of 33 samples of C. indicum flowers (CI) and 53 samples of C. morifolium flowers (CM) from different origins; (B)VIP values of the components in differentiating CM and CI.
Identification of Potential Markers Between C. morifolium and C. indicum Flowers
Based on HPLC-DAD and HPLC-ESI-QTOF-MS analysis, 14 detected peaks in C. morifolium and C. indicum flowers were identified or tentatively characterized using the chemical reference standards by comparing UV spectra, retention times, precursors and fragment ion (m/z) values. The UV spectrums and extracted ion chromatograms of CM and CI were shown in Supplementary Figures S1, S2 in Supporting Information. The structures and detailed MS data of the identified components were summarized in Table 2. Compounds 1, 2 and 3 yielded [M-H]− peaks at m/z 353.0876 (calculated for C16H18O9, 353.0873) and fragment ions at m/z 191.0559 due to the cleavage of the caffeoyl band, suggesting that monocaffeoylquinic acids were present. Compounds 9, 10, and 13 showed [M-H]− peaks at m/z 515.1645 (calculated for C25H24O12, 353.0873), which produced two successive neutral losses from caffeic acid that yielded two stable fragment ions at 353.0845 [M-H-C9H6O3]− and 191.0536 [M-H-2C9H6O3]−, suggesting that dicaffeoylquinic acids were also present. Compound 4 produced [M-H]− peaks at m/z 179.0351 (calculated for C9H8O4), which produced a stable ion fragment at 135.0451 [M-H-CO2]−, suggesting that this compound was caffeic acid. Then, the seven compounds numbered 1, 2, 3, 4, 9, 10, and 13 were unambiguously identified as neochlorogenic acid, chlorogenic acid, cryptochlorogenic acid, caffeic acid, isochlorogenic acid B, isochlorogenic acid A, and isochlorogenic acid C, respectively, based on comparison of the experimental retention times, UV spectra and MSn data with those of the standards.
TABLE 2 | Characterization of constituents by LC-MSn analysis in negative-ion modes.
[image: Table 2]Seven major flavonoids were identified in the two herbal medicines, five of which (peaks 6, 7, 13, 15, and 18) were unambiguously identified by comparing the obtained data with those from the reference standards. The produced ions [M-H-308]− at m/z 287.0393 ([M-H-glucose]−) from compound 5 [M-H-162]− at m/z 287.0393 ([M-H-glucoside]−) from compound 6, and [M-H-176]− at m/z 285.0380 ([M-H-glucuronide]−) from compound 7 were indicative of the glucuronide, glucoside and glucuronide of luteolin, respectively. Compound 11 produced an [M-H]− ion at m/z 431.0954 [M-H]− (calculated for C21H20O10, 465.1033), and moderately abundant [M-H-162]− product ions at m/z 269.0437 were formed through the neutral losses of glucose, indicating that this compound was apigenin-7-O-glucoside. Compound 16 produced [M-H-248]− and [M-H-86]− fragments due to the loss of malonyl-glucose and malonyl (-COCH2COO-) from their molecular ions, suggesting that this compound was the malonyl glucoside of apigenin. The fragment ions [M-H-162]− at m/z 299.0540 produced from compound 15 were indicative of the glucosides of diosmetin, and the fragment ions at m/z 284.0300 were formed by the neutral losses of CH3. The fragment ions ([M-H-rutinoside]−) at m/z 283.0586 from compound 18 were indicative of the rutinoside of acacetin. The fragment ion at m/z 151.0021 yielded through the loss of CH3 showed the existence of a 3′-OCH3 group. In general, these compounds were identified as glycosylated derivatives of apigenin, luteolin, diosmetin and acacetin.
Quantitative Analysis of Potential Markers Between C. morifolium and C. indicum Flowers
Considering that all potential markers between C. morifolium and C. indicum flowers belong to caffeoylquinic acids (Peak 13, 10, 1, and4) or flavone glycosides (Peak 11, 15, 16, and 18), quantitative analysis was conducted for the two types of compounds in the tested samples by improved SSDMC and standard calibration methods.
Calculation of Relative Response Factors and Relative Retention Times
The SDDMC method was mainly developed to simultaneously identify a group of compounds with similar polarity characteristics, UV spectra and chromatographic behaviors (Wang et al., 2015). In this work, chlorogenic acid and luteolin-7-O-glucoside, which were stable, accessible, and abundant in the samples, were selected as internal reference substances to determine the other three caffeoylquinic acids (isochlorogenic acid A, isochlorogenic acid B, and isochlorogenic acid C) and two flavone glycosides (apigenin-7-O-glucoside and linarin). Based on the series of standard solutions, the final RRF of each analyte was calculated using the average of several RRFs detected from the series of concentrations and calculated according to Eq. 1. The calculation of RRT was necessary to identify the peaks using only the internal standard for the SSDMC method. To develop an SSDMC method with general applicability, it was essential to evaluate the ruggedness of the RRT and RRF on different columns (different batches of Luna C18) and equipment. As summarized in Table 3, the RRFs for each analyte were quite similar at the detection wavelength of 327 nm across different HPLC instruments, indicating a good consistency of the RRFs. The RRT for each analyte was stable with the RSDs, with deviations of less than 2.0%, and was found to be suitable for use in the identification.
TABLE 3 | Ruggedness of the RRT and RRF of marker components in C. morifolium/C. indicum flower, n = 7.
[image: Table 3]In addition, previous studies showed that the RRFs of flavones presenting the same or similar skeletons and different substituent groups were correlated with molecular weights (Cui et al., 2016). Due to a lack of reference standards, the RRFs of the three flavone glycosides luteolin-7-O-glucuronide, diosmetin-7-O-glucoside and apigenin-7-O-6″- malonylglucoside were calculated based on analytes with highly similar molar absorptivities and molecular weights. For example, the structures of luteolin-7-O- glucuronide (Mr = 462.3) and diosmetin-7-O-glucoside (Mr = 462.3) were similar to that of luteolin-7-O-glucoside (Mr = 448.3). Thus, the RRFs of the two analytes were both obtained as 1.03 (RRF = 462.3/448.3 × 1.00). The RRF of apigenin-7-O-6″- malonylglucoside (Mr = 518.1), which possessed a structure similar to that of apigenin-7-O-glucoside (Mr = 432.8), was determined to be 0.91 (RRF = 518.1/432.8 × 0.76). Though the results of the three RRFs may deviate from the true value and are only an approximation, the method was validated as an effective alternative for the quality control of C. morifolium flower and C. indicum flower when lacking of the sufficient chemical standard substances.
Validation of the Quantitative Analysis Method
For the ESM method, all of the reference standards solutions related to the analytes to be examined should be prepared first. In contrast, only the internal reference solutions were needed for the SSDMC method. The results calculated via the SSDMC method in this experiment were compared to the results obtained with ESM (shown in Supplementary Tables S1–S8).
The linearity equation was constructed using a series of standard solutions. The calibration curves calculated by plotting the peak area Y against the concentration x (μg/ml) of each compound were Y1 = 2.564×104x + 5.208 × 103, Y2 = 2.006 × 104x + 0.745 × 103, Y3 = 2.756 × 104x + 1.954 × 103, Y4 = 3.129 × 104x + 0.973 × 103, Y5 = 2.628 × 104x + 7.102 × 103, Y6 = 2.918 × 104x + 3.478 × 103, and Y7 = 1.918 × 104x + 7.238 × 103 for Peak 2, 9,10, 13, 6, 11, and 18, respectively. The calibration curves exhibited good linearity (r2 > 0.9993) within the test range. The LOD (S/N = 3) was 0.49–0.79 ng/ml and the LOQ (S/N = 10) was 1.64–2.65 ng/ml for the seven compounds.
Repeatability was assessed by examining three replicate solutions prepared at three different concentrations (high, medium and low). The RSD values for the seven components in samples (H5, Y29) were less than 5.4%. The precision of the method was analyzed by using different operators and performing the analysis on different days, equipment and columns. The RSD values were found to be in the range of 1.2–4.2% (in S3–S7 in Supporting Information). The results showed no remarkable differences between the precision of the two methods, SSDMC and ESM, according to the F-test (p = 0.113 > 0.05).
The method accuracy was determined using a recovery test by assaying the known added amount of analyte in the sample at three concentration levels (75, 100, and 125%). Three replicates of each concentration in samples (H5, Y29) were examined. Recoveries were in the range 95.0–102.0% with RSDs less than 3.2% for the seven analytes in the samples (H5, Y29) (shown in S8-S9 in Supporting Information). The recoveries between the ESM and SSDMC methods showed no remarkable differences using the paired t-test (p = 0.174 > 0.05).
The stability of the sample solutions (H5, Y29) was examined by comparing the peak areas of the same sample solutions after storage for different times. The results demonstrated that the sample solutions were stable for almost 24 h with the RSDs of peak areas less than 2.6%.
Workflow for Differentiating C. morifolium Flower and C. indicum Flower
Four caffeoylquinic acids (Peak 2, 9, 10, and 13) and three flavone glycosides (Peak 6, 11, and 18), in the tested samples were simultaneously determined by SSDMC and standard calibration methods. The quantitative results from the two methods were accordant using the t-test (p = 0.376, p > 0.05). Meanwhile, the other three flavone glycosides (Peak 7, 15, and 16) were determined by the RRFs calculated as described in Calculation of Relative Response Factors and Relative Retention Times. All of the results are summarized in Supplementary Tables S9–S11 in the Supporting Information. Contents of the ten components in the different samples varied greatly, with the total contents of four caffeoylquinic acids ranging from 0.684 to 3.445% in C. morifolium flower and 0.166–2.112% in C. indicum flower, while the total contents of six flavone glycosides ranged from 0.315 to 4.161% in C. morifolium flower and 0.144–2.078% in C. indicum flower. The average amount of Peak18 (linarin, 0.636%) in C. indicum flower was much higher (approximately six-fold) than that in C. morifolium flower but varied significantly among the different samples due to the numerous regions of origin and the variation of wild resources. In contrast, the other five flavone glycosides were detected at significantly lower levels in C. indicum flower. Furthermore, the absolute contents of the four caffeoylquinic acids in C. morifolium flower samples were significantly higher than those in C. indicum flower samples, but the content ratios of the four caffeoylquinic acids were similar in both C. morifolium flower and C. indicum flower.
Based on the quantitative results, Student’s t-test and OPLS-DA (R2X 0.822, R2Y 0.764, Q2 0.715) were used to further screen out markers for differentiating C. morifolium flower and C. indicum flower. Combined VIP value and p value, peaks 13, 16, 11, 15, 16 and 10 were identified as the markers, whose contents were shown as Figure 6. Then to effectively distinguish the two hers from the same genus, a binary logistic regression equation was established as Y = 14.52 − 53.16C13 + 51.52 C6 − 313.09C11 − 445.74 C6 + 109.94C16 + 26.33C10 (Cx represents the content of peak x). When the contents of the six markers were substituted into the equation, the sample was determined as C. morifolium flower if the result was negative and on the contrary for C. indicum flower. The established method was tested with multiple batches of samples collected from different regions, and the accuracy ratewas 100%, which proved the robust of the model.
[image: Figure 6]FIGURE 6 | Contents of markers in C. indicum flower (CI) and C. morifolium flower. (*p < 0.05).
CONCLUSION
In summary, we demonstrated a systematic study for comparing C. morifolium flower and C. indicum flower from chemical composition to pharmacological characteristics. The difference in anti-inflammatory activity between the two herbs was firstly characterized. Potential markers for distinguishing C. morifolium flower from C. indicum flower were preliminarily screened out by HPLC fingerprint analysis combined with statistical methods and identified by HPLC-ESI-QTOF-MS. And improved SSDMC approach was used for quantifying the potential markers of four caffeoylquinic acids and six flavone glycosides. Finally, a binary logistic regression equation based on the contents of markers was built to differentiate C. morifolium flower and C. indicum flower successfully. The workflow for differentiating C. morifolium flower and C. indicum flower was effective and would provide a powerful tool for herb identification.
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Yi-Qi-Jian-Pi Formula Suppresses RIPK1/RIPK3-Complex-Dependent Necroptosis of Hepatocytes Through ROS Signaling and Attenuates Liver Injury in Vivo and in Vitro
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Acute-on-chronic liver failure (ACLF) is described as a characteristic of acute jaundice and coagulation dysfunction. Effective treatments for ACLF are unavailable and hence are urgently required. We aimed to define the effect of Yi-Qi-Jian-Pi Formula (YQJPF) on liver injury and further examine the molecular mechanisms. In this study, we established CCl4-, LPS-, and d-galactosamine (D-Gal)-induced ACLF rat models in vivo and LPS- and D-Gal-induced hepatocyte injury models in vitro. We found that YQJPF significantly ameliorates liver injury in vivo and in vitro that is associated with the regulation of hepatocyte necroptosis. Specifically, YQJPF decreased expression of receptor-interacting protein kinase 1 (RIPK1), receptor-interacting protein kinase 3 (RIPK3) and pseudokinase mixed lineage kinase domain-like (MLKL) to inhibit the migration of RIPK1 and RIPK3 into necrosome. YQJPF also reduces the expression of inflammatory cytokines IL-6, IL-8, IL-1β, and TNF-α, which were regulated by RIPK3 mediates cell death. RIPK1 depletion was found to enhance the protective effect of YQJPF. Furthermore, we showed that YQJPF significantly downregulates the mitochondrial reactive oxygen species (ROS) production and mitochondrial depolarization, with ROS scavenger, 4-hydroxy-TEMPO treatment recovering impaired RIPK1-mediated necroptosis and reducing the expression of IL-6, IL-8, IL-1β, and TNF-α. In summary, our study revealed the molecular mechanism of protective effect of YQJPF on hepatocyte necroptosis, targeting RIPK1/RIPK3-complex-dependent necroptosis via ROS signaling. Overall, our results provided a novel perspective to indicate the positive role of YQJPF in ACLF.
Keywords: acute-on-chronic liver failure, reactive oxygen species, inflammation, hepatocytes necroptosis, Yi-Qi-Jian-Pi formula
INTRODUCTION
Acute-on-chronic liver failure (ACLF) is a syndrome characterized by acute decompensation of chronic liver disease, which has a high short-term mortality rate, and it seriously threatens the lives of patients with chronic liver disease (Xiang et al., 2020). However, the pathogenesis of ACLF remains poorly understood. Among Asian countries, the prevalence of hepatitis in China is still high. There are approximately 97 million hepatitis B virus (HBV) carriers and one million hepatitis C virus (HCV)-infected patients in China. Chronic viral hepatitis is still the basis in ACLF (Xie et al., 2019). Virus replication and bacterial infection are the main causes of liver failure. However, no effective therapy for liver failure beyond supportive treatment is currently available; hence, a new treatment or medicine against liver failure is needed. Previous studies have suggested that ACLF develops in patients with cirrhosis as a consequence of precipitating events leading to acute decompensation and multi-organ failure (Sarin and Choudhury, 2016). Despite variations in the definition of ACLF in different regions, progressive, unrelenting hepatocyte injury and death are common hallmarks of ACLF, which have been well-documented as pathobiology of ACLF. Effective treatments to target hepatocyte injury and death due to ACLF are lacking and thus are urgently required. Unlike apoptosis and pyroptosis, necroptosis is a caspase-independent death program (Asrani et al., 2019). The dying cells exhibit none of the morphological characteristics of apoptosis, instead these cells display the swelling associated with necrosis; the dying cell can trigger an innate immune response, cause the release of inflammatory cytokines, and exacerbate tissue damage (Wang et al., 2014). The inhibitors of necroptosis could have therapeutic potential.
Traditional Chinese medicines have received attention worldwide in last few decades because of their satisfactory therapeutic effects, facile availability, and cost-effectiveness (Bajaj et al., 2018; Engelmann et al., 2020). Our previous study confirmed that the treatment with Yi-Qi-Jian-Pi Formula (YQJPF) composed of Huangqi, Taizishen, Baizhu, Chenpi, Danggui, Fulin, Huangqin, and Gancao can ameliorate HBV-ACLF. Corethrodendron multijugum (Maxim.) B. H. Choi and H. Ohashi (Huangqi in Chinese) and Pseudostellariae Radix, Pseudostellaria heterophylla (Miq.) Pax (Taizishen in Chinese) are Monarch drugs; Angelicae Sinensis Radix, Angelica sinensis (Oliv.) Diels (Danggui in Chinese), Wolfiporia extensa (Peck) Ginns (Fulin in Chinese), Atractylodes lancea (Thunb.) DC (Cangzhu in Chinese) and Atractylodes macrocephala Koidz (Baizhu in Chinese) are Ministerial drugs; and Citrus Reticulata, Citrus × aurantium L. (Chenpi in Chinese), Scutellariae Radix Scutellaria baicalensis Georgi (Huangqin in Chinese), and licorice, Glycyrrhiza uralensis Fisch. ex DC., G. glabra L., and G. inflata Batalin (Gancao in Chinese) are adjuvants. A retrospective cohort study on 60 patients with HBV-ACLF reported that YQJPF could prevent the development of liver failure and improve the Model for End-Stage Liver disease score (Zhang Z. et al., 2014; Lian et al., 2015). However, the regulation mechanism of its effect has not been elucidated. Atractylone is the main sesquiterpenic constituent of Atractylode japonica, which is a necessary component of YQJPF. Atractylode japonica was used to treatment of several diseases such as rheumatic diseases, digestive disorders, hepatic protection and influenza for a long history in China. Additionally, atractylone was reported to have anti-inflammatory and anti-hepatotoxic effects (Cheng et al., 2019).
In the present study, we developed in vivo and in vitro models with d-galactosamine (D-gal)/LPS injection that recapitulate some features of clinical ACLF. In these models, we assessed the features of ACLF in laboratory settings. Further, ACLF models were treated with YQJPF to assess its effect on liver injury. Additionally, we explored the role of inflammation infiltration and hepatocyte necroptosis and the potential mechanisms for the treatment of liver injury in ACLF.
MATERIALS AND METHODS
Reagents and Antibodies
Methylprednisolone was obtained from the Nanjing Hospital affiliated to Nanjing University of Chinese Medicine (Nanjing, Jiangsu China) and was dissolved in PBS to a concentration of 30 mg/ml and was stored at 4°C. Necrotatin-1 (Nec-1) and 4-hydroxy-TEMPO (Tempol) were bought from Sigma-Aldrich (St Louis, MO, United States). Dulbecco’s modified essential medium (DMEM), fetal bovine serum (FBS), Opti-MEM medium, phosphate-buffered saline (PBS), and trypsin-EDTA were purchased from GIBCO (Grand Island, NY, United States). The antibodies against β-actin (20536-1-AP), RIPK1 (17519-1-AP), and RIPK3 (17563-1-AP) were purchased from Proteintech Group, Inc (Rosemont, IL, United States). Caspase-3 (#9662), cleaved-caspase-3 (#9664), caspase-8 (#9746), cleaved-caspase-8 (#9748), TNF-α (#11948), IL-18 (#54943), IL-1β (#12242), and IL-6 (#12153) were procured from Cell Signaling Technology (Danvers, MA, United States). Mixed lineage kinase domain-like protein (MLKL; ab243142) were purchased from Abcam Technology (Abcam, Cambridge, United Kingdom).
Preparation and High-Performance Liquid Chromatography of YQJPF for Quality Control
YQJPF was provided by Nanjing University of Chinese Medicine, Nanjing Hospital Affiliated to Nanjing University of Chinese Medicine. YQJPF was prepared from nine commonly used Chinese herbal medicines (Table 1). All the herbal constituents were obtained from the Beijing Tong Ren Tang Co. Ltd. (Beijing, China). Huangqi, Taizishen, Baizhu, Chenpi, Danggui, Fulin, Huangqin, and Gancao were mixed in the ratio 30:30:30:10:15:15:3:10:10.
TABLE 1 | The composition of traditional Chinese medicine in Yi-Qi-Jian-Pi Formula (YQJPF).
[image: Table 1]Then, all herbs were decocted twice and the decoction liquids were concentrated to a density of 2.86 g/ml and was stored at 4°C. For quality control, HPLC analysis was used as previously described (Yao et al., 2018). YQJPF were assessed using an Agilent 1,260 liquid chromatography system (United Kingdom). Briefly, 10 μl YQJPF solution was injected into an apparatus with an auto sampler. Chromatographic separation was implemented at a flow rate of 1 ml/min with an Agilent C18 column (4.6 mm × 250 mm, 5 μm). The separation phase was composed of 0.2% phosphoric acid (A) and acetonitrile (B). The linear concentration solution gradually increases from 2 to 72% of solvent B over the course of 45 min. The separation temperature was 40°C, with a detection wavelength of 254 nm. The results are shown in Figure 1.
[image: Figure 1]FIGURE 1 | Establishment of a new model of ACLF in rats and the experimental procedures. Rats were randomly divided into the following seven groups (eight rats in each group).
Animals and Experimental Design
A total of 56 male Sprague-Dawley rats, with the body weight of 180–220 g, were purchased from Beijing Vital River Laboratory Animal Technology Co. Ltd (Beijing, China). All animals were housed with laboratory chow and tap water at 22 ± 2°C under 55 ± 5% humidity-controlled environment and a 12-h light–dark cycle. The experimental design was approved by the Institutional and Local Committee on the Care and Use of Animals of Nanjing University of Chinese Medicine (Nanjing, China). All animals were provided care in compliance with the National Institutes of Health (United States) guidelines. A mixture of CCl4 and olive oil [1:1 (w/v)] was used to induce liver cirrhosis in rats (1.5 ml/kg body weight). LPS (100 μg/kg) and D-Gal (400 mg/kg) were used to induce acute liver injury. The mice were randomly divided into seven groups (n = 8 for each group). The experimental groups were as follows (Figure 2):
Group 1: control group; i. p. with olive oil.
Group 2: chronic liver injury model group; i. p. with CCl4 for 12 weeks.
Group 3: acute liver injury model group; i. p. with LPS and D-Gal once.
Group 4: ACLF model group; i. p. with CCl4 for 12 weeks followed by i. p. with LPS and D-Gal once.
Group 5: YQJPF low-dose treatment group; i. p. with CCl4 for 12 weeks and i. g. with YQJPF (14.3 g/kg) for 2 weeks followed by i. p. with LPS and D-Gal once.
Group 6: YQJPF high-dose treatment group; i. p. with CCl4 for 12 weeks and i. g. with YQJPF (28.6 g/kg) for 2 weeks followed by i. p. with LPS and D-Gal once.
Group 7: methylprednisolone treatment group; i. p. with CCl4 for 12 weeks and i. p. with methylprednisolone (15 mg/kg) for 2 weeks followed by i. p. with LPS and D-Gal once.
[image: Figure 2]FIGURE 2 | The major components in YQJPF were assessed using HPLC. Calycosin-7-O-β-D-glucoside, ferulic acid, hesperidin, and glycyrrhizic acid were found to be in the amounts of 0.3676, 0.6639, 2.442, and 0.4028 mg/ml, respectively.
Cell Culture
Human LO2 cell line was obtained from the Cell Bank of Chinese Academy of Sciences (Shanghai, China). Cells were cultured in DMEM with 10% FBS and 1% antibiotics and were incubated in 5% CO2 and 95% air humidified atmosphere at 37°C.
Liver Histopathology
Liver hematoxylin and eosin (H&E) and Masson and Sirius Red staining were performed as per the previously described methods (Jin et al., 2016). Representative pictures of liver sections were displayed.
Serum Biochemistry
Blood samples were collected and incubated at room temperature for 1 h, and extracted serum was collected after centrifugation. Levels of alkaline phosphatase (ALP), aspartate aminotransferase (AST), and alanine aminotransferase (ALT) in serum were measured using enzyme-linked immunosorbent assay kits (Nanjing Jinting Bioengineering Institute, Nanjing, China) according to the manufacturer’s protocols.
Determination of Hepatic mtDNA, ATP, Malondialdehyde, and Superoxide Dismutase Levels
Liver tissues were treated according to the treatment regimen mentioned earlier After treatment, hepatic mtDNA, ATP, malondialdehyde (MDA), and superoxide dismutase (SOD) were quantified using corresponding kits (Nanjing Jinting Bioengineering Institute, Nanjing, China) according to the manufacturer’s instructions.
Immunohistochemistry
Immunohistochemical staining of liver tissue was performed using antibodies against caspase 8, MLKL, RIPK1, and RIPK3, as previously described (Zhang F. et al., 2014). Representative pictures of liver sections were displayed.
Cell Viability Assay
To assess the effects of different treatments on cell proliferation, Cell viability analysis was performed using MTT. In brief, The LO2 cells were seeded into 96-well plates at a density of 3 × 103 cells per well. After incubating for 24 h, the cells were treated with LPS (10 μg/ml) and D-Gal (10 mg/ml) for 4 h for the hepatocyte injury model. Further, the cells were treated with serial concentration gradients of YQJPF and atractylone for another 24 h, with triplicates for each concentration. Then 5 mg/ml MTT was added in cells, and cells were incubated at 37°C for 4 h, and the absorbance was measured at a wavelength of 490 nm. Independent experiments were performed in triplicates.
Trypan Blue Staining
Cell death was determined using the trypan blue staining assay (Beyotime Biotechnology, Shanghai, China). In brief, after YQJPF treatment, the cells were digested using trypsin without EDTA followed by centrifugation. The cells were further washed twice with PBS and were resuspended in PBS. Cell suspension and trypan blue solution were mixed gently in 1:1 ratio and allowed to stand for 3 min. A few of the stained cells were counted with a hemocytometer, and photographs were taken in a blinded fashion at random fields. Stained blue cells represented dead cells.
RNA Isolation and Real-Time PCR
Total RNA was extracted from liver tissues and LO2 cells by using Trizol reagent according to the manufacturer’s protocol (Sigma-Aldrich, St. Louis, MO, United States) and further reverse-transcribed into cDNA by using PrimeScript RT reagent kit (TaKaRa Biotechnology, Beijing, China). Real-time PCR was performed using the SYBR Green I fluorescent dye (TaKaRa Biotechnology, Beijing, China), according to the manufacturer’s protocol. Glyceraldehyde phosphate dehydrogenase (GAPDH) served as an invariant control, and mRNA levels were expressed as fold changes after normalizing to GAPDH. The experiment was performed in triplicates. Primers (Genscript, Nanjing, China) are listed in Table 2 below.
TABLE 2 | Primers used for human LO2 cells.
[image: Table 2]Western Blot
Cells and liver samples were lyzed using a mammalian lysis buffer (Sigma St. Louis, MO, United States) and were denatured in SDS loading buffer. Then, western blot analysis was performed according to the manufacturer’s instructions (Bio-Rad, Hercules, CA, United States). Thereafter, Cells and liver samples were incubated overnight with antibodies against caspase 3, cleaved-caspase-3, caspase 8, cleaved-caspase-8, MLKL, RIPK1, RIPK3, IL-6, IL-18, IL-1β, and TNFα at 4°C. Protein detection, band visualization, and quantification were performed as per the manufacturer’s instructions. Anti-β-actin antibody (Danvers, MA, United States) was used as a loading control.
Immunoprecipitation Assay
The immunoprecipitation assay was performed using co-immunoprecipitation (Co-IP) kit (Thermo) as per manufacturer’s instructions. Briefly, the cell lysates were incubated with anti-RIPK1 and anti-RIPK3 antibodies. Protein G-agarose beads were added and incubated overnight to precipitate the protein complexes. Western blot analysis was performed to detect the protein complexes expression.
Immunofluorescence Analysis
LO2 cells were seeded on 24-well plates and cultured in DMEM with 10% FBS. Afterward, they were treated with corresponding reagents for 24 h. Then, the cells were fixed with 4% PFA for 30 min at 37°C, permeabilized with PBS-T (0.1% Triton x-100 dissolved in PBS), and blocked with PBS-B (4% BSA dissolved in PBS). The cells were stained with the corresponding antibody (1:200 dilution) overnight at 4°C, followed by incubation with FITC-labelled goat anti-rabbit IgG (1:100 dilution) for 2 h. Finally, 4′,6-diamidino-2-phenylindole (DAPI) staining was performed by incubation in dark for 5 min, and the fluorescence was observed using a fluorescence microscope (Nikon, Tokyo, Japan) to visualize the nuclei.
Enzyme-Linked Immunosorbent Assay (ELISA)
Levels of IL-6, IL-8, IL-1β, and TNF-α in serum were measured using ELISA kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) according to the manufacturer’s instructions.
Intracellular ROS Assay
The level of intracellular ROS was determined using an oxidation-sensitive fluorescent probe, 2′,7′-dichlorodihydrofluorescin diacetate (DCFH-DA) (Beyotime Biotechnology, Shanghai, China). Briefly, LO2 cells were seeded in a 24-well plate and pre-treated with ROS scavenger Tempol (10 μM) for 1 h before exposing to YQJPF or selective RIPK1 inhibitor Nec-1. DCFH-DA probe was subsequently incubated with LO2 for 30 min. Subsequently, ROS levels were detected according to the manufacturer’s instructions.
Determination of Mitochondrial ROS
We determined mitochondrial ROS production by using a fluorescent probe, MitoSOX, which is a red mitochondrial superoxide indicator for live cell imaging (Molecular Probes; Life technologies). Briefly, LO2 cells were treated with YQJPF or selective RIPK1 inhibitor Nec-1. Further, LO2 cells were incubated with MitoSox reagent (5 μM) for 10 min at 37°C and washed with PBS. The red fluorescence density was detected using a fluorescence microscope (Nikon, Tokyo, Japan) with the rhodamine channel.
Mitochondrial Membrane Potential Assay
The mitochondrial membrane potential (MMP) was determined using 5.5′,6.6′-tetrachloro-1.1′,3.3′-tetraethylbenzimidazolylcarbocyanine iodide (JC-1) (Beyotime Biotechnology, Shanghai, China) staining as per the manufacturer’s protocol. LO2 cells were washed with PBS and incubated with JC-1 working solution at 37°C in dark for 20 min. After removing JC-1 solution, the cells were washed with PBS, and images were taken using a fluorescence microscope (Nikon, TiE, Japan) with both red and green channels. The MMP is represented by the average red/green fluorescence intensity ratio.
Transmission Electron Microscopy
LO2 cells were seeded in six-well plates (14,000 cells/well). After the corresponding treatment, transmission electron microscopy (TEM) images were obtained using a JEM 1010 transmission electron microscope (JEOL, Tokyo, Japan). Briefly, LO2 cells were fixed in Karnovsky fixative solution (2% paraformaldehyde and 2.5% glutaraldehyde in 0.15 mol/L sodium cacodylate buffer, pH 7.1–7.3) during 1 h and then washed three times in a cacodylate buffer for 15 min. Then pellets were embedded into 2% agar and postfixed in 1% osmium tetraoxide in a cacodylate buffer during 1 h. Samples were then dehydrated in 50, 70, 95, and 100% of acetone for 2, 10, 30, and 60 min, respectively, and embedded into Durcupan ACM (Fluka, Analytical Sigma-Aldrich; Switzerland). And the ultrathin sections (70 nm) were placed on nickel grids and examined at 100 keV. For each group, electromicrographs were recorded at a microscope magnification of ×10,000.
Flow Cytometer Analysis
FITC Annexin V apoptosis detection kit (BD Pharmingen™, BD Biosciences) was used for detection of cell apoptosis. Briefly, LO2 cells were seeded in six-well plates in complete medium and allowed to attach for 24 h. Then, cells were treated as indicated. Cells were further incubated for 24 h, in 5% CO2 at 37°C. After that, cells were trypsinized, washed in PBS and stained according to kit according to the manufacturer’s instructions. Stained cells were analyzed using BD Accuri C6 flow cytometer (BD Pharmingen™, BD Biosciences) and data was processed with FlowJo_v10.6.2 software. Each sample was assessed using a collection of 10,000 events. The mean values and standard deviations were calculated from three independent experiments.
Statistical Analysis
Two-tailed Student’s tests and one-way ANOVA analysis were performed using GraphPad Prism software v. 7.0 (Graph Pad Software Inc., San Diego, CA). The values and data are presented as the mean ± SEM from three independent experiments. A p value of <0.05 was considered statistically significant.
RESULTS
YPJPF Alleviated Liver Injury In Vivo
The ACLF rat model was pre-established through intraperitoneal injection of CCl4 for 12 weeks. Further, acute liver injury was induced by using a combination of LPS and D-Gal. And YQJPF was given for 2 weeks to investigate the protective effect on ACLF rats. In addition, methylprednisolone (Sou-Medrol) was used as a positive control drug, which has been confirmed as a therapeutic agent for ACLF (Zhao et al., 2012; Jia et al., 2020). And the establishment of a new model of ACLF in rats and the experimental procedures as shown in Figure 2. The livers in ACLF model became small and hard accompanied by necrosis, with small nodules on their surface; however, YQJPF and methylprednisolone were found to effectively ameliorate the liver morphology. Pathological examinations were used to manifest the effects of YQJPF on hepatic injury. As shown in H&E staining, YQJPF and methylprednisolone ameliorated the disordered hepatic structure (Figure 3A). The effect of YQJPF on liver injury was evaluated. Detection of serum biochemical indicators indicated improvement in liver injury indices such as TBil, ALT, and AST contents after 2 weeks of YQJPF and methylprednisolone treatment in rats with ACLF (Figures 3B–E). In summary, YQJPF and methylprednisolone significantly ameliorated liver injury in ACLF model rats.
[image: Figure 3]FIGURE 3 | YPJPF alleviated liver injury in vivo.(A) Ratio of liver weight and body weight. (B–D) TBIL, AST, and ALT levels in serum. (E) Representative pictures of liver tissues and photograph of H&E-stained sections (Scale bars, 100 μm). Data are expressed as mean ± SD (n = 8) *vs. control group, *vs. ACLF group; *p < 0.05, **p < 0.01; #p < 0.05, ##p < 0.01.
Protective Effect of YQJPF on LPS- and D-Gal-Induced Hepatocyte In Vitro
Generally, massive hepatocyte death is implicated in ACLF. Here, we used LPS (10 μg/ml) and D-Gal (10 mg/ml) to induce liver injury in LO2 cells. MTT assay showed that LPS and D-Gal inhibit cell viability, whereas YQJPF and atractylone could promote cell viability in a dose-dependent manner. YQJPF above 10 μg/ml and atractylone at 5 μM showed a significant effect (Figures 4A,B). Light microscopy indicated that the adherent LO2 cells are swollen, and the cell morphology changed after LPS and D-Gal treatment for 4 h. YQJPF and atractylone could improve microscopic performance (Figure 4C). Levels of AST and ALT were detected to assess the hepatocytic damage. The levels of ALT, AST, and LDH in the supernatant of cultured LO2 cells were detected by ELISA. Results showed significantly increased levels of ALT, AST, and LDH in the model group and decreased levels of those in YQJPF and atractylone treatment groups (Figures 4D–F). Thus, YQJPF and atractylone exerted a protective effect on LPS- and D-Gal-induced hepatocytic injury.
[image: Figure 4]FIGURE 4 | Protective effect of YQJPF on LPS- and D-Gal-treated hepatocytes in vitro. Human LO2 cells were treated with LPS + D-Gal for 4 h and further treated with YQJPF and atractylone at indicated concentrations. (A,B) MTT assay to study LO2 cell viability. (C) Cell morphology assessment. Scale bar, 200 μm. (D–F) ALT, AST, and LDH levels in LO2 cell culture. Data are expressed as mean ± SD (n = 6). *vs. control group, #vs. LPS + D-Gal group; *p < 0.05, **p < 0.01; #p < 0.05, ##p < 0.01.
YQJPF Inhibited Necroptosis but Not Apoptosis on LPS- and D-Gal-Induced Hepatocytic Injury In Vitro
Necrosis and apoptosis are the most common pathways of death during liver injury (Schwabe and Luedde, 2018). Hence, we first examined which pathway plays a significant role in LPS- and D-Gal-induced hepatocytic injury. The result of the TUNEL assay indicated that YQJPF (10, 20, and 40 μg/ml) and atractylone (5 μM) have no effect on apoptosis (Figure 5B). The protein expression of key indicators such as caspase 3, caspase 8, and the cleaved caspase-3 and caspase-8 did not change after LPS and D-Gal treatment (Figure 5C). Then, the cell apoptosis was determined by flow cytometry, and results indicated that YQJPF and atractylone have no effect on apoptosis (Figure 5D). Therefore, LPS- and D-Gal-induced cell death was not dependent on apoptosis because no obvious apoptotic features could be observed. YQJPF and atractylone prevented cell death without influencing apoptosis. Next, we assessed whether necroptosis plays a role in this process. Positive result in trypan blue staining indicated that membrane permeability is altered by LPS and D-Gal. YQJPF or atractylone treatment significantly decreased the number of dead cells (Figure 5A). To confirm our findings, we used TEM analysis to observe cell morphology and structure. The cells exhibited a typical necrotic cell death morphology, including swelling of organelles (especially mitochondria), condensation of chromatin into small, irregular patches, and chromatin margination, after LPS and D-Gal treatment (Figure 5E). YQJPF could restore cell morphology and structure in a dose-dependent manner. Atractylone exhibited the same effect. Necroptotic cells underwent organelle breakdown, leading to the leakage of intracellular contents consequently triggering inflammation (Weinlich et al., 2017). Further, we examined some inflammation-associated biomarkers. mRNA and protein levels of pro-inflammatory cytokines IL-1β, IL-6, TNF-α, and IL-18 were detected using RT-qPCR, ELISA, and western blot analysis (Figures 6A–I). The results showed that pro-inflammatory cytokines are decreased in YQJPF and atractylone treatment groups compared with the LPS- and D-Gal-induced model group. Above all, we demonstrated that LPS and D-Gal induce hepatocyte necroptosis but not apoptosis and that YQJPF and its active ingredient atractylone could protect hepatocytes from necroptosis by reducing the expression of inflammatory cytokines in hepatocytes.
[image: Figure 5]FIGURE 5 | YQJPF inhibited hepatocytic cell death, which was not by apoptosis, in LPS- and D-Gal-treated LO2 cells in vitro. Human LO2 cells were treated with LPS + D-Gal for 4 h and further with YQJPF and atractylone. (A) Trypan blue staining to detect cell death. Scale bar, 100 μm. (B) TUUNEL staining to detect cell apoptosis. (C) Western blot analysis of the protein expression of caspases three and eight and cleaved caspases three and eight in the treated human LO2 cells. (D) cell apoptosis assay by flow cytometer in the treated human LO2 cells. (E) Transmission electron microscopy (TEM) of cells. Black arrows represent swollen mitochondria (M), whereas white arrows represent condensed and marginated chromatins in nuclei (N). Data are expressed as mean ± SD (n = 3). *vs. control group, #vs. LPS + D-Gal group; *p < 0.05, **p < 0.01; #p < 0.05, ##p < 0.01.
[image: Figure 6]FIGURE 6 | YQJPF inhibited necroptosis of LPS- and D-Gal-treated hepatocytes in vitro. Human LO2 cells were treated with LPS + D-Gal for 4 h and further with YQJPF and atractylone. (A–D) Real-time PCR analyses of genes of pro-inflammatory cytokines IL-1β, IL-6, TNF-α, and IL-18. (E) Western blot analysis and quantitative analysis of the expression of pro-inflammatory cytokines IL-1β, IL-6, TNF-α, and IL-18 (F–I) Expression levels of IL-1β, IL-6, TNF-α, and IL-18 in LO2 were detected by ELISA. Data are expressed as mean ± SD (n = 3). *vs. control group, #vs. LPS + D-Gal group; *p < 0.05, **p < 0.01; #p < 0.05, ##p < 0.01.
The RIPK1/RIPK3 Complex Is Required for YQJPF to Inhibit Necroptosis In Vitro
The RIPK1/RIPK3 signaling pathway has been reported to be involved in the induction of necroptosis (Lin et al., 2016; Newton et al., 2016). Thus, we investigated using western blot and ELISA whether YQJPF and atractylone alter the expression of RIPK1, RIPK3 and MLKL. As shown in (Figures 7A–E), YQJPF or atractylone treatment downregulated the expression of RIPK1, RIPK3 and MLKL. Immunofluorescence staining of RIPK1 and RIPK3 further validated these results. The association between RIPK1 and RIPK3 was analyzed using immunoprecipitation, which indicated that YQJPF and atractylone could inhibit the interaction between RIPK1 and RIPK3 (Figure 7F). To identify whether YQJPF and atractylone are dependent on RIPK1/RIPK3-mediated necroptosis, we used the RIPK1 kinase inhibitor necrostatin-1 (Nec-1) to verify the effect of YQJPF and atractylone. The results indicated that Nec-1 and YQJPF work together, and they had the most significant inhibitory effect on LO2 necroptosis induced by LPS and D-Gal (Figures 8A–E). We further investigated the interaction between RIPK1 and RIPK3 in YQJPF-treated LO2 cells through immunoprecipitation. RIPK1 and RIPK3 were significantly immunoprecipitated in LPS- and D-Gal-induced cells, which could be impaired by YQJPF and RIPK1 inhibitor Nec-1 (Figure 8F). Overall, YQJPF could downregulate the expression of RIPK1 and RIPK3, inhibit their aggregation to form necrosome, and eventually reduce the expression of pro-inflammatory cytokines by inhibiting RIPK1/RIPK3-mediated necroptosis.
[image: Figure 7]FIGURE 7 | The RIPK1/RIPK3-complex is required for YQJPF to inhibit hepatocyte necroptosis in vitro. Human LO2 cells were treated with LPS + D-Gal for 4 h and further with YQJPF and atractylone. (A,B) Immunofluorescence staining of RIPK1 and RIPK3 in LO2 cells. Scale bar, 50 μm. (C) Western blot analysis and quantitative assessment of RIPK1, MLKL and RIPK3. (D,E) Expression levels of RIPK1 and RIPK3 in LO2 were detected by ELISA. (F) RIPK1 was immunoprecipitated with its antibody and resulted in co-immunoprecipitation of RIPK3. Immunoprecipitation of RIPK3 with its antibody caused co-immunoprecipitation of RIPK1 in LO2 cells. Data are expressed as mean ± SD (n = 3). *vs. control group, #vs. LPS + D-Gal group; *p < 0.05, **p < 0.01; #p < 0.05, ##p < 0.01.
[image: Figure 8]FIGURE 8 | YQJPF inhibited hepatocyte necroptosis in RIPK1-dependent manner in vitro. Human LO2 cells were treated with LPS + D-Gal for 4 h and further pre-treated with 50 μM Nec-1 for 1 h, followed by YQJPF or atractylone treatment for 24 h. (A–D) Expression levels of IL-1β, IL-6, TNF-α, and IL-18 in LO2 cells were detected by ELISA. (E) Western blot and quantitative analysis of IL-1β, IL-6, TNF-α, and IL-18. (F) RIPK1 was immunoprecipitated with its antibody and resulted in co-immunoprecipitation of RIPK3. Immunoprecipitation of RIPK3 with its antibody caused co-immunoprecipitation of RIPK1 in LO2 cells. Data are expressed as mean ± SD (n = 3). *vs. control group, #vs. LPS + D-Gal group; *p < 0.05, **p < 0.01; #p < 0.05, ##p < 0.01.
YQJPF Inhibited Hepatocyte Necroptosis Through Inhibition of Mitochondrial ROS Generation and Depolarization In Vitro
Numerous studies have shown that ROS production is necessary for necroptosis in several cell lines such as macrophages (Koike et al., 2019), fibrosarcoma L929, HeLa, and human embryonic kidney (HEK) 293 T (Luedde et al., 2014; Zhang et al., 2017). To investigate whether YQJPF reduces ROS production in hepatocytes, we first analyzed the effect of YQJPF on intracellular ROS levels. Observation using fluorescence microscope revealed that YQJPF treatment decreases the ROS level in LO2 cells (Figures 9B,C). MitoSox Red staining was used to evaluate the mitochondrial ROS production. As shown in Figure 9A, YQJPF caused a significant decrease in mitochondrial superoxide, which had the same effect as selective RIPK1 inhibitor Nec-1. In addition, we found that pre-treatment of cells with YQJPF or Nec-1 significantly reversed LPS- and D-Gal-induced reduction in intracellular GSH and SOD levels. Additionally, YQJPF or Nec-1 inhibited MDA formation (Figures 9D–F). The effect of YQJPF on MMP was assessed using JC-1 staining, where a high ratio of red/green indicates an increase in MMP. The result indicated that YQJPF or Nec-1 upregulates MMP, recovers LPS- and D-Gal-induced MMP dissipation, and ameliorates mitochondrial depolarization (Figure 9G). The overproduction of ROS triggers serious damages in various cells. We observed that when the cells are pre-treated with ROS scavenger Tempol (10 μM), it could restore necroptosis-associated cell morphology and structure and inhibit the expression of pro-inflammatory cytokines IL-1β, IL-6, TNF-ɑ, and IL-18, as revealed by western blot (Figure 9H), which had the same effect as that of YQJPF. This suggested that YQJPF reduces the level of ROS in hepatocytes and thus plays a critical role in inhibiting cell death. Collectively, these results suggested that YQJPF inhibits necroptosis by reducing the level of mitochondrial ROS and stabilizing MMP in hepatocytes.
[image: Figure 9]FIGURE 9 | YQJPF inhibited hepatocyte necroptosis through the inhibition of mitochondrial ROS generation and depolarization in vitro. Human LO2 cells were treated with LPS + D-Gal for 4 h and further pre-treated with 50 μM Nec-1 for 1 h, followed by YQJPF or atractylone treatment for 24 h. (A) Mitochondrial superoxide was detected and quantified through immunofluorescence by using MitoSox Red staining. Scale bar, 50 μm. (B) ROS production was assessed and quantified by DCFH-DA staining, Scale bar, 50 μm. (C–E) MDA, SOD, and GSH levels were measured by corresponding test kits. (F) ROS levels were assessed using ROS test kit. (G) Mitochondrial membrane potential was detected by JC-1 staining. Scale bar, 50 μm. (H) Western blot and quantitative analysis of the expression of IL-1β, IL-6, TNF-α, and IL-18. Data are expressed as mean ± SD (n = 3). *vs. control group, #vs. LPS + D-Gal group; *p < 0.05, **p < 0.01; #p < 0.05, ##p < 0.01.
Disruption of Hepatocyte Necroptosis, Instead of Apoptosis, Was Associated with YQJPF Treatment In Vivo
The results of in vivo studies on the effect of YQJPF on hepatocyte necroptosis were the same as those of in vitro results. Protein levels of key caspases did not change under YQJPF treatment. Therefore, reduction in cell death due to YQJPF was independent of apoptosis. Further, we proceeded to investigate whether YQJPF could disrupt hepatocytic death by regulating necroptosis. Western blot analysis of RIPK1, RIPK3, and MLKL, which governed necroptosis, indicated that necroptosis is increased in ACLF in vivo (Figure 10E). However, it was weakened by YQJPF treatment. Furthermore, immunochemical staining of RIPK1, RIPK3, and MLKL showed that YQJOF reduces hepatocytic RIPK1, RIPK3, and MLKL levels, which were upregulated in chronic liver injury, acute liver injury, and ACLF model (Figure 10F). Overall, these results demonstrated that YQJPF decreases the levels of RIPK1, RIPK3, and MLKL and decreases ATP production to ameliorate hepatocyte necroptosis instead of apoptosis in ACLF model. Our previous study revealed that JNK1/2-ROS signaling is involved in HSC necroptosis (Jia et al., 2018). To investigate the role of anti-oxidant response in YQJPF-ameliorated hepatocyte necroptosis, we analyzed the effect of YQJPF on SOD and MDA levels in the liver, which are produced during lipid peroxidation. Observation using SOD and MDA detection kits showed that YQJPF treatment increases the anti-oxidant response in the liver (Figure 10A). Interestingly, the levels of ATP and mtDNA decreased significantly in chronic liver injury, acute liver injury, and ACLF model (Figure 10B). Collectively, these results suggest that anti-oxidant response contributes to the effect of YQJPF on hepatocyte necroptosis. Similar to the in vitro results, we observed a significant increase in the serum levels of TNF-α, IL-18, IL-1β, and IL-6 in ACLF rats, but the effect was altered in a concentration dependent-manner by YQJPF treatment (Figures 10G–J). These results indicated that YQJPF attenuates hepatic inflammation and liver injury by disrupting hepatocyte necroptosis instead of apoptosis in vivo.
[image: Figure 10]FIGURE 10 | Disruption of hepatocyte necroptosis, and not apoptosis, was required for the action of YQJPF in vivo.(A–D) MDA, ATP, GSH, and SOD levels in the rat livers were measured. (E) Western blot and quantitative analysis of cleaved caspase 8, MLKL, RIPK1, and RIPK3 expression in the rat livers. (F) Immunochemical staining and quantitative analysis of caspase 8, MLKL, RIPK1, and RIPK3 in liver tissues. Scale bar, 100 μm. (G–J) Expression levels of IL-1β, IL-6, TNF-α, and IL-18 in the rat livers were detected by ELISA. Data are expressed as mean ± SD (n = 8) *vs. control group, #vs. ACLF group; *p < 0.05, **p < 0.01; #p < 0.05, ##p < 0.01.
DISCUSSION
The pathobiology of ACLF is characterized by hepatic and systemic inflammation; progressive, unrelenting hepatocyte injury; and hepatocyte death. Hepatocyte death typically follows two patterns: necrosis and apoptosis (Vanlangenakker et al., 2008). In our study, we developed ACLF rat models by administering high dose (1.5 ml/kg body weight) of 1:1 (w/v) mixture of CCl4 and olive oil for 3 months followed by 100 μg/kg LPS and 400 mg/kg D-Gal injection. Hepatocyte injury and cell death index were obvious in the in vivo model. Through the successful establishment of the disease model, we first confirmed the protective effect of YQJPF on ACLF liver injury. YQJPF could ameliorate CCl4-, LPS-, and D-Gal-induced liver injury. Liver tissue morphology improved and serum levels of hepatic ALT, AST, and Tbil decreased after YQJPF treatment. The protective effect of YQJPF was consistent in the in vitro experiments. To further clarify the mechanism of action of YQJPF, an in vitro hepatocyte injury model was established using LPS (10 μg/ml) and D-Gal (10 mg/ml). YQJPF and atractylone (the main component of YQJPF) could restore the damage to cell viability induced by LPS and D-Gal and decrease ALT, AST, and LDH levels in cell supernatant. These data clearly indicated that YQJPF confers protection against ACLF.
Liver failure is characterized by massive loss of parenchymal cells, and cell death can occur in this pathophysiological context (Schwabe and Luedde, 2018). Necroptosis is defined as the third type of programmed cell death in addition to apoptosis and necrosis (Galluzzi and Kroemer, 2008). It is also known as programmed necrosis or caspase-independent cell death. Necroptosis is believed to trigger a massive inflammatory response that can cause substantial collateral damage to neighboring cells. Findings of a clinical study indicated that circulating RIPK3 is significantly increased in patients with HBV-ACLF and is associated with a clinical outcome (Chen et al., 2020). However, very few studies on drugs inhibiting necroptosis in the liver are available. This study found that YQJPF could attenuate hepatocyte death but has no effect on the inhibition of the caspases three and eight activity. Therefore, YQJPF-induced hepatocytic cell death inhibition did not result from apoptosis. Moreover, a typical cell necroptosis morphology could be identified, and RIPK3 mediates cell death and regulates inflammatory responses (Zhao et al., 2017). Our study showed that the levels of TNF-α, IL-18, IL-1β, and IL-6 were found to be significantly increased in LPS (10 μg/ml)- and D-Gal (10 mg/ml)-induced models. The effect was altered in a concentration-dependent manner after YQJPF treatment. RIPK1, RIPK3, and MLKL were identified as necroptosis regulators (Wang et al., 2012). Further, we assessed expressions of RIPK1 and RIPK3. Western blot analysis, ELISA, and immunochemical staining of RIPK1 and RIPK3 demonstrated that YQJPF decreases hepatocytes necroptosis in the ACLF model. Moreover, YQJPF inhibited the combination expression of RIPK1 and RIPK3 and blocked the formation of necrosome. As expected, YQJPF-induced inhibition of inflammatory cytokines and necrosome formation were enhanced when RIPK1 activity was inhibited by pharmacological inhibitor Nec-1. Obviously, YQJPF inhibited RIPK1/RIPK3-complex-dependent necroptosis in human LO2 cells.
Oxidative stress, a major contributor of liver injury, can be induced by excessive ROS. Studies have shown that ROS may be considerably involved in the pathogenesis of liver diseases (Chen et al., 2016). ROS have a significant effect on necroptosis, particularly the mitochondrial ROS generated in response to TNF/TNFR1 engagement. Conversely, ROS accumulation is also gradually regarded as the executioner and mediator of necroptosis (Zhu et al., 2018). ROS is mainly produced in mitochondria that in turn leads to the damage of organelles or even cell death. In this study, we found significantly decreased levels of intracellular and mitochondrial ROS after YQJPF treatment. Following pre-treatment with the ROS scavenger-Tempol, the YQJPF-induced inhibition of cell inflammatory cytokines was significantly enhanced. Thus, YQJPF could inhibit ROS accumulation. The association between RIPK1 and RIPK3 upregulation and mPTP opening has been illustrated in several studies (He et al., 2011). ROS has been reported as the primary factor that activates mPTP opening and has been implicated in the process of necroptosis. In addition, RIPK1-RIPK3 interaction could upregulate ROS levels and enhance mitochondrial superoxide production. Hence, we identified that the inhibition of RIPK1 with Nec-1 markedly enhances YQJPF-induced alteration of mitochondrial superoxide. Cellular anti-oxidant machinery mainly includes SOD, MDA, and GPx that can effectively scavenge free radicals (Riordan and Williams, 2003). In this study, SOD, GSH, and MDA levels were assessed, and the results suggested that the anti-oxidant response contributes to the effect of YQJPF on hepatocyte necroptosis. Inhibition of RIPK1 by Nec-1 enhanced the effect. Additionally, these findings were confirmed in the rat models.
Traditional Chinese medicine (TCM) pattern is a physiological regulation network, which contains a regulation center, overall effective target, material basis and functional unit. Its mechanism needs to be indicated by means of TCM pattern prevention and treatment characteristics, multiple organ integration effectiveness, and functional unit network so as to guide clinical practice as well as for inspiring basic research. It is urgently to exploring the efficacy mechanism and regulation with the molecular biology and systems biology. In our research, we conducted a deep study of the pathogenesis, TCM pattern feature and efficacy evaluation of TCM in ACLF. And results showed that YQJPF attenuates liver injury in ACLF. Recently, Chen et al.’ reported that flavonoids have been to possess a wide variety of biological activities such as antioxidant activity, anti-inflammatory activity, hepatoprotective effect, antibacterial activity, antiviral activity, anticancer activity, and antidiabetic activity (Chen et al., 2018). Chen et al.’ reported that raspberry treatment could ameliorate H2O2-induced oxidative stress in HepG2 cells via Keap1/Nrf2 pathway (Chen et al., 2019). In our study, we found that atractylone (one component of YQJPF) has the similar effect with YQJPF, and inhibited necroptosis of hepatocytes in vitro. Which revealed the main component of YQJPF could play such effect.
In summary, YQJPF attenuates liver injury by inhibiting hepatic inflammation and necroptosis of hepatocytes in vivo and in vitro. Mechanistically, YQJPF inhibits hepatocyte necroptosis by blocking the RIPK1/RIPK3 complex formation followed by relieving mitochondrial dysfunction, which ultimately prevents hepatocytic cell death. Most importantly, we confirmed that YQJPF can be used as a medicine for ACLF treatment and provided a scientific basis for the research on the application of YQJPF in ACLF.
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Licorice (Glycyrrhiza spp.) is used widely in traditional Chinese medicine (TCM) due to its numerous pharmacologic effects. However, the mechanisms of action of the chemical constituents of licorice and their structure–function relationships are not fully understood. To address these points, we analyzed the chemical compounds in licorice listed in the TCM Systems Pharmacology database and TCM Integrated database. Target proteins of the compounds were predicted using Integrative Pharmacology-based Research Platform of TCM v2.0. Information on the pharmacologic effects of licorice was obtained from the 2020 Chinese Pharmacopoeia, and disease-related genes that have been linked to these effects were identified from the Encyclopedia of TCM database. Pathway analyses using the Kyoto Encyclopedia of Genes and Genomes database were carried out for target proteins, and pharmacologic networks were constructed based on drug target–disease-related gene and protein–protein interactions. A total of 451 compounds were analyzed, of which 211 were from the medicinal parts of the licorice plant. The 241 putative targets of 106 bioactive compounds in licorice comprised 52 flavonoids, 47 triterpenoids, and seven coumarins. Four distinct pharmacologic effects of licorice were defined: 61 major hubs were the putative targets of 23 compounds in heat-clearing and detoxifying effects; 68 were targets of six compounds in spleen-invigorating and qi-replenishing effects; 28 were targets of six compounds in phlegm-expulsion and cough-suppressant effects; 25 compounds were targets of six compounds in spasm-relieving and analgesic effects. The major bioactive compounds of licorice were identified by ultra-high-performance liquid chromatography–quadrupole time-of-flight–tandem mass spectrometry. The anti-inflammatory properties of liquiritin apioside, liquiritigenin, glycyrrhizic acid and isoliquiritin apioside were demonstrated by enzyme-linked immunosorbent assay (ELISA) and Western blot analysis. Liquiritin apioside, liquiritigenin, isoliquiritin, isoliquiritin apioside, kaempferol, and kumatakenin were the main active flavonoids, and 18α- and 18β-glycyrrhetinic acid were the main active triterpenoids of licorice. The former were associated with heat-clearing and detoxifying effects, whereas the latter were implicated in the other three pharmacologic effects. Thus, the compounds in licorice have distinct pharmacologic effects according to their chemical structure. These results provide a reference for investigating the potential of licorice in treatment of various diseases.


Keywords: licorice, flavonoid, triterpenoid, pharmacologic effects, network pharmacology




INTRODUCTION


Licorice (referred toin Chinese as “GanCao”) is a food and dietary supplement that has been used widely in traditional Chinese medicine (TCM) for ∼4,000 years. According to the 2020 Chinese Pharmacopoeia, licorice refers to the dried root and rhizome of Glycyrrhiza uralensis Fisch. ex DC., G. inflate Bat., or G. glabra L.

As indicated in Shennong’s Materia Medica Classic (Shennong Bencao Jing), licorice is used predominantly to treat spleen dysfunction, stomach weakness, fatigue, lack of strength, palpitation, dyspnea, cough, profuse sputum, acute pain in the abdominal cavity, limb contracture, carbuncles, and sores, as well as to alleviate drug toxicity (Chinese Pharmacopoeia Commission, 2020). Because of its ability to “harmonize” the effects of different medicines, licorice is an ingredient in nine out of 10 herbal formulations.

The genus Glycyrrhiza comprises ∼30 species that are native to Eurasia and which have been cultivated in Europe (e.g., Spain, Italy, France), the Middle East (e.g., Syria, Iran, Turkey, Iraq) and Asia (e.g., China) (Chen J. et al., 2019). Eight species in the Leguminosae family are found in China: G. uralensis Fisch. ex DC.; G. inflata Bat.; G. glabra L.; G. eurycarpa P.C.Li; G. aspera Pall.; G. yunnanensis P.C.Li; G. pallidiflora Maxim.; G. squamulosa Franch. (Zeng et al., 1991; Karami et al., 2015). These species have various chemical constituents, such as flavonoids, triterpenoids, coumarins, and stilbenoids (Zhang and Ye, 2009; Cheng et al., 2012; Qiao et al., 2015).

There have been several reports on the pharmacologic effects and bioactive constituents of licorice, which are mainly flavonoids and triterpenoids (Wang et al., 2020). In vivo and in vitro experiments have shown that these classes of compound have anti-inflammatory, antimicrobial, antiviral, antioxidant, and antitumor effects. Recent studies have focused on the pathways regulating the pharmacologic effects of the metabolites of flavonoids and triterpenoids in licorice (Hosseinzadeh and Nassiri-Asl, 2015). However, given the diversity and complexity of the bioactive compounds in licorice, high-throughput and network-based approaches are needed to fully elucidate their pharmacologic properties and mechanisms of action.

Network pharmacology is an emerging discipline based on systems biology, analysis of biological networks, and identification of specific network nodes as targets in drug design (Hopkins, 2007; Li and Zhang, 2013). In general, treatment of diseases using TCM is based on integrative and holistic principles as well as the synergistic effects of multiple compounds and herbal formulations (Zhang et al., 2013). Network pharmacology adopts a similar holistic approach in aparadigm shift from “one target, one drug” to “network target, multi-compound” therapeutics (Li et al., 2014). Thus, network pharmacology is used widely to investigate the molecular mechanisms underlying the pharmacologic effects of TCM formulations (Li H. et al., 2014; Xiong et al., 2018; Piao et al., 2019); appropriate TCM prescriptions for the treatment of specific diseases (Li et al., 2007; Li X. et al., 2014; Shi et al., 2014; Ke et al., 2016; Fang et al., 2017a, 2017b; Hu and Sun, 2017; Dai et al., 2018; Shi et al., 2019); bioactive components of medicines (Lv et al., 2014; Zhang Y.-F. et al., 2019; Ma et al., 2019; Song et al., 2019; Guo et al., 2020).

Network pharmacology has been applied to studies on the mechanisms of action of TCM formulations containing licorice such as Sini, Shaoyao-Gancao, Guizhi-Shaoyao-Zhimu, Yinchensini, and Maxing-Ganshi decoctions, among others (Chen S. et al., 2014; Chen G. et al., 2018; Song et al., 2018; Zhang Q. et al., 2019; Zhu et al., 2019) as well as analyses of licorice constituents and their functions (Liu et al., 2013; Chen M. et al., 2019). The molecular mechanisms of licorice components in the context of diseases have also been studied (Li Y. et al., 2019). Those reports focused on compounds present in the overground and underground parts of the plant, which differ considerably (Wang, 2004; Zhou, 2015; Ran, 2019). The medicinal properties of licorice are associated mainly with the underground parts (roots and rhizomes).

Here, we classified the different types of bioactive compounds in the underground parts of the licorice plant. We also analyzed the mechanisms of action underlying the pharmacologic effects of licorice.




MATERIALS AND METHODS




Chemicals, Reagents, and Materials


Ultra-high-performance liquid chromatography–mass spectrometry (UHPLC–MS)-grade acetonitrile and formic acid were supplied by Fisher Scientific (Fairlawn, NJ, United States). Ultrapure water (18.2MΩ) was prepared with a Milli-Q™ water-purification system (Millipore, Milford, MA, United States). All other reagents were of analytical grade and purchased from Sinopharm Chemical Reagents (Shanghai, China).

The reference compounds schaftoside (number 1; lot number, 111,912–201703; purity, 95.60%), calycosin 7-O-β-d-glucopyranoside (4; 111,920–201907; 96.80%), liquiritin (5; 111,610–201908; 95.00%), kaempferol (15; 110,861–202013; 93.20%), formononetin (17; 111,703–201504) and glycyrrhizic acid monoammonium salt (18; 110,731–202021; 96.20%) were supplied by National Institutes for Food and Drug Control (NIFDC; Beijing, China).

The reference compounds neoliquiritin (2; PRF20060,941; 97.88%), liquiritinapioside (3; PRF9050224; 99.95%), isoliquiritin apioside (6; PRF9101021; 97.04%), isoliquiritin (7; PRF20040,923; 98.23%), ononin (8; PRF20060,944; 99.58%), neoisoliquiritin (9; PRF20060,942; 99.25%), licochalcone B (10; PRF8031021; 99.10%), liquiritigenin (11; PRF20042,742; 99.50%), calycosin (12; PRF10072945; 99.70%), naringenin (13; PRF10030641; 99.67%), echinatin (14; PRF10122621; 99.81%), isoliquiritigenin (16; PRF20060,943; 99.87%), licoflavone A (19; PRF8050422; 99.94%), glycycoumarin (20; PRF20060,921; 99.77%), kumatakenin (21; PRF10120925; 99.28%), licochalcone A (25; PRF8041841; 98.65%), 18α-Glycyrrhetinic acid (29; PRF10101201; 99.02%) and 18β-Glycyrrhetinic acid (30; PRF9100841; 99.46%) were purchased from Chengdu BiopurifyPhytochemicals (Chengdu, China).

The reference compounds licoisoflavone A (23; PS010124; 98.46%), glycyrol (26; PS010089; 98.71%) and licoisoflavone B (28; PS200618–01; 98.02%) were obtained from Chengdu Push Biotech (Chengdu, China).

The reference compound licoflavonol (27; MUST-20041,311; 98.86%) was purchased from Chengdu Must Biotechnology (Chengdu, China). The reference compound licoricone (24; 200313G; 99.46%) was obtained from Nanjing Dasf Biotechnology (Nanjing, China). The reference compound licoflavone C (22; P29A9F68905; 99.30%) was purchased from Shanghai Yuanye Biotechnology (Shanghai, China).

Licorice materials were obtained from Elion Resources Group (Inner Mongolia, China) and Gansu JinYoukang Pharmaceutical Technology (Gansu, China). Licorice materials were authenticated as the dried roots of Glycyrrhiza uralensis Fisch. ex DC. by Professor Nanping Zhang (NIFDC, Beijing, China). The voucher numbers of licorice from Inner Mongolia wereN2-4-1 to N2-4-10, and from Gansu were G1-5-1 to G1-5-10. Voucher specimens were deposited in the Museum of Chinese Traditional Drugs within the NIFDC (Li X. et al., 2019).




Preparation of Standard and Sample Solutions


Thirty reference compounds were prepared by completely dissolution in 70% methanol and their concentration (in mg/mL)was (compound 1) 0.266; 2) 0.187; 3) 0.178; 4) 0.416; 5) 0.258; 6) 0.186; 7) 0.269; 8) 0.299; 9) 0.166 (10) 0.155 11) 0.277 12) 0.189 13) 0.279 14) 0.222 15) 0.257 16) 0.214 17) 0.431 18) 0.227 19) 0.144 (20) 0.124 21) 0.144 22) 0.233 23) 0.263 24) 0.164 25) 0.221 26) 0.230 27) 0.186 28) 0.164 29) 0.172 (30) 0.337. All solutions were stored at 4°C before analyses.

All samples were pulverized and screened through the 50-mesh sieve. The dried powder (0.5g) was weighed accurately into a 100-ml conical flask with a stopper, and extracted by ultrasonication in 50ml of methanol (70%) for 0.5h. The mixture was centrifuged at 12,000rpm for 10min at room temperature. Finally, the supernatant was filtered through 0.22-μm membrane before injection into aUHPLC–MS/MS system.




Ultra-High-Performance Liquid Chromatography–Quadrupole Time-of-Flight–Tandem Mass spectrometry(UHPLC–QTOF–MS/MS)


Chromatography was undertaken using an Acquity UHPLC HSS T3 C18 column (2.1mm i. d. × 100mm, 1.8μm) within an Acquity UHPLC system (Waters, Milford, MA, United States). The column temperature was maintained at 35°C. The mobile phase (at a flow rate of 0.4ml/min) consisted of solvent A (0.1%formic acid/water) and solvent B (acetonitrile). The conditions of gradient elution were optimized as: 5% B (0–1min), 5–18% B (1–3min), 18–30% B (3–13min), 30–45% B (13–18min), 45–50% B (18–21min), 50–75% B (21–29min), 75–95% B (29–31min), 95–5% B (31–31.5min) and held at 5% B for 3.5min to equilibrate the column. The injection volume was 2μL.

A Synapt™G2-S QTOF mass spectrometer (Waters MS Technologies, Manchester, UK) was combined with the UHPLC system via the electrospray-ionization source in positive-ion mode. The desolvation-gas rate was set as 600L/h at 500°C. The source temperature was set as 120°C. The capillary voltage was3 kV and the sample cone voltage was set at 30V. Centroided data were acquired from 50 to 1,000Da. Mass data were acquired using LockSpray™ to ensure the mass was recorded accurately. Leucine-enkephalin at a charge/mass ratio (m/z) 556.2771 was selected as the lock-mass in positive mode. The accurate mass and composition of precursor ions and fragment ions were calculated using MassLynx V4.1 (Waters), that incorporated with the instrument solution for the acquisition of accurate mass.




Preparation of Bioactive Compounds


Four reference bioactive compounds, liquiritin apioside, liquiritigenin, glycyrrhizic acid and isoliquiritin apioside were prepared by completely dissolution in 0.1% DMSO/water and their concentration were 2mg/ml. The dried licorice extract powder (1.0g) was weighed accurately into a 100-ml conical flask with a stopper, and completely dissolved in 50ml of ultrapure water. All solutions were stored at −20°C before analyses.




Cell Culture and Treatments


Murine macrophage RAW264.7 cells, a widely used in vitro model for studies of macrophage and inflammatory cascades, were obtained from the China National Collection of Authenticated Cell Cultures (Shanghai, China). Cells were maintained at 37°C under 5% CO2 in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum. RAW264.7 cells were treated with 1μg/ml lipopolysaccharide (LPS; Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) for 24h at 37’ °C. The cells were rinsed with phosphate buffer saline (PBS) and stimulated with LPS (1ug/ml) to induce pyroptosis. Conditioned cells were collected for measurement of protein expression levels by ELISA and western blot analysis.




ELISA Assay for Cytokines


Interleukin (IL)-1β and tumor necrosis factor (TNF)-α expression levels in the supernatant of treated cells were measured by ELISA assays (IL-1β: Mouse: ml063132-C; TNF-α: Mouse: ml002095-C; Enzyme-linked Biotechnology Co., Ltd., Shanghai, China) according to the manufacturer's instructions.




Western Blot Analysis


The protein expression in RAW264.7 cells were detected by Western blot. Cells (1.6 × 105 cells/well) were plated overnight and then treated with the indicated concentrations of bioactive compounds. After 1h, 1μg/ml LPS were added. Then, the supernatant and precipitation of cells were collected 24h later. Immunoblotting was performed using antibodies against the target proteins, including AKT1 (1:2,500; ab89402; Abcam, Cambridge, MA, United States), p-AKT1 (1:5,000; ab81283; Abcam, Cambridge, MA, United States), PI3K (1:1,000; 4,249; Cell Signaling Technology, Inc., Danvers, MA, United States), p-PI3K (1:1,000; bs-3332R; Bioss Antibodies, Biotechnology, Inc., Beijing, China), NFκB-p65 (1:1,000; sc-8008; Santa Cruz Biotechnology, Inc.,Dallas, TX, United States), p-NFκB-p65 (1:1,000; YP0191; Immuno Way, Biotechnology, Inc., Plano, TX, United States). The blots were developed with an enhanced chemiluminescence kit (ECL, Amersham Biosciences, Buckinghamshire, United Kingdom) and measured by using a luminescent image analyzer (LAS-3000, Fuji Photo Film Co. Ltd., Japan).




Statistical Analyses


All experimental values were presented as the mean ± standard error of the mean. Statistical comparison between two groups was performed by Student’s t-test, and one-way analysis of variance followed by Bonferroni post hoc analyses was performed among multiple groups for parametric data. P < 0.05 was considered to indicate a statistically signifcant difference.




Chemical Compounds in Licorice


Candidate chemical compounds in licorice were searched in two phyto chemical databases: Traditional Chinese Medicine Systems Pharmacology (TCMSP; http://tcmspw.com/tcmsp.php) (Ru et al., 2014) and Traditional Chinese Medicines Integrated database (TCMID; www.megabionet.org/tcmid/). Components of the underground parts of the licorice plant were screened from candidate compounds by reviewing the literature. National Center for Biotechnology Information (NCBI) PubMed (https://pubmed.ncbi.nlm.nih.gov/) and China National Knowledge Infrastructure (CNKI; www.cnki.net/) databases were used to find the underground parts of licorice. In the PubMed database, “licorice chemical composition” were used as keywords to search for studies from 2000 to 2020. In the CNKI database, we searched for doctor altheses from 2000 to 2020 under the keyword of “licorice”. Two-dimensional (2D) chemical structures were obtained from NCBI PubChem (https://pubchem.ncbi.nlm.nih.gov/) and SciFinder Scholar (https://scifinder.cas.org/scifinder/) databases. If a structure could not be retrieved from these databases, the original research article describing the identification or purification of the compound was searched for. ChemBioDraw Ultra v12.0 (PerkinElmer, Waltham, MA, United States) was used to draw structures, which were saved in sdf or mol2 formats (Xiong et al., 2019).




Putative Targets of Bioactive Compounds in Licorice


The sdf or mol2 files were uploaded to Integrative Pharmacology-based Research Platform of Traditional Chinese Medicine (TCMIP) v2.0 (www.tcmip.cn/). The putative targets of the compounds in licorice were predicted using the drug target-prediction tool of TCMIP. We selected only pairs of compound–putative targets in which the structural similarity score of the compound to known drugs was >0.80 (moderate–high similarity). Detailed information on putative targets are shown in Supplementary Table S1.




Disease-Related Genes Associated with Thepharmacologic Effects of Licorice


Disease-related genes associated with the pharmacologic effects of licorice were identified from the Encyclopedia of Traditional Chinese Medicine database (www.nrc.ac.cn:9090/ETCM) (Xu et al., 2019). The genes related to “immune inflammation” imbalance and some psychiatric symptoms were obtained as disease/symptom gene sets corresponding to heat-clearing and detoxifying effects. The genes related to anemia, low resistance, mental disorders, organ dysplasia, reproductive capacity and other symptoms were obtained as disease/symptom gene sets corresponding to spleen-invigorating and qi-replenishing effects. The genes related to the throat, trachea, bronchus, inflammation, lung disease, asthma and other symptoms were obtained as disease/symptom gene sets corresponding to phlegm-expulsion and cough-suppressant effects. The genes related to the chest, abdomen, limb-spasm pain and neurological diseases were obtained as the disease/symptom gene sets corresponding to spasm-relieving and analgesic effects.




Network of Interactions Between Drug Targets and Disease-Related Genes


Networks of interactions between drug targets and disease-related genes were constructed based on the relationships between the putative targets of compounds in licorice and disease-related genes associated with the pharmacologic effects of licorice. Construction and analyses of such networks were carried out with TCMIP v2.0 (www.tcmip.cn). Visualization of such networks was done using Navigator v2.2.1 (Krembil Research Institute, Toronto, ON, Canada). Hubs with a degree greater than two fold the median value of all node degrees were screened, and a network was constructed based on direct interactions between hubs. Three topologic properties of the hub network (degree, betweenness, and closeness) were calculated to identify targets of topologic importance. Major hubs were identified as those with network topology values that were higher than the corresponding median values.




Analyses of Pathway Enrichment


Pathway-enrichment analyses were done using database Visualization and Integrated Discovery v6.7 (http://david.abcc.ncifcrf.gov/home.jsp) based on pathway data obtained from the Kyoto Encyclopedia of Genes and Genomes (KEGG)database (www.genome.jp/kegg; updated on 18 November 2016) (Kanehisa and Goto, 2000; Dennis et al., 2003). Only functional annotations with enrichment P-values corrected with Bonferroni and Benjamini algorithms (p < 0.05) were selected for further analyses.





RESULTS AND DISCUSSION




Analyses of Licorice Composition and Compound Screening


A total of 451 compounds were screened from TCMSP and TCMID (Supplementary Table S2). Of these, 211 were identified by literature review as compounds present in the medicinal portion of thelicorice plant:134 flavonoids, 49 triterpenoids, 18 coumarins, and 10 stilbenoids (Supplementary Table S3). Most network-pharmacology studies on licorice have used a single database to identify itschemical constituents. We compared compounds in TCMSP and TCMID, which are used widely in TCM research and provide the names and 2D structures of compounds. We found that some were commonto both databases whereas others were unique. Some compounds were duplicated in the same database. We obtained 604 compounds from the initial search (280 from TCMSP and 324 from TCMID). We found that 26 compounds were duplicated in TCMID and, therefore, there were actually 298 chemical compounds; 127 were common to both TCMSP and TCMID. Compared with earlier network-pharmacology studies of licorice, our screen of the chemical constituents of licorice was more comprehensive and allowed more accurate prediction of molecular mechanisms. The compounds were grouped according to their2D structure for further analyses of the relationship between the type of compound and pharmacologic effects of licorice.




Putative Targets of Compounds in Licorice


Based on their structural similarity to known chemical compounds, 241 putative targets were identified for 106 chemical compounds in licorice: 52 targeted by flavonoids, 47 by triterpenoids, and seven by coumarins. Detailed information on the bioavailability of these chemical compounds is provided in Supplementary Table S4 (Ru et al., 2014; Daina et al., 2017; Xu et al., 2019). Enrichment analyses based on the biological pathways in the KEGG database revealed that the putative targets were mainly involved in neuromodulation [neuroactive ligand–receptor interactions (P = 3.90 × 10–10), long-term potentiation (P = 0.001), and gap junctions (P = 0.03)], energy production and metabolic pathways (nitrogen metabolism (P = 7.84 × 10–10), linoleic-acid metabolism (P = 1.30 × 10–7) and oxidative phosphorylation (P = 9.47 × 10–4) and inflammation/immune-system regulation (Fc epsilon RI (P = 0.01), toll-like receptor (TLR; P = 0.01) and nucleotide-binding and oligomerization domain-like receptor (NLR; P = 0.02) signaling pathways.




Pharmacologic Mechanisms of Compoundsin Licorice




Pharmacologic Mechanisms of Heat-Clearing and Detoxifying Effects


Of the 241 putative targets, 37 were disease-related genes involved in the heat-clearing and detoxifying effects of licorice. The network of interactions of drug target–disease-related genes contained 985 nodes and 3,974 interactions. A total of 299 major hubs were identified based on the values of three topologic features of the network (node degree, betweenness, and closeness). Of these, 61 hubs were the putative targets of 23 chemical compounds in licorice: echinatin, glabrolide, glycycoumarin, glycyrol, glycyrrhizic acid, isoliquiritin, kumatakenin, licoarylcoumarin, licochalcone B, licoricesaponin A3, licoricesaponin B2, licoricesaponin C2, licoricesaponin D3, licoricesaponin E2, licoricesaponin F3, licoricesaponin G2, licoricesaponin J2, licoricesaponin K2, liquiritigenin, liquiritin, methyl glycyrrhetate, neoisoliquiritin, and ononin.

To investigate the mechanisms underlying the heat-clearing and detoxifying effects of licorice, a network was constructed based on direct interactions between major hubs that was divided into four functional modules.

The first nodule was regulation of the balance between inflammation and the immune system. This comprised the genes involved in nuclear factor-kappa B(NF-κB) (Zhang et al., 2015), tumor necrosis factor (TNF) (Graßmann et al., 2017), TLR (Belforte et al., 2013), and NLR signaling pathways (Luan et al., 2018), as well as inflammatory regulation of transient receptor potential (TRP) channels (Sahoo et al., 2019).

The second nodule was modulation of the nervous system. This comprised the genes involved in retrograde endocannabinoid signaling (Musella et al., 2017), neuroactive ligand–receptor interactions (Schüle et al., 2014), γ-aminobutyric acid [GABA]ergic (Streeter et al., 2010) as well as serotonergic synapses and neurotrophin signaling pathways (Kashyap et al., 2018).

The third nodule was regulation of energy production and metabolism. This comprised the genes involved in adipocytokine (Kita et al., 2019) and thyroid-hormone signaling pathways (Mullur et al., 2014).

The fourth nodule was cellular functions. This comprised genes involved in phosphoinositide 3-kinase/protein kinase B ([PI3K/AKT) (Hong et al., 2016) and mitogen-activated protein kinase (MAPK) signaling pathways (Park, 2018) and apoptosis (Kawamoto et al., 2016) (Figure 1).
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FIGURE 1 | 
Interaction network of chemical compounds containing licorice and the corresponding major targets associated with its heat-clearing and detoxifying effects. To investigate the mechanisms underlying the heat-clearing and detoxifying effects of licorice, a network was constructed based on direct interactions between major hubs that was divided into four functional modules. Purple hexagons represent chemical components, red hexagons denote representative the chemical components of licorice, yellow circles denote the core targets related to regulation of balance of inflammation and the immune system, and blue circles represent the core targets related to cellular functions. The pink circle represents the core target related to modulation of the nervous system, the orange circle represents the core target related to regulation of energy production and metabolism.






Pharmacologic Mechanisms of Spleen-Invigorating and Qi-Replenishing Effects


Of the 241 putative targets, 78 were disease-related genes associated with the spleen-invigorating and qi-replenishing effects of licorice. The network of interactions of drug target–disease-related genes contained 1,729 nodes and 9,181 interactions. Based on the node degree, betweenness, and closeness values, 534 major hubs were identified, of which 68 were the putative targets of six compounds (18α-and 18β-glycyrrhetinic acid, isoliquiritin apioside, kumatakenin, licoarylcoumarin, and liquiritin apioside).

We wished to investigate the mechanisms underlying the spleen-invigorating and qi-replenishing effects of licorice. Hence, a major hub network was constructed based on the direct interactions between major hubs that were divided into four functional modules.

The first functional node was regulation of balance of inflammation and the immune system. This comprised genes involved in PI3K/AKT, MAPK, TNF, Fc epsilon RI (Ben Mkaddem et al., 2019), and NF-κB signaling pathways, and inflammatory regulation of TRP channels.

The second functional node was regulation of energy production and metabolism. This was composed of genes involved in thyroid hormone, cyclic (c)AMP (Alqurashi et al., 2016), insulin (Guo and Guo, 2017), adipocytokine, and 5ʹ AMP-activated protein kinase (Ke et al., 2018) signaling pathways.

The third functional module was modulation of the nervous system. This comprised genes involved in the neurotrophin signaling pathway, gap junctions (Dong et al., 2018), long-term potentiation/depression (Bliss and Cooke, 2011), and neuroactive ligand–receptor interactions.

The fourth functional module was regulation of angiogenesis and circulation. This comprised genes involved in Ras-associated protein (Rap)1 (Rho et al., 2017), hypoxia-inducible factor (HIF)-1 (Semenza, 2014), and vascular endothelial growth factor (VEGF) signaling pathways (Gianni-Barrera et al., 2014) as well as contraction of vascular smooth muscle and platelet activation (Starlinger et al., 2011) (Figure 2).
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FIGURE 2 | 
Interaction network of chemical compounds containing licorice and the corresponding major targets associated with spleen-invigorating and qi-replenishing effects. We wished to investigate the mechanisms underlying the spleen-invigorating and qi-replenishing effects of licorice. Hence, a major hub network was constructed based on the direct interactions between major hubs that were divided into four functional modules. Purple hexagons represent chemical components, pink circles denote core targets related to regulation of balance of inflammation and the immune system, blue circles represent core targets related to nutrition and energy production, green circles denote core targets related to regulation of blood circulation, and the orange circle represents the core target related to modulation of the nervous system.






Pharmacologic Mechanisms of Phlegm Expulsion and Cough-Suppressant Effects


Of the 241 putative targets, nine were disease-related genes involved in the phlegm-expulsion and cough-suppressant effects of licorice. The network of interactions between drug targets and disease-related genes contained 301 nodes and 851 interactions. Ninety-seven major hubs were identified based on the values of the node degree, betweenness, and closeness in the network. Of these, 28 were the putative targets of six compounds in licorice (18α- and 18β-glycyrrhetinic acid, isoliquiritin apioside, kumatakenin, licoarylcoumarin, and liquiritin apioside).

We wished to investigate the mechanistic basis of the phlegm-expulsion and cough-suppressant effects of licorice. A major hub network was constructed based on the direct interactions between major hubs that was divided into three functional modules.

The first functional nodule was regulation of the balance between inflammation and the immune system. This comprised the genes involved in: TNF, NF-κB, T-/B-cell receptors (Lee and Korner, 2019), NLR, and TLR signaling pathways; leukocyte transendothelial migration (Nourshargh and Alon, 2014); tuberculosis (Khader et al., 2019); pertussis (Murphy et al., 2020).

The second functional nodule was regulation of energy production and metabolism. This was composed of the genes involved in thyroid hormone, cAMP, adipocytokine, and glucagon signaling pathways (Kleinert et al., 2019); regulation of lipolysis in adipocytes (Shin et al., 2017) as well asthyroid-hormone synthesis.

The third functional nodulewas modulation of the nervous system. This comprised genes involved in GABAergic synapses (Babaev et al., 2018); retrograde endocannabinoid (Lu and Mackie, 2017) and chemokine (Zigmond and Echevarria, 2019) signaling pathways, as well as neuroactive ligand–receptor interactions (MacKenzie EM et al., 2007) (Figure 3).
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FIGURE 3 | 
Interaction network of chemical compounds containing licorice and the corresponding major targets associated with phlegm-expulsion and cough-suppressant effects. We wished to investigate the mechanistic basis of the phlegm-expulsion and cough-suppressant effects of licorice. A major hub network was constructed based on the direct interactions between major hubs that was divided into three functional modules. Purple hexagons represent chemical components, pink circles denote core targets related to regulation of balance of inflammation and the immune system, light purple circles represent core targets related to modulation of the nervous system, and orange circles denote core targets related to nutrition and energy production.






Pharmacologic Mechanisms of Spasm-Relieving and Analgesic Effects


Of the 241 putative targets, 29 were disease-related genes linked to the spasm-relieving and analgesic effects of licorice. The network of interactions of the drug target and disease-related genes contained 689 nodes and 2,682 interactions. Based on the network topology values of node degree, betweenness, and closeness, 200 major hubs were selected, of which 25 were the putative targets of six compounds in licorice (18α- and 18β-glycyrrhetinic acid, isoliquiritin apioside, kumatakenin, licoarylcoumarin, and liquiritin apioside).

We wished to investigate the mechanisms associated with the spasm-relieving and analgesic effects of licorice. Hence, a network was constructed based on the direct interactions between major hubs that were divided into three functional modules.

The first functional module was modulation of neuroinflammation and neuropathologic pain. This comprised thegenes involved in MAPK, calcium (Navakkode et al., 2018), TNF, and TLR signaling pathways, as well as neuroactive ligand–receptor interactions (Salvalaio et al., 2017).

The second functional module was regulation of energy production and metabolism. This was composed of the genes involved in cAMP and adipocytokine signaling pathways, regulation of lipolysis in adipocytes, and oxidative phosphorylation (Bald et al., 2017).

The third functional module was regulation of angiogenesis and circulation. This comprised the genes involved in Rap1, HIF-1 and VEGF signaling pathways as well as contraction of vascular smooth muscle and platelet activation (Figure 4).
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FIGURE 4 | 
Interaction network of chemical compounds containing licorice and the corresponding major targets associated with spasm-relieving and analgesic effects. We wished to investigate the mechanisms associated with the spasm-relieving and analgesic effects of licorice. Hence, a network was constructed based on the direct interactions between major hubs that were divided into three functional modules. The purple hexagon represents the chemical composition, the pink circle denoted the core target related to analgesic action, the blue circle represents the core target related to nutrition and energy production, and the yellow circle denoted the core target related to regulation of blood circulation.







Analyses of the Main Bioactive Ingredients of Licorice


The main bioactive components of licorice could be detected by UHPLC–TOF–MS/MS (Figure 5). Thirty bioactive compounds were identified by comparing the retention time and quasi-molecular ions with reference standards, respectively. The structures of these compounds are shown in Figure 6. Information such as retention time (min), CAS number, molecular formula, m/z, and MS2 fragments is offered in Supplementary Table S5.
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FIGURE 5 | 
Representative base peak intensity (BPI) chromatograms of licorice derived from UHPLC–QTOF–MS/MS.
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FIGURE 6 | 
Two-dimensional chemical structures of the bioactive compounds in licorice.



Liquiritin apioside and liquiritigenin were the main flavonoids, and 18α- and 18β-glycyrrhetinic acid were the main triterpenoids, in licorice. These compounds were found to be implicated in the various pharmacologic effects of licorice. Liquiritin apioside, which was also present at a high level in licorice, can be used as a marker for the quality assessment of Glycyrrhiza species (Jiang et al., 2016). The phlegm-expulsion and cough-suppressant effects of liquiritin apioside have been reported (Kuang et al., 2018; Wei et al., 2020). Also, liquiritin apioside has been linked to TNF, NF-κB, NLR, TLR, and adipocytokine signaling pathways, which have important roles in anti-inflammatory immune activity, energy production, and metabolism (Guan et al., 2012).

Liquiritigenin has potent pharmacologic activity, including inhibitory effects on fibrogenesis and inflammation in the liver (Huang et al., 2019; Lee et al., 2019). We predicted the following proteins to be the putative targets of liquiritigenin in the heat-clearing and detoxifying effects of licorice: AKT1, cyclin-dependent kinase 6, heat-shock protein (HSP)90AA1, HSPA2, Janus kinase, phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit γ, casein kinase 2α1, CCAAT enhancer-binding protein β, β-actin, estrogen receptor 1, nuclear receptor coactivator (NCOA)1, and NCOA2. Our analyses suggested that liquiritigenin exerts heat-clearing and detoxifying effects via regulation of PI3K/AKT (Shi et al., 2015; Tao et al., 2016; Meng and Lin, 2019), MAPK (Tu et al., 2019), NF-κB (Zhu et al., 2018), TNF (Yu et al., 2015), and neurotrophin (Liu et al., 2009)signaling pathways and apoptosis (Bae et al., 2018).

18α-and 18β-glycyrrhetinic acid are representative triterpenoid saponins present in high concentrations in licorice (Wang and Yang, 2007). They have anti-inflammatory, antiviral, hepatoprotective, and anti-tumor effects. We predicted the following proteins to be the putative targets of 18α-and 18β-glycyrrhetinic acid in the spleen-invigorating and qi-replenishing effects of licorice: NF-κB subunit 1, estrogen receptor1, NCOA1, NCOA2, 3-mydroxy-3-methylglutaryl-coA reductase, integrin subunit β2, and nuclear receptor subfamily 3 group C member 1. These proteins constituted two functional modules. The first functional module was regulation of balance of inflammation and the immune system, with genes involved in PI3K/AKT (Kao et al., 2010; Wang et al., 2011), MAPK (Chen X. et al., 2018; Zhang Y. et al., 2019), TNF (Zhou and Wink, 2019) and NF-κB (Cao et al., 2017) signaling pathways. The second functional module was regulation of energy production and metabolism (Chang et al., 2010, Chen et al., 2014a), with genes involved in thyroid hormone, cAMP, and adipocytokine signaling pathways (Shamsa et al., 1991; Rastegari et al., 2019).

Liquiritin and glycyrrhizic acid are the main representative chemical components of licorice (Chinese Pharmacopoeia Commission, 2020). We found that liquiritin and glycyrrhizic acid had putative targets, but the number of their putative targets were not as high as those of liquiritin apioside, 18β-glycyrrhetinic acid or other chemical components. The pharmacologic effects of the chemical components of licorice were related not only to the strength of biological activity but also to their concentration. Chemical components with strong biological activity but very low concentration contributed little to the pharmacologic effect. However, the chemical components with moderate activity but very high concentration contributed considerably to the pharmacologic effect. Biological activity and concentration are the most important factors for selecting quality control (QC) markers. We believe that liquiritin and glycyrrhizic acid should be used as QC markers for licorice.




Main Bioactive Ingredients of Licorice Reduce the Inflammatory Responses


Based on the result of network pharmacology, liquiritin apioside, liquiritigenin and isoliquiritin apioside were found as the main bioactive components of licorice. Liquiritin apioside and isoliquiritin apioside comprised the genes involved in NF-κB, TNF and IL-1β, while liquiritigenin comprised the genes involved in PI3K/AKT. Glycyrrhizic acid is the main representative chemical components of licorice which comprised the genes involved in NF-κB and TNF. All of these genes have important roles in anti-inflammatory immune activity.

To determine whether the main bioactive components of licorice can reduce the inflammatory response, the levels of TNF-α and IL-1β were measured in RAW 264.7 by ELISA analysis. Liquiritin apioside, liquiritigenin, glycyrrhizic acid and isoliquiritin apioside were chosen as representative bioactive components. In the vitro experiment, the levels of TNF-α and IL-1β in RAW 264.7 were significantly increased after stimulation with LPS compared with those in the blank control (P < 0.01). The LPS group showed higher levels of TNF-α and IL-1β than those of the four bioactive components-treated and licorice-treated LPS group (P < 0.05), indicating that the excessive secretion of TNF-α and IL-1β induced by LPS could be reduced by liquiritin apioside, liquiritigenin, glycyrrhizic acid, isoliquiritin apioside and licorice (Figure 7). According to these results, we found that the inflammatory responses could be reduced by the main bioactive components of licorice treatment.
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FIGURE 7 | 
Reduce effects of the main bioactive compounds of licorice on the LPS-induced production of cytokines and chemokines. The supernatants were collected for measuring the levels of IL-1β (A), TNF-α (B) by ELISA. Data are presented as the mean ± standard error of the mean (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.001 vs. Con group; #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001 vs. LPS group. Liquiritin apioside, LA; Liquiritigenin, LIQ; Isoliquiritin apioside, IA; Glycyrrhizin, GLY; IL, interleukin; LPS, lipopolysaccharide; TNF, tumor necrosis factor.



In order to investigate the mechanisms underlying the anti-inflammatory activities of bioactive components of licorice, Western blotting analysis was used to verify the regulatory effects of the main bioactive components. The results of Western blotting revealed that bioactive components are able to markedly suppressed the PI3K/AKT/NFκB signaling pathway, mediated by p-PI3K (Figure 8A), p-AKT1 (Figure 8D), p-NFκB-p65 (Figure 8G), p-PI3K/PI3K (Figure 8B), p-PI3K/PI3K (Figure 8B), p-AKT1/AKT1 (Figure 8E) and p-NFκB-p65/NFκB-p65 (Figure 8H) in LPS-activated macrophages.
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FIGURE 8 | 
Reduce effects of the main bioactive compounds of licorice on the PI3K/AKT/NFκB signaling pathway. The levels of PI3K, AKT and NF-κB proteins were detected by Western blotting(J). The relative expression of p-PI3K(A), p-AKT1(D), p-NFκB-p65(G) protein and ratio of p-PI3K/PI3K(B), p-AKT1/AKT1(E), p-NFκB-p65/NFκB-p65(H) and total PI3K(C), AKT1(F) and NFκB-p65/NFκB-p65(I) protein were quantified. Data are presented as the mean ± standard error of the mean (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.001 vs. Con group; #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001 vs. LPS group. Liquiritin apioside, LA; Liquiritigenin, LIQ; Isoliquiritin apioside, IA; Glycyrrhizin, GLY; LPS, lipopolysaccharide.



The PI3K/AKT/NFκB signaling pathway plays an important role in the regulation of signal transduction and biological processes such as cell proliferation, apoptosis, metabolism and angiogenesis. The regulatory echanisms and biological functions of the PI3K/AKT/NFκB signaling pathway are important in many human diseases, including ischemic brain injury, neurodegenerative diseases, and tumors and play an important role in erythropoiesis and glycolysis (Xie et al., 2019; Xu et al., 2020). Nuclear factor-kappaB (NF-κB) proteins constitute a family of transcription factors that are stimulated by pro-inflammatory cytokines, chemokines, stress-related factors and extracellular matrix (ECM) degradation products, which has long been considered a prototypical proinflammatory signaling pathway (Toby, 2009; Stella and Athanasios, 2013). These results indicat that the main bioactive components of licorice inhibit the expression of TNF-α and IL-1β in the downstream through the PI3K/AKT/NFκB signaling pathway. Our results further demonstrate that the main bioactive components of licorice have anti-inflammatory properties.




Functions of Different Types of Compound in the Pharmacologic Effects of Licorice


We analyzed the major targets of the chemical compounds associated with the pharmacologic effects of licorice. We showed that the activities of the compounds varied according to their chemical structure, with flavonoids and triterpenoids having the most important role, data that are consistent with results from the work of Wang and colleagues (Wang et al., 2020).

We constructed a network for the heat-clearing and detoxifying effects of licorice comprising four functional modules: cellular functions; modulation of the nervous system; balance between inflammation and the immune system; regulation of energy production and metabolism. Triterpenoids were the predominant type of compound in the first three modules, whereas flavonoids had a leading role in regulation of energy production and metabolism (accounting for 83.73% of compounds within this module). Triterpenoids participated to varying degrees in the different functional modules. In the spleen-invigorating and qi-replenishing effects of licorice, they were important formodulation of the nervous system (69.97%). In the phlegm-expulsion and coughing-suppressant effects, they were responsible for regulating the balance between inflammation and the immune system (66.51%). In the spasm-relieving and analgesic effects, they played a major part in neuroinflammation and neuropathologic pain (67.13%) (Figure 9).
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FIGURE 9 | 
Proportion of different chemical structure types of licorice in various pharmacologic effects.







CONCLUSION


The pharmacologic effects of licorice arise from the combined action of various types of compounds. Triterpenoids and flavonoids make the greatest contribution, but coumarins are also important. Each pharmacologic effect of licorice comprised multiple functional modules. This finding is consistent with the general premise of TCM that therapeutic mechanisms involve many compounds and targets. We suggest that, for invigorating the spleen and replenishing qi, expelling phlegm and suppressing cough, or relieving spasm and pain, licorice with a higher triterpenoid content may be used. Licorice with higher levels of flavonoids may be more appropriate for heat-clearing and detoxification. Our results provide a reference for the QC of licorice and for investigating its therapeutic potential in the treatment of specific symptoms or diseases.
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Background: Qing-Yi Decoction (QYD) is a classic precompounded prescription with satisfactory clinical efficacy on acute pancreatitis (AP). However, the chemical profile and overall molecular mechanism of QYD in treating AP have not been clarified.
Methods: In the present study, a rapid, simple, sensitive and reliable ultra-performance liquid chromatography coupled with quadrupole time-of-flight mass spectrometry (UHPLC-QTOF-MS)-based chemical profile was first established. An integration strategy of network pharmacology analysis and molecular docking based identified ingredients was further performed to screen out the potential targets and pathways involved in the treatment of QYD on AP. Finally, SD rats with acute pancreatitis were constructed to verify the predicted results through a western blot experiment.
Results: A total of 110 compounds, including flavonoids, phenolic acids, alkaloids, monoterpenes, iridoids, triterpenes, phenylethanoid glycosides, anthraquinones and other miscellaneous compounds were identified, respectively. Eleven important components, 47 key targets and 15 related pathways based on network pharmacology analysis were obtained. Molecular docking simulation indicated that ERK1/2, c-Fos and p65 might play an essential role in QYD against AP. Finally, the western blot experiments showed that QYD could up-regulate the expression level of ERK1/2 and c-Fos, while down-regulate the expression level of p65.
Conclusion: This study predicted and validated that QYD may treat AP by inhibiting inflammation and promoting apoptosis, which provides directions for further experimental studies.
Keywords: Qing-Yi decoction, acute pancreatitis, chemical profile, network pharmacology, molecular docking, p65, ERK1/2, c-fos
INTRODUCTION
Acute pancreatitis (AP) is a common clinical disease caused by a variety of factors, including cholelithiasis, excessive drinking, obesity, smoking, etc (Sadr-Azodi et al., 2012; Yadav and Lowenfels, 2013; Lankisch et al., 2015; Forsmark et al., 2016), which is manifested by acute epigastric pain, nausea, vomiting and fever (Lankisch et al., 2015). The overall incidence rate of AP is 13–45 per 100,000 persons and is increasing year by year (Yadav and Lowenfels, 2013; Lankisch et al., 2015).
At present, the western medicine treatment of AP is mainly focused on spasmolysis, pain relief, inhibition of pancreatin secretion and fluid resuscitation. In severe cases, surgical treatment will be used (Lankisch et al., 2015; Brunschot et al., 2018). However, the therapeutic effect of these schemes is limited because they can only control the symptoms without an ultimate cure. Furthermore, there is no specific drug available yet. Therefore, it is imperative to develop safer and more effective drugs to treat AP. Traditional Chinese medicine (TCM), which has a history of clinical application for thousands of years in China, has been gradually accepted in the treatment of AP in view of its characteristics of holism concept and pattern differentiation (Wang and Zhang, 2017) as well as advantages of less side effects and systemic regulation.
Qing-Yi Decoction (QYD) is a classic precompounded prescription that consists of eight herbs, namely, Rheum officinale Baill. (da-huang in Chinese), Bupleurum chinense DC. (chai-hu in Chinese), Scutellaria baicalensis Georgi (huang-qin in Chinese), Paeonia lactiflora Pall. (bai-shao in Chinese), Aucklandia costus Falc. (mu-xiang in Chinese), Corydalis yanhusuo (Y. H. Chou and Chun C. Hsu) W. T. Wang ex Z. Y. Su and C. Y. Wu (yan-hu-suo in Chinese), Gardenia jasminoides J. Ellis (zhi-zi in Chinese) and Natrii Sulfas (mang-xiao in Chinese). Previous studies reported that it could treat AP by reducing the production of various inflammatory mediators, blocking inflammatory signaling pathways, and improving intestinal mucosal barrier and motility effectively (Zhang et al., 2015). In clinical practice, QYD is more widely used than similar prescriptions such as Da-Cheng-Qi Decoction because of its advantages of targeting symptomatic infection by heat-clearing, detoxifying and removing stasis by purgation. (Qu et al., 2007; Chen et al., 2015). However, there are some shortages in the current research on QYD. For one thing, the pharmacodynamic material basis and quality evaluation system related to drug efficacy of QYD have not been established. For another, the current reports are mostly limited to a single target, which is difficult to reflect the “holism” characteristics of QYD as a compound preparation with multiple constituents, multiple targets and multiple pathways, and lacks convincing power. The above problems hindered the development and application of QYD. Therefore, it is necessary to characterize and reveal its chemical constituents and overall mechanism systematically.
Network pharmacology was proposed by Andrew Hopkins in 2007. Its core idea is to optimize treatment strategies depends on a biological network formed by disease features, bioactive agents and drug targets that connect to each other (Hopkins, 2007). It has been introduced to evaluate the constituents and action mechanisms of TCM in view of its systematic and holistic coincides (Li et al., 2011; Li and Zhang, 2013; Cai et al., 2018a). Molecular docking is a technology of drug design and screening based on computer data simulation through the interaction and affinity between receptor macromolecules and drug micromolecules (Chen et al., 2014; Lionta et al., 2014; Saikia and Bordoloi, 2019; Reddyrajula and Dalimba, 2020). At present, their combined use has been successfully applied in the research of Traditional Chinese medicine and their compound preparation (Liang et al., 2019; Wang et al., 2019).
In this study, we systematically expounded the possible targets and related pathways of QYD in treating AP by integrating the ultra-performance liquid chromatography coupled with quadrupole time-of-flight mass spectrometry (UHPLC-QTOF-MS), network pharmacology, molecular docking analysis and experimental evaluation using molecular biology. The schematic diagram of this study was shown in Figure 1.
[image: Figure 1]FIGURE 1 | The schematic diagram of the present study.
MATERIALS AND METHODS
Chemicals, Reagents and Materials
Methanol and acetonitrile of HPLC grade were purchased from Merck Company Inc. (Darmstadt, Germany). The chemical of formic acid was MS grade and purchased from Fisher Scientific Company Inc. (Fairlawn, NJ). All other reagents were of analytical grade and supplied by Tianjin Concord Technology Co., Ltd. (Tianjin, China). Ultra-pure water (18.2 MΩ) was prepared daily with a Milli‐Q water purification system (Millipore, Milford, MA, United States).
Gallic acid (3), catechin (18), chlorogenic acid (19) (+)-epicatechin (28), scutellarin (36), tetrahydropalmatine (47), jatrorrhizine (48), baicalin (62), palmatine (72), baicalein (88), aloe-emodin (93), rhein (94), saikosaponin a (96), wogonin (97), emodin (104), chrysophanol (107), and physcion (108) were obtained from the National Institutes for Food and Drug Control (Beijing, China). Syringin (22), albiflorin (29), paeoniflorin (31), rutin (35) and benzoylpaeoniflorin (85) were purchased from Chengdu Pufei De Biotech (Chengdu, Sichuan, China). The purity of each reference standard was above 98%.
All the eight herbs of QYD, including Rheum officinale Baill. (batch No. 160702), Bupleurum chinense DC. (batch No. 170509), Scutellaria baicalensis Georgi (batch No. 170505), Paeonia lactiflora Pall. (batch No. 170308), Aucklandia costus Falc. (batch No. 170503), Corydalis yanhusuo (Y. H. Chou and Chun C. Hsu) W. T. Wang ex Z. Y. Su and C. Y. Wu (batch No. 170307), Gardenia jasminoides J. Ellis (batch No. 170305) and Natrii Sulfas (batch No. 170609) were purchased from the First Affiliated Hospital of Dalian Medical University (Dalian, Liaoning Province, China), and authenticated by Professor Aijing Leng (Department of Chinese medicine, The First Affiliated Hospital of Dalian Medical University). Their voucher specimens were deposited at the author’s laboratory.
Preparation of Qing-Yi Decoction Extract and Standard Solution
Raw herbs for the formula (containing Bupleurum chinense DC., 15 g; Scutellaria baicalensis Georgi, 12 g; Paeonia lactiflora Pall., 15 g; Aucklandia costus Falc, 15 g; Corydalis yanhusuo (Y. H. Chou and Chun C. Hsu) W. T. Wang ex Z. Y. Su and C. Y. Wu, 15 g; and Gardenia jasminoides J. Ellis, 15 g) was soaked and extracted by boiling with 10-fold mass of water (870 ml) for 1 h. After filtered with six-layer absorbent gauze, the residue was re-extracted with 8-fold mass of water in the same way for 0.5 h. Then Rheum officinale Baill. (20 g) was added into the extract and boiled for additional 0.5 h. After being filtered with six-layer absorbent gauze and added by Natrii Sulfas (10 g) when solution was hot, the two filtrates were combined and concentrated under vacuum to 120 ml (equal to 1 g crude herb/ml), and finally the concentrate was subjected to freeze-dry. The extract was obtained with a yield of 29.5% and kept in the desiccator before use.
A 1.0 g of the freeze-dried powder was accurately weighted and extracted with 50 ml of methanol/water (1:1, v/v) for 30 min under ultrasound. The extract solution was centrifuged at 13,000 rpm for 10 min at 4°C and the supernatant was filtered through a 0.22 μm membrane filters. Finally, 1.0 μl of filtrate was injected into UHPLC-QTOF-MS for analysis.
Ultra-Performance Liquid Chromatography Coupled With Quadrupole Time-of-Flight Mass Spectrometry Condition
Chromatographic separation was carried out on an Agilent 1,290 Infinity LC system (Agilent, United States) using an Agilent Zorbax Eclipse Plus C18 column (100 × 2.1 mm i.d., 3.5 μm) at 40°C with a flow rate of 0.3 ml/min. The mobile phase consisted of water containing 0.1% formic acid (solvent system A) and acetonitrile (solvent system B) were performed with gradient elution program as follows: 0–5 min, 3–10% B; 5–13 min, 10–18% B; 13–20 min, 18–25% B; 20–35 min, 25–70% B; 35–40 min, 70–99% B; 40–42 min, 99–3% B; 42–45 min, 3% B. 2 μl of sample solution was injected for analysis.
Mass detection was performed using an Agilent 6530b Accurate-Mass Quadrupole Time-of-Flight (Q-TOF) mass spectrometer (Agilent Corp., United States) equipped with a Dual AJS ESI source operating in both positive and negative mode with the following operating parameters: drying gas (N2) flow rate, 10.0 L/min; drying gas (N2) temperature, 350°C; nebulizer, 35 psig; sheath gas (N2) temperature, 400°C; fragmentor voltage, 120 V; skimmer voltage, 65 V; Octopole RF, 750 V. The capillary voltage was set at 4 kV or −3.5 kV under positive or negative mode, respectively. The nozzle voltage was set at +500 V or −1000 V, respectively; The quasi-molecular ions [M − H]− and [M + H]+ were selected as precursor ions and subjected to target-MS/MS analyses with different collision energies ranging from 10 to 60 V to acquire sufficient product ions. MS spectra were recorded over the m/z range of 50–1,100. All data was processed by MassHunter workstation software version B.06.00 (Agilent Technologies, Germany).
Network Pharmacology Analysis
Establishment of Component Target Database for Qing-Yi Decoction
Briefly, the constituents contained in QYD identified by UHPLC-QTOF-MS were input into the Molispiration Smiles database (https://www.molinspiration.com/cgi-bin/properties), and the active constituents were screened out through the Lipinski’s rule of five (Lipinski et al., 2001). Then, the Canonical SMILES structure formats of these constituents were obtained from Pubchem database (https://www.ncbi.nlm.nih.gov/pubmed/), and the component targets were found out by inputting them into Swiss Target Prediction Database (http://www.swisstargetprediction.ch/). To obtain more target information, the names of the ingredients were also input into Traditional Chinese Medicine Systems Pharmacy Database and Analysis Platform (TCMSP) (http://LSP.nwu.edu.cn/tcmsp.php). Finally, the UniProt Knowledgebase (http://www.uniprot.org/) was used to convert the protein names into official gene symbols (Homo sapiens).
Establishment of Therapeutic Target Database for Acute Pancreatitis
The information of therapeutic target was searched by using “acute pancreatitis” as the keyword. After integration of search-derived target data and elimination of the repeated genes, the therapeutic targets database can be obtained. The databases that used in this study were shown below.

1) OMIM database (http://omim.org/)
2) GeneCards database (https://www.genecards.org/)
3) DisGeNET database (http://www.disgenet.org/web/DisGeNET/menu)
4) GAD database (https://geneticassociationdb.nih.gov/)
The Protein-Protein Interactions Network Analysis
To clarify the relationship between intersection targets, an intersection targets protein-protein interactions (PPI) network of acute pancreatitis and QYD component was constructed and analyzed using STRING database (https://string-db.org/). Species were defined as Homo sapiens. PPIs with a confidence score greater than 0.95 were selected and topology analyses were carried out to ensure the accuracy of the results. Finally, targets with a degree value greater than twice the median were chosen for subsequent network construction and analysis (Lu et al., 2017; Li et al., 2018a).
Enrichment Analysis
In order to clarify the signaling pathways related to key targets, Kyoto Gene and Genome Encyclopedia (KEGG) enrichments analysis was performed based on Database for Annotation, Visualization and Integrated Discovery (DAVID, https://david.ncifcrf.gov/home.jsp, ver. 6.8) (Huang et al., 2009).
Network Construction and Analysis
To visualize the research data, we process the data by employing the network visualization software Cytoscape 3.2.1 (Demchak et al., 2014), which supplies a method for data integration, analysis, and visualization for complex network analysis. The two networks were constructed as follows: 1) constituents-putative targets network of QYD; 2) active constituents-intersection target PPIs-pathways network. In these network diagrams, constituents, targets, and pathways were all represented by nodes, while the edges indicate the interactions between different nodes. The “degree” of a node was determined by the number of connected edges.
Molecular Docking
The Surflex-docking module in SYBYL-X 2.0 (Boström, 2001) was performed to evaluate the binding ability between the screened core constituents and targets. First of all, the 2D structure of the compound was obtained from the PubChem database (https://www.ncbi.nlm.nih.gov/pubmed/) in SDF format and then converted into the 3D structure in mol2 format by SYBYL-X 2.0 software for the preparation of micromolecule ligand compounds. Next, the protein crystal structure of core targets was obtained from the RCSB Protein Data Bank database (http://www.rcsb.org) after searching PDB ID in the uniport database (http://www.uniprot.org/). Finally, a series of treatments include removing water molecules and original ligands, adding hydrogen, repairing amino acids and forming binding pockets were performed to complete the preparation of macromolecular receptor target proteins. “Total Score” given by software was used as the indicator for docking results. The higher the score, the stronger the binding effect.
Experiments Evaluation
Animals and Drug Treatments
Twenty four male Sprague-Dawley (SD) rats (240 ± 10 g body weight about 6–8 weeks-old) purchased from the Laboratory Animal Center of Dalian Medical University (License number: SCXK (Liao) 2018-0003) were maintained in a breeding room under controlled temperature (22 ± 2°C), humidity (55 ± 5%) and lighting (12 h light-dark cycles) conditions. To be acclimatized, rats were allowed food and water ad libitum for one week before the experiments. All experimental protocol was approved by the Ethics Review Committee for Animal Experimentation of Dalian Medical University.
SD rats were randomly divided into four groups including the control (CON) group, acute pancreatitis (AP) group, Qing-Yi Decoction-treated (QYD) group and dexamethasone-treated (DEX) group (n = 6 in each group). AP model was induced by retrograded injection of 3.5% sodium taurocholate (STC) into the pancreatic duct according to the previous report (Huang et al., 2017). For the CON group, only the traction of the duodenum was conducted, and injection of the drug wasn’t given. QYD extract was orally administrated to rats at a dosage of 10 g crude drug/kg/day when awakening after modeling. DEX that dissolved with normal saline by ultrasound was used as a positive drug at a dose of 10 mg/kg by intravenous tail injection. QYD and DEX were given repeated 12 h later. Rats in the control and model group were given physiological saline, which had the same volume as QYD and DEX.
After modeling for 24 h, rat serum was collected by centrifugation at 3,000 rpm for 10 min at 4°C. Meanwhile, part of pancreatic tissues was collected and fixed in 4% paraformaldehyde solution for histopathological staining. The remaining ones were immediately frozen and stored at −80°C for western blot analysis.
Histopathological Examination and Biochemical Analysis
Pancreatic was observed under an optical microscope (Olympus, Japan) with a magnification of 200 times after embedded in paraffin and stained with hematoxylin and eosin. Finally, the previous scoring system was used to evaluate the damage degree of pancreatic tissue with edema, inflammation and vacuolation as indexes (Rongione et al., 1997). Also, the serum of rats was diluted 100 times, and then the amylase level was determined according to the instructions of the kit (Jiancheng, Nanjing, China).
Western Blot Analysis
Total protein was extracted from pancreas tissues with cold lysis buffer and PMSF protease inhibitor. Next, the protein concentration was determined using the BCA protein assay kit. The protein samples were fractionated by SDS-PAGE (8–10%) and then transferred to PVDF membranes. The membranes were blocked with 5% non-fat milk for 1.5 h and incubated overnight at 4°C with the following primary antibodies: p65, p-p65, ERK1/2, p-ERK1/2, c-Fos, β-actin (1:1,000 dilution). The membranes were incubated 1 h at room temperature with secondary antibodies and protein expression was probed with an ECL method and placed in a Tanon-5200 Imaging System (Tanon, Shanghai, China).
Statistical Analysis
Statistical analysis was carried out with SPSS 20.0 software. All the data in the experiment are expressed as mean ± standard deviation. F-test was used to analyze the variance homogeneity of the data. Then one-way ANOVA’s “LSD test” or “Games-Howell test” was used to compare the differences between the two groups according to the results. Values of p < 0.05 were considered statistically significant.
RESULTS
Chemical Profile of Qing-Yi Decoction by Ultra-Performance Liquid Chromatography Coupled With Quadrupole Time-of-Flight Mass Spectrometry
Under the optimized conditions, a total of 110 constituents including 28 flavonoids, 16 phenolic acids, 15 alkaloids, 15 monoterpenes, 11 iridoids, eight triterpenes, five phenylethanoid glycosides, five anthraquinones and seven miscellaneous compounds that originate from seven herbs were identified or tentatively characterized according to the in-house constituents database established for QYD (Figure 2, Supplementary Table S1). While the typical constituents of Natrii Sulfas (Na2SO4·10H2O) were not detected.
[image: Figure 2]FIGURE 2 | Representative base peak chromatogram (BPC) of QYD in the positive and negative ions mode, respectively.
Among them, 22 compounds (compounds 3, 18, 19, 22, 28, 29, 31, 35, 36, 47, 48, 62, 72, 85, 88, 93, 94, 96, 97, 104, 107 and 108) were identified as gallic acid, catechin, chlorogenic acid, syringing (+)-epicatechin, albiflorin, paeoniflorin, rutin, scutellarin, tetrahydropalmatine, jatrorrhizine, baicalin, palmatine, benzoylpaeoniflorin, baicalein, aloe-emodin, rhein, saikosaponin a, wogonin, emodin, chrysophanol and physcion by comparing the retention time, quasi-molecular ions with authentic standards, respectively. While the others were tentatively deduced based on their high-accurate quasi-molecular ion such as [M − H]− [M + HCOO]− [M + Cl]− [M]+ [M + H]+ and [M + Na]+ with those of the known published compounds recorded in the in-house library. Information regarding the 110 constituents, such as tR (min), identification, formula, negative ion (m/z), positive ion (m/z) and botanical source, is offered in Supplementary Table S1.
Network Pharmacology Analysis
Qing-Yi Decoction Component Targets Network and Acute Pancreatitis Related Therapeutic Targets
Based on the chemical profile of QYD characterized by UHPLC/QTOF-MS, 541 targets associated with the 110 constituents were predicted as potential targets of QYD (Supplementary Table S2, Supplementary Figure S1). In order to focus on more important information, a total of 47 active constituents were screened out according to the Lipinski's rule of five. Correspondingly, the potential targets of the constituents were reduced to 423. The active constituents-potential targets network of QYD for AP was constructed and shown in Figure 3. Similarly, 6593AP-related targets obtained from OMIM, GeneCards, DisGeNET and GAD databases were collected after searching, integrating and de-duplicating steps. (Supplementary Table S3).
[image: Figure 3]FIGURE 3 | Compound-target network of QYD (Pink circle represents target; Triangle represents compound in QYD. It’s a positive proportional relationship that between the node size and the degree).
Acquisition of Candidate Targets and Core Constituents for Qing-Yi Decoction Against Acute Pancreatitis
For the acquisition of the core targets for QYD against AP, the constituents-targets and disease-targets databases were intersected by Cytoscape 3.2.1 software, and 350 intersection targets were obtained. The PPI network of intersection targets was analyzed by the STRING database (https://string-db.org/) and the targets with confidence score >0.95 were screened for network construction. As a result, 236 nodes and 666 edges were involved in this network. More crucial targets were obtained based on the degree value of network topology analysis. Among them, 69 targets with degree values greater than twice the median were considered as candidate targets (Supplementary Figure S2). Forty constituents that had direct effects on 69 candidate targets were screened out for further identified as the key active constituents of QYD in treating AP. Among them, 11 constituents including quercetin (33), wogonin (97), baicalein (88), emodin (104), epicatechin (28), aloe-Emodin (93), berberine (71), palmatine (72), oroxylin A (101), physcion (108) and skullcapflavon II (100) were considered to be the key active constituents because their degree value was more than twice the median value.
Analysis of Related Pathways of Potential Targets
DAVID website was used to carry out KEGG pathway enrichment analysis on potential targets and 63 pathways were obtained. Of which 59 were statistically significant (p < 0.05). Associations among active constituents, potential targets and the top 15 pathways (excepted cancer pathways) were shown in Figure 4. It could be seen that 11 key active ingredients could regulate relevant pathways by acting on 47 targets, and the MAPK signaling pathway, T cell receptor signaling pathway, Focal adhesion, Toll-like receptor signaling pathway and Apoptosis were involved. The details of their interactions were listed in Supplementary Table S4.
[image: Figure 4]FIGURE 4 | Compound-target-pathway network (Pink octagon represents the key compound; purple octagon represents common compound; red circles represents key target; green circles represents common target; blue diamond represents pathway. It’s a positive proportional relationship that between the node size and the degree).
Molecular Docking Analysis
RCSB Protein Data Bank database was used to investigate the relationship between active constituents and potential targets by collecting the crystal structure of the target (Supplementary Table S5), and SYBYL-X 2.0 platform was applied to analyze the docking relationship. As shown in Figure 5A, the binding ability of components with targets were divided into three levels, which contain strong interaction (>6.0), medium interaction (5.0–6.0), weak interaction (4.0–5.0) and no interaction (<4.0). In this study, 5.0 was set as the screening value to obtain more critical targets. As a result, skullcapflavon II (a characteristic ingredient derived from Scutellaria baicalensis Georgi), palmatine (from Corydalis yanhusuo (Y. H. Chou and Chun C. Hsu) W. T. Wang ex Z. Y. Su and C. Y. Wu), and physcion (from Rheum officinale Baill.), showed better binding ability in flavonoids, alkaloids and anthraquinone compounds, respectively. As for the targets, MAPK1 (ERK, PDB ID: 6slg), FOS (c-Fos, PDB ID: 1a02), and RELA (p65, PDB ID: 4kv1) possess higher binding activity (Figure 5B). The representative three-dimensional patterns of docking combinations (MAPK1-physcion, FOS-skullcapflavon II, and RELA-palmatine) were shown in Figure 5C.
[image: Figure 5]FIGURE 5 | The binding modes of key compounds with related proteins were analyzed by SYBYL-X 2.0 software. (A) Component docking score; (B) Target docking score; (C) Representative docking combinations.
It was seen that there are four hydrogen bonds between MAPK1 and physcion (108), and three of which are the interaction between hydroxyl and MET108, ASP106 and GLN105, the other one is the interaction between MET108 and carbonyl. Three interactions consist in the combination of MAPK1 and the positive drug LM22B-10, namely MET108, ASP106 and LY654. In addition, in the binding pocket of FOS and skullcapflavon II (100), five hydrogen bonds formed by two amino acid residues (ARG286 and ILE535) and phenolic hydroxyl groups were found. Similarly, five hydrogen bonds were also found between FOS and the positive drug LM22B-10, which were formed by phenolic hydroxyl groups bond with ASP174, ASP464 and ILE535. For RELA, three hydrogen bonds were found connection with palmatine (72) with GLN127, LYS72 and THR134. In the docking combination of RELA and positive Licochalcone D, four hydrogen bonds formed by RELA and ASN116, ASN117, GLN127 and GLN64 were shown.
Experimental Evaluation
Histopathological Examination and Biochemical Analysis
In pancreatic tissue of AP rats, the acinar cell injury, vacuolation, hemorrhage and inflammatory cell infiltration occurred was observed. When compared with the AP group, different degrees of improvement in QYD and DEX treatment groups were seen, and the QYD group possess a better effect. As shown in Figure 6A, edema and hemorrhage were not observed between the cells; the structure of the pancreatic lobules was clear and without infiltrated by inflammatory cells in the CON group. For the AP group, obvious edema among histiocytes was observed, a large number of red blood cells was overflowed, and the pancreatic tissue was infiltrated by numerous neutrophils and lymphocytes. The structure of pancreatic lobules was fuzzy and uniform, and a large quantity of necrotic pancreatic cells was found. In the QYD group, there was mild edema among tissue cells, the pancreas was infiltrated by a small number of inflammatory cells, and some areas were calcified. As for the DEX group, there was edema between cells, the pancreas was infiltrated by a few inflammatory cells, and the infiltration was distributed in the lesion. Calcification was seen in some areas, and a small number of red blood cells are spilled around the blood vessels. Also, its histopathological score is shown in Figure 6B.
[image: Figure 6]FIGURE 6 | Histopathological examination and biochemical analysis. (A) Histopathological observation of pancreatic tissue in four groups (HE, ×200); (B) Histological score of pancreatic tissue in four groups (HE, ×200). (C) Serum amylase level in rats. Data are presented as the mean ± SD (n = 3), **p < 0.01 vs. AP group. ##p < 0.01 vs. CON group.
Besides, an abnormal increase of serum amylase level is an essential basis for the diagnosis of AP. In this experiment, the serum amylase level of rats was detected by the starch-iodine colorimetric method. The results showed (Figure 6C) that amylase levels in the AP group were significantly higher than those in the CON group (p < 0.01). In addition, compared with the AP group, QYD treatment could significantly inhibit the activity of amylase (p < 0.01).
Western Blot Analysis
The western blotting analysis was used to evaluate related protein levels in the pancreas. As shown in Figure 7, p-p65 expression was markedly up-regulated, and p-ERK1/2 and c-Fos expression were notably down-regulated in AP rats following STC infusion (p < 0.01). As expected, QYD and DEX treatment significantly increased p-ERK1/2 and c-Fos levels and decreased p-p65 levels compared to the AP group (p < 0.01), and QYD treatment group possesses a better effect. The results suggest that the therapeutic effect of QYD on AP may be related to inhibiting the expression of p-p65 and promoting the expression of p-ERK1/2 and c-Fos.
[image: Figure 7]FIGURE 7 | QYD extracts protect pancreas tissue of SD rats by regulated inflammation and cell apoptosis. (A) Effects of QYD extracts on p-p65, t-p65, p-ERK1/2, t-ERK1/2, c-Fos protein levels in STC-induced acute pancreatitis model based on the western blotting assay; (B–D) Statistical analysis of the effects of QYD extracts on protein expressions levels. Data are presented as the mean ± SD (n = 3), **p < 0.01 vs. AP group. ##p < 0.01 vs. CON group.
DISCUSSION
As a common critical disease of the digestive system, AP should attract our attention. Although the pathogenesis and clinical treatment of AP has been widely developed in recent basic and clinical research, satisfactory results are still not obtained. Therefore, it has become a significant challenge in clinical and scientific research to explore the mechanism of AP occurrence and development and provide new treatment suggestions for AP patients.
According to TCM theory, the pathogenesis of AP belongs to the category of Yang ming fu-viscera excess syndrome, which should be treated following the principles of soothing liver, regulating qi, clearing heat, detoxifying and removing stasis by purgation. QYD is developed based on the classic prescription Da-Cheng-Qi decoction of “Shang Han Lun”, which is composed of eight herbs and obtained a significant effect in the clinical treatment of AP. However, its material basis and the overall mechanism of action remain a mystery. In this study, a combined strategy of phytochemistry, network pharmacology, molecular docking and basic experiment was used to assess the active constituents and potential molecular mechanisms of QYD on AP step by step. Firstly, the chemical composition of QYD was characterized by UHPLC-QTOF-MS for the first time. A total of 110 constituents were identified, of which 47 conform to the Lipinski’s rule of five and mainly belong to alkaloids, flavonoids, and anthraquinones. Next, 11 key components were further filtered through network pharmacology, which contained six flavonoids that mainly from Scutellaria baicalensis Georgi [quercetin (33), wogonin (97), baicalein (88), epicatechin (28), oroxylin A (101), skullcapflavon II (100)], three anthraquinones that mainly from Rheum officinale Baill. [emodin (104), aloe-emodin (93), physcion (108)], and two alkaloids that mainly from Corydalis yanhusuo (Y. H. Chou and Chun C. Hsu) W. T. Wang ex Z. Y. Su and C. Y. Wu [berberine (71), palmatine (72)]. Interestingly, the effects of Scutellaria baicalensis Georgi, Rheum officinale Baill. and Corydalis yanhusuo (Y. H. Chou and Chun C. Hsu) W. T. Wang ex Z. Y. Su and C. Y. Wu in TCM are similar to the primary efficacy of QYD, which suggests that these three drugs play a significant role in QYD treatment of AP. This makes the prediction results of network pharmacology more convincing. Also, the main components of these three herbs have been preliminarily explored in the treatment of AP. Two previous studies found that baicalein (88) and quercetin (33) from Scutellaria baicalensis Georgi could alleviate the symptoms of AP by promoting cell apoptosis and inhibiting inflammation (Zheng et al., 2018; Pu et al., 2019). In addition, emodin (104) from Rheum officinale Baill. played an antioxidant and anti-inflammatory role in AP (Xia et al., 2019). Moreover, berberine (71) from Corydalis yanhusuo (Y. H. Chou and Chun C. Hsu) W. T. Wang ex Z. Y.Su and C. Y. Wu had analgesic effects, which involved relieving the pancreatic pain of QYD on AP (Choi et al., 2016). The above discussion fully affirmed the therapeutic potential of QYD in AP.
Apoptosis, inflammatory response, immune regulation, cell proliferation and differentiation are essential characteristics of AP development (Xiang et al., 2017). In this study, KEGG pathway enrichment analysis showed that 11 key components in the QYD regulate the information transmission of 15 signaling pathways by targeting 47 targets. Combined the results of KEGG and molecular docking, we found that the top targets in docking scores were near related to apoptosis and inflammation.
As is known to all, the AP’s development process is related to apoptosis and necrosis of pancreatic acinar cells, the MAPK signaling pathway and Apoptosis signaling pathway were enriched by apoptosis-related proteins such as AKT1, CASP3, FOS, etc. Our molecular docking results showed that a high overall score existed in MAPK1 (ERK1/2) and FOS (c-Fos) when docking with 11 key components, which suggested that they may play an essential role in QYD against AP. Previous studies have confirmed that ERK1/2 is a crucial target for MAPK signaling pathways. It is an important carrier that transfers transmitting signals from cell surface receptors to the nucleus, which could be activated by upstream signaling molecules and regulate corresponding biological functions like cell proliferation and apoptosis (Ma et al., 2013; Tanaka and Iino, 2015; Li et al., 2018b). Some other researchers have found that the process of apoptosis could be regulated by promoting phosphorylation of ERK1/2 (Damiano et al., 2018; Kim et al., 2019). Similarly, apoptosis could be promoted after c-Fos being activated, which is a downstream target of ERK1/2 (Pandey and Wang, 1995; Wagner, 2010; Ren et al., 2013). It has also been reported that accelerating apoptosis is beneficial to the disease remission in the early stage of AP because it delays the process of cell necrosis to some extent (Cai et al., 2018b) Consistent with this, our molecular biology experiments showed that there was a significantly decreased in the expression of ERK1/2 and c-Fos when AP occurred, while QYD restored their expression to some extent. Other critical proteins related to apoptosis, such as BCL-2 and caspase family, were also predicted (Morishima et al., 2002). It suggested that QYD treatment of AP may be partially achieved by promoting the process of apoptosis.
The NF-KB signaling pathway is one of the typical inflammatory response pathways and the inflammatory response is a typical feature of AP. Although this pathway did not show in the results of KEGG pathway enrichment analysis, it exists in the multiple signal pathways that have been enriched and play a vital role in them, such as MAPK signal pathway, T cell receptor signal pathway, Toll-like receptor signal pathway, and NOD-like receptor signaling pathway. RELA (p65) is an essential molecule in NF-KB signaling pathways who is responsible for the expression of proinflammatory mediators (Jakkampudi et al., 2016). When docking with critical components, it exhibited high binding activity. In some studies, inflammatory cascade reaction shows the importance to aggravate AP. The binding of p65 and IKB is inhibited under normal conditions. However, when something stimulates the cell, IKB will be degraded by IKK, p65 will be released and enter the nucleus quickly to binding with the DNA so that the transcription is initiated and a large number of inflammatory cells factors such as TNF-α, IL-6 and IL-1B are released. Then, the p65 is further activated, and the inflammatory response is gradually amplified (Hayden and Ghosh, 2008; Rotstein, 2014). Hence, we can see that inhibition of p65 expression could attenuate the severity of the inflammatory response and alleviate the symptoms of AP, which was also supported by the results of our experiment. In addition, other targets such as CHUK and GSK3B were also involved in inflammation and the AP process.
In recent years, more and more researches have focused on the human immune system. A study found that the disturbance of the immune regulation mechanism is one reason that aggravates the severity of AP and even leads to death (Kylänpää et al., 2010). AP could be improved by timely adjustment of the immunosuppressive state because it will urge a dynamic balance between the proinflammatory and anti-inflammatory responses (Munir et al., 2020). Other studies had shown that IL2, NFATC1 and LCK played a vital role in the T cell receptor signaling pathway. Among them, IL2 is necessary for T cell proliferation and other immune regulation, and it could stimulate B cells, monocytes and natural killer cells. And NFATC1 is very important for the induction of IL2 gene transcription. The differentiation and apoptosis of T cells was regulated by it (Chuvpilo et al., 1999). Besides, Lck is an src-related protein tyrosine kinase, which regulates T cells’ survival status by binding to CD4 molecules and the inflammatory response of AP (Bai et al., 2014; Bozso et al., 2020).
It is worth noting that among the targets predicted in this study, some proteins were related to the cell cycle, cell proliferation and cell differentiation. Among the multiple proteins, the CCNB1, CDC42, CDKN1A, E2F1, EGFR, MYC, and TP53 had a higher docking score. Previous studies believed that inflammation was closely related to immunity and the unfavorable supervision of the immune system is an advantage for tumorigenesis (Padoan et al., 2019). Meanwhile, repeated episodes of AP can lead to chronic pancreatitis, and scholars such as Kleeff J believed that chronic pancreatitis is an important risk factor for pancreatic ductal adenocarcinoma. Moreover, obvious binding effects between key components and tumor-related proteins suggested that QYD may have unexpected effects in preventing the transformation of pancreatitis from inflammation to cancer (Kleeff et al., 1965; Tarasiuk and Fichna 2019).
There are still two shortcomings in this study. On one hand, in terms of the research dimension, there is a lack of the validation from clinical and cellular molecular aspects. On the other hand, in terms of the research technology, network pharmacology ignores the dose-effect relationship of multi-components in formula when they exert the therapeutic effects. These deficiencies will be improved in subsequent studies.
In conclusion, our molecular biology experiments showed that QYD could reduce the expression of p-p65 and promote the expression of p-ERK1/2 and c-Fos significantly, which is consistent with the results of the prediction of network pharmacology and molecular docking. Based on this, we propose a plausible molecular mechanism for the multi-target effects of QYD on AP, namely, QYD may protect the pancreas from injury by promoting apoptosis and inhibiting inflammation (Figure 8).
[image: Figure 8]FIGURE 8 | Overview of potential mechanisms underlying the protective effects of QYD on STC-induced acute pancreatitis.
CONCLUSION
Chinese medicine plays a crucial role in preventing and treating AP. In this study, 110 chemical components of QYD were identified by UHPLC-QTOF-MS for the first time, and then 11 important components and 47 key targets were screened based on network pharmacological analysis. Molecular docking showed that QYD may influence the process of apoptosis and inflammation by regulating the expression of ERK1/2, c-Fos and p65, thus protecting pancreatic injury caused by AP. This result has been confirmed in molecular biology experiments. To sum up, our research not only provides a comprehensive understanding of the active components and molecular mechanism of QYD, but also provides experimental basis and new idea for further development and clinical application of QYD.
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Background: Viral myocarditis (VMC) is a common emergency of cardiovascular disease. Current treatment for VMC includes the prohibition of exercise plus supportive and symptomatic treatment, given the lack of specific antiviral therapeutic options and insufficient evidence for the use of novel immunosuppressive therapies. Trimetazidine, a drug used to improve myocardial energy metabolism, is frequently used for the treatment of viral myocarditis. In China, Chinese herbal injections (CHIs) are often used in combination with trimetazidine. Therefore, we evaluate the efficacy and safety of CHI combined with trimetazidine in the treatment of VMC through the method of network meta-analysis.
Methods: We searched PubMed, the Cochrane Library, Embase, China National Knowledge Infrastructure (CNKI), Wanfang Database, Chinese Scientific Journals Full-text Database (VIP), and China Biology Medicine Database (CBM) databases from inception to September 1, 2020, to identify eligible randomized controlled trials. The Cochrane risk of bias tool was used to assess the risk of bias among selected studies and the Stata 16.0 software was used to perform the network meta-analysis.
Results: A total of 29 studies were included, representing data from 2,687 patients. The effectiveness rate, level of myocardial injury marker, and the adverse reaction rate were evaluated. Compared with conventional treatment or conventional treatment combined with trimetazidine, CHIs combined with trimetazidine appeared to have a better therapeutic effect, with higher effectiveness rate and better reduction of the levels of creatine kinase, creatine kinase-MB, and lactate dehydrogenase. Based on surface under the cumulative ranking, Shenmai injection combined with trimetazidine appeared to be superior in terms of effective rate, while Astragalus injection or Salviae miltiorrhizae and ligustrazine hydrochloride injection combined with trimetazidine appeared most effective in reducing myocardial injury markers. There was no significant difference in safety between the interventions. However, a lack of safety monitoring in some selected studies meant that the safety of some interventions could not be fully evaluated.
Conclusion: CHIs combined with trimetazidine may have therapeutic value in the treatment of viral myocarditis, and Shenmai injection, Astragalus injection, and Salviae miltiorrhizae and ligustrazine hydrochloride injection may represent the most effective CHIs. Further clinical investigation is required to confirm these results.
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INTRODUCTION
Viral myocarditis (VMC) is a localized or diffuse myocardial inflammatory lesion caused by viral infection. Its clinical manifestations vary widely, from asymptomatic in mild cases to heart failure and even sudden cardiac death in severe cases. The most common manifestations are chest pain, heart failure, and fatigue dyspnea (Grün et al., 2012; Society of Cardiovascular Diseases, China Association of Chinese Medicine, 2020). Viral infection is believed to be the main cause of VMC, and the common viruses are coxsackievirus B, parvovirus B19, herpesvirus, and so on (Leone et al., 2019). Relevant epidemiological data show that the incidence of VMC is about 10–22 per 100,000 people, and the population is mainly young and middle-aged (Global Burden of Disease Study 2013 Collaborators, 2015; Olejniczak et al., 2020). As severe cases of VMC can lead to heart failure and sudden cardiac death, which seriously affect the life of patients, the timely treatment of it is very important. Current treatment for viral myocarditis remains founded on the prohibition of exercise plus supportive and symptomatic treatment, given the lack of specific antiviral therapeutic options and insufficient evidence for the use of novel immunosuppressive therapies (Tschöpe et al., 2019).
Trimetazidine, an oxidation inhibitor of free fatty acids, is often used in the treatment of heart disease with the effect of improving myocardial energy metabolism and protecting myocardium (Marzilli et al., 2019). Some studies have shown that trimetazidine has a curative effect in the treatment of VMC, which can increase the clinical effectiveness rate, improve clinical symptoms, and promote the recovery of myocardial zymogram (Yu et al., 2014). In China, traditional Chinese medicine (TCM) also has significant advantages in the treatment of VMC, showing good therapeutic effects in anti-inflammation, protecting myocardium, enhancing immune function and so on (Cao et al., 2015). Chinese herbal injection (CHI), the product of the combination of traditional Chinese medicine and modern technology, is a kind of innovative preparation with high bioavailability and good curative effect (Li et al., 2017). It is an innovative application of Chinese medicine and has been widely used in the treatment of VMC. In recent years, a large number of clinical practices have combined trimetazidine with CHI in the treatment of VMC, showing a better therapeutic effect. Liu et al (2015) conducted a meta-analysis of the efficacy and safety of Astragalus injection combined with trimetazidine for VMC, and the results showed that compared with conventional treatment or conventional treatment combined with trimetazidine, Astragalus injection combined with trimetazidine improved the clinical efficacy and reduced the cardiac zymogram level significantly. Cheng (2015) researched the efficacy of trimetazidine combined with Shenmai injection in the treatment of VMC, and the results showed that the combination could significantly shorten the improvement time of clinical symptoms and signs, and reduced B-type natriuretic peptide (BNP) and C-reactive protein (CRP) levels. Wang (2019) showed that trimetazidine combined with Breviscapine injection in the treatment of acute VMC is superior to trimetazidine alone in controlling the level of inflammatory cytokines, improving myocardial zymogram and relieving symptoms and so on.
Although a variety of CHIs have shown considerable efficacy in the treatment of VMC, previous studies have only explored the efficacy and safety of a single CHI combined with trimetazidine. To date, no direct or indirect comparison of different CHIs combined with trimetazidine has been reported for the treatment of VMC, meaning that it remains unclear which CHIs are most effective in the treatment of this condition. In view of this, the study aims to indirectly compare the efficacy and safety of different CHIs combined with trimetazidine in the treatment of VMC though network meta-analysis and hopes to provide some reference for clinical treatment.
MATERIALS AND METHODS
Inclusion Criteria
All published clinical randomized controlled trials (RCTs) of CHI combined with trimetazidine in the treatment of VMC were selected. No restrictions were imposed on nationality, age, gender, and race. The control group was treated with conventional treatment or conventional treatment combined with trimetazidine. Conventional treatment included one or more of the following therapies: rest, sedation, antiarrhythmic therapy, myocardial protection, antioxidant therapy, antiviral therapy, and so on. The experimental group was treated with trimetazidine and CHI on the basis of the conventional treatment used in the control group. All the included literature should report any one of the primary or secondary outcome indicators. The primary outcome indicator was the effectiveness rate. The main reference criteria were as follows: markedly effective: clinical symptoms improved or disappeared, myocardial injury markers (myocardial zymogram or cardial troponin) returned to normal; effective: clinical symptoms relieved, myocardial injury markers improved partially, but did not fully return to normal; invalid: clinical symptoms did not improve or even further worsened, myocardial injury markers did not improve. Effectiveness rate = N (the number of markedly effective and effective cases)/N (total number of cases) × 100%. The secondary outcomes were as follows: 1) myocardial injury markers: creatine kinase (CK), creatine kinase-MB (CK-MB), lactate dehydrogenase (LDH), and cardiac troponin I (cTnI); 2) adverse reactions.
Exclusion Criteria
1) Studies on treatment combined with other TCM-related treatment measures, such as TCM decoction, Chinese patent medicines, and acupuncture were excluded; 2) participants complicated with other diseases, such as coronary heart disease and diabetes; 3) literature works published with duplicate data; 4) the reported data were incomplete and impossible to be acquired; 5) the reported data were inconsistent with the conclusion.
Search Strategies
To obtain RCTs of CHI combined with trimetazidine in the treatment of VMC, we searched PubMed, the Cochrane Library, Embase, China National Knowledge Infrastructure (CNKI), Wanfang database, Chinese Scientific Journals Full-Text Database (VIP), and China Biology Medicine Database (CBM) from inception to September 1, 2020. The search terms in English database were as follows: “Viral myocarditis,” “Myocarditides,” “Carditis,” “Myocarditis,” “Trimetazidine,” “Centrophène,” “Trimetazidine Dihydrochloride,” “Dihydrochloride, Trimetazidine,” “Vastarel,” “Trimétazidine Irex,” “Vasartel,” and “Idaptan.” The search terms in Chinese database included “bing du xing xin ji yan,” “qu mei ta qin,” “yan suan qu mei ta qin,” “wan shuang li,” and “san jia yang bian qin.” The search strategy of each database is shown in Supplementary Table S1.
Literature Screening and Data Extraction
After literature retrieval, two evaluators independently conducted literature screening according to the inclusion and exclusion criteria. A preliminary screening was carried out according to the title and abstract, and then rescreening was carried out by reading the full text. Any differences in the screening results of the two evaluators were resolved by discussion with a third evaluator. After determining the included studies, the data of literature was extracted as follows: title, authors, year of publication, baseline status, methodological information, sample size, intervention measures, the course of treatment, and outcomes.
Bias Risk Assessment
Two evaluators independently assessed the risk of bias in the included studies by using the Cochrane risk of bias tool (Higgins et al., 2011), which consisted of the following items: 1) random sequence generation; 2) allocation hiding; 3) blinding of outcome evaluators; 4) blinding of patients and trial personnel; 5) incomplete result data; 6) selective reporting; and 7) other biases. The risk assessment criteria are divided into low, high, and uncertain bias risk. Any differences in the assessment results of the two evaluators were resolved by discussion with a third evaluator. The bias risk assessment results of the included studies were visualized by RevMan5.3 software.
Statistical Analysis
All statistical analysis was performed using Stata 16.0 software (Stata Company). For dichotomous variables (effectiveness rate and adverse reaction rate), odds ratios (OR), and 95% confidence intervals (CI) were used to assess effect size, whereas the effect size of continuous variables (myocardial injury markers) was assessed using the standard mean difference (SMD) and 95% CI. Considering the expected heterogeneity in the included studies, a random-effects model was used for statistical analysis. If the data could not be meta-analyzed, we would conduct a descriptive analysis. Based on the classical frequency, the random-effects model was selected under the “Network” command in the analysis software to perform the network meta-analysis. A network diagram of interventions was constructed to show the relationships between interventions. Where no closed loop was formed, the consistency model was used for analysis. When a closed loop was observed, an overall inconsistency check was performed. If p value > 0.05, it indicated that the overall inconsistency was not significant, otherwise, it indicated that the overall inconsistency was significant. At the same time, the inconsistency test of the loop was carried out to determine inconsistency between direct and indirect evidence by calculating the absolute difference between these types of evidence, expressed as an inconsistency factor (IF). Whereas 95% CI of the IF values contained 0, and the inconsistency of direct and indirect evidence was considered not significant. Otherwise, the inconsistency was deemed significant. When no inconsistency was apparent, the consistency model was used for analysis. Otherwise, the inconsistency model was selected for analysis. The value of surface under the cumulative ranking (SUCRA) was subsequently calculated and the number of iterations set at 5,000. Intervention measures were sorted based on SUCRA value. The larger the SUCRA value, the higher the ranking, indicating that the intervention was more likely to be the best intervention. Funnel plots were used to evaluate publication bias in the included studies.
RESULTS
Literature Search and Screening
A total of 904 literature works were obtained. Among them, there were 3 from PubMed, 7 from the Cochrane Library, 4 from Embase, 453 from CNKI, 172 from Wanfang database, 135 from VIP, and 130 from CBM. After screening, a total of 29 studies were included. The literature screening process is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Flow diagram of literature screening process.
Basic Characteristics of Included Studies
29 studies enrolled a total of 2,687 patients. All the included studies were conducted in China, and the literature was published from 2009 to 2020. The baselines of all studies were comparable between the experimental and control groups. In terms of intervention measures, the control groups of 18 studies were treated with conventional treatment alone, whereas the experimental groups were treated with CHI and trimetazidine on the basis of the control groups. Among them, 14 studies were combined with Astragalus injection, 3 studies combined with Shenfu injection, and 1 study combined with Shenmai injection. In the other 11 studies, the control groups were treated with conventional treatment combined with trimetazidine, whereas the experimental groups were treated with CHI on the basis of the control group. Among them, 4 studies combined with Astragalus injection, 4 studies combined with Salviae miltiorrhizae and ligustrazine hydrochloride injection, 2 studies combined with Breviscapine injection, and 1 study combined with Shenmai injection. The detailed information of CHIs used in included studies and the chemical analysis of them are shown in Supplementary Tables S2, S3. In the course of treatment, the shortest was 2 weeks and the longest was 8 weeks. In the outcome indicators, 25 studies reported the effectiveness rate, 10 studies reported the level of CK, 12 studies reported the level of CK-MB, 13 studies reported the level of LDH, 8 studies reported the level of cTnI, and 20 studies reported the adverse reactions during treatment. The basic characteristics of included studies are detailed in Table 1. For the convenience of description, A refers to conventional treatment, B refers to conventional treatment combined with trimetazidine and Astragalus injection, C refers to conventional treatment combined with trimetazidine and Shenfu injection, D refers to conventional treatment combined with trimetazidine, E refers to conventional treatment combined with trimetazidine and Salviae miltiorrhizae and ligustrazine hydrochloride injection, F refers to conventional treatment combined with trimetazidine and Breviscapine injection, and G refers to conventional treatment combined with trimetazidine and Shenmai injection. The network diagrams of the seven interventions in different outcome indicators are shown in Figure 2.
TABLE 1 | Basic characteristics of the included studies.
[image: Table 1][image: Figure 2]FIGURE 2 | Network diagrams of outcome indicators.(A) effectiveness rate; (B) CK; (C) CK-MB; (D) LDH; (E) cTnI; (F) adverse reaction rate. A: conventional treatment; B: conventional treatment + trimetazidine + Astragalus injection; C: conventional treatment + trimetazidine + Shenfu injection; D: conventional treatment + trimetazidine; E: conventional treatment + trimetazidine + Salviae miltiorrhizae and ligustrazine hydrochloride injection; F: conventional treatment + trimetazidine + Breviscapine injection; G: conventional treatment + trimetazidine + Shenmai injection.
Bias Risk Assessment of Included Studies
The methodological quality of the included studies was generally low. In the generation of random sequences, 9 studies used random number tables, and 1 study used lottery randomization, so they were at low bias risk. Other studies only mentioned randomness and did not describe random methods, so they were at uncertain bias risk. None studies adopted random allocation hiding and blinding to outcome evaluators, which belonged to high risk bias. One study applied blinding to patients and trial personnel, which belonged to low bias risk, while other studies did not adopt blinding, and they all belonged to high bias risk. All the data were reported completely, and there were no evidences to support the selective reporting of outcomes, so it belonged to low bias risk. Whether there were other biases in all included studies could not be judged clearly, so they were at uncertain bias risk. The bias risk assessment results of included studies are detailed in Figure 3.
[image: Figure 3]FIGURE 3 | Risk of bias for each included study. Red represents high risk of bias; green represents low risk of bias; yellow represents uncertain risk of bias.
Outcome Indicators
Effectiveness Rate
A total of 25 studies reported effectiveness rate, of which 2 studies (Xu and Zhang, 2011; Pu, 2013) had data distortion and were not combined in the analysis. The remaining 23 studies constituted 7 pairs of direct comparisons, which involved 5 types of CHIs. Four types of intervention measures (A and G) formed a quadrilateral closed loop, as shown in Figure 2A. The overall inconsistency test result had a p value = 0.891, indicating that the inconsistency was not significant, as shown in Figure 4. The inconsistency test of the loop resulted in an IF = 0.26 and 95% CI (0.00, 4.03), indicating that the inconsistency between the direct and indirect evidence was not significant, as shown in Figure 5. The consistent model was therefore adopted for network meta-analysis.
[image: Figure 4]FIGURE 4 | Forest diagram of direct comparison of effectiveness rate. A: conventional treatment; B: conventional treatment + trimetazidine + Astragalus injection; C: conventional treatment + trimetazidine + Shenfu injection; D: conventional treatment + trimetazidine; E: conventional treatment + trimetazidine + Salviae miltiorrhizae and ligustrazine hydrochloride injection; F: conventional treatment + trimetazidine + Breviscapine injection; G: conventional treatment + trimetazidine + Shenmai injection.
[image: Figure 5]FIGURE 5 | The result of loop inconsistency test. A: conventional treatment; B: conventional treatment + trimetazidine + Astragalus injection; D: conventional treatment + trimetazidine; G: conventional treatment + trimetazidine + Shenmai injection.
A total of 21 pairs were compared among the 7 intervention measures, 9 of which showed statistically significant differences (p < 0.05). On the basis of conventional treatment, combining with Astragalus injection and trimetazidine [OR = 4.83, 95% CI (3.30, 7.09)], or Shenfu injection and trimetazidine [OR = 5.96, 95% CI (2.50, 14.23)], or Salviae miltiorrhizae and ligustrazine hydrochloride injection and trimetazidine [OR = 6.38, 95% CI (1.96, 20.77)], or Breviscapine injection and trimetazidine [OR = 4.46, 95% CI (1.34, 14.80)], or Shenmai injection and trimetazidine [OR = 15.17, 95% CI (2.41, 95.25)] was superior to conventional treatment alone with respect to effectiveness rate. In addition to the Shenfu injection, on the basis of conventional treatment plus trimetazidine, combining with Astragalus injection [OR = 2.58, 95% CI(1.14, 5.86)], or Salviae miltiorrhizae and ligustrazine hydrochloride injection [OR = 3.40, 95% CI(1.58, 7.34)] or Breviscapine injection [OR = 2.38, 95% CI (1.07, 5.28)], or Shenmai injection [(OR = 8.09, 95% CI (1.38, 47.59)] was superior to conventional treatment plus trimetazidine in terms of effectiveness rate. The comparisons among the 5 types of injections and between conventional treatment and conventional treatment plus trimetazidine showed no statistically significant difference (p > 0.05). The above results are detailed in Table 2.
TABLE 2 | The network meta-analysis results of the outcome indicators.
[image: Table 2]Ranking the 5 types of injections according to the SUCRA resulted in the following hierarchy: Shenmai injection (89.2%), Salviae miltiorrhizae and ligustrazine hydrochloride injection (69.1%), Shenfu injection (65.5%), Astragalus injection (55.2%), and Breviscapine injection (52.3%), as shown in Figure 6A.
[image: Figure 6]FIGURE 6 | SUCRA of outcome indicators.(A):effectiveness rate; (B):CK; (C): CK-MB; (D): LDH; (E): cTnI; (F): adverse reaction rate. A: conventional treatment; B: conventional treatment + trimetazidine + Astragalus injection; C: conventional treatment + trimetazidine + Shenfu injection; D: conventional treatment + trimetazidine; E: conventional treatment + trimetazidine + Salviae miltiorrhizae and ligustrazine hydrochloride injection; F: conventional treatment + trimetazidine + Breviscapine injection; G: conventional + treatment + trimetazidine + Shenmai injection.
Creatine Kinase
A total of 10 studies reported the level of CK, which constituted 5 pairs of direct comparisons, involved 4 types of CHIs and 6 types of intervention measures. The network diagram formed is shown in Figure 2B. Since it did not form a closed loop, no inconsistency test was carried out.
A total of 15 pairs were compared among the 6 intervention measures, 6 of which showed statistically significant differences (p > 0.05). On the basis of conventional treatment, combining with Astragalus injection and trimetazidine [SMD = −2.94, 95% CI (−4.79,−1.09)], or Shenfu injection and trimetazidine [SMD = −1.59, 95% CI (−2.78, −0.40)], or Salviae miltiorrhizae and ligustrazine hydrochloride injection and trimetazidine [SMD = −2.90, 95% CI (−5.55,−0.24)] was superior to conventional treatment alone on reducing the level of CK. On the basis of conventional treatment plus trimetazidine, combining with Astragalus injection [SMD = −2.10, 95% CI (−3.81, −0.39)], or Salviae miltiorrhizae and ligustrazine hydrochloride injection [SMD = −2.06, 95% CI (−2.90, −1.22)] or Breviscapine injection [SMD = −1.90, 95% CI (−3.07, −0.72)] was superior to conventional treatment plus trimetazidine on reducing the level of CK. The comparisons among the 4 types of injections and between conventional treatment and conventional treatment plus trimetazidine showed no statistically significant difference (p > 0.05). The above results are detailed in Table 2.
Ranking the 4 injections based on the SUCRA value, the results were as follows: Astragalus injection (79.5%), Salviae miltiorrhizae and ligustrazine hydrochloride injection (77.1%), Breviscapine injection (71.7%), and Shenfu injection (44.5%), as shown in Figure 6B.
Creatine Kinase-MB
A total of 12 studies reported the level of CK-MB, which constituted 5 pairs of direct comparisons, involved 4 types of CHIs and 6 types of intervention measures. The network diagram formed is shown in Figure 2C. It did not form a closed loop, so there was no inconsistency test.
A total of 15 pairs of comparisons were formed among the 6 intervention measures, 5 of which were statistically significant (p < 0.05). On the basis of conventional treatment, combining with Astragalus injection and trimetazidine [SMD = −3.49, 95% CI (−4.80,−2.17)], or Salviae miltiorrhizae and ligustrazine hydrochloride injection and trimetazidine [SMD = −3.07, 95% CI (−5.78,−0.36)] was superior to conventional treatment alone on reducing the level of CK-MB. On the basis of conventional treatment plus trimetazidine, combining with Astragalus injection [SMD = −2.73, 95% CI (−4.23,−1.22)], or Salviae miltiorrhizae and ligustrazine hydrochloride injection [SMD = −2.31, 95% CI (−4.13, −0.48)] was superior to conventional treatment plus trimetazidine on reducing the level of CK-MB. The comparisons among the 4 types of injections showed that on the basis of conventional treatment plus trimetazidine, combining with Astragalus injection was superior to Shenfu injection [SMD = −2.58, 95% CI (−0.33, −4.82)] on reducing the level of CK-MB. The other 10 pair comparisons showed no statistically significant difference (p > 0.05). The above results are detailed in Table 2.
Based on the SUCRA value, the 4 types of injections were ranked as follows: Astragalus injection (87.5%), Salviae miltiorrhizae and ligustrazine hydrochloride injection (77.9%), Breviscapine injection (64.3%), and Shenfu injection (33.9%), as shown in Figure 6C.
Lactate Dehydrogenase
A total of 13 studies reported the level of LDH, which constituted 5 pairs of direct comparisons, involved 4 types of CHIs and 6 types of intervention measures. The network diagram formed is shown in Figure 2D. No closed loop was constituted and no inconsistency test was performed.
A total of 15 pairs of comparisons were formed among the 6 intervention measures, 6 of which were statistically significant (p < 0.05). On the basis of conventional treatment, combining with Astragalus injection and trimetazidine [SMD = −2.25, 95% CI (−3.97, −0.53)], or Salviae miltiorrhizae and ligustrazine hydrochloride injection and trimetazidine [SMD = −5.40, 95% CI (−8.23, −2.58)] was superior to conventional treatment alone on reducing the level of LDH. On the basis of conventional treatment plus trimetazidine, combining with Salviae miltiorrhizae and ligustrazine hydrochloride injection [SMD = −4.49, 95% CI (−5.97,−3.00)]was superior to conventional treatment plus trimetazidine on reducing the level of LDH. The comparisons among the 4 types of injections showed that on the basis of conventional treatment plus trimetazidine, combining with Salviae miltiorrhizae and ligustrazine hydrochloride injection was superior to Astragalus injection [SMD = −3.16, 95% CI (−5.40, −0.92)] or Shenfu injection [SMD = −4.45, 95% CI (−7.94, −0.96)] or Breviscapine injection [SMD = −3.52, 95% CI (−6.77, −0.27)] on reducing LDH. The other 9 pairs comparisons were not statistically significant (p > 0.05). The above results are detailed in Table 2.
Ranking the 4 injections based on the SUCRA value, the results were as follows: Salviae miltiorrhizae and ligustrazine hydrochloride injection (99.4%), Astragalus injection (66.7%), Breviscapine injection (54.3%), and Shenfu injection (36.4%), as shown in Figure 6D.
Cardiac Troponin I
A total of 8 studies reported the level of cTnI, which constituted 4 pairs of direct comparisons, involved 3 types of CHIs and 5 types of intervention measures. The network diagram formed is shown in Figure 2E. Since it did not constitute a closed loop, the inconsistency test was not performed.
The results showed that there were no statistically significant differences among 10 pairs of comparisons of the 5 intervention measures (p > 0.05). The above results are detailed in Table 2.
Based on the SUCRA value, the 3 injections were ranked as follows: Astragalus injection (63.2%), Salviae miltiorrhizae and ligustrazine hydrochloride injection (59.4%), and Breviscapine injection (59.4%), as shown in Figure 6E.
Adverse Reaction Rate
Eight studies reported no adverse reactions during treatment, and 12 studies reported the number of cases of adverse reactions. The adverse reactions mainly include dizziness, headache, abdominal discomfort, nausea and vomiting, poor appetite, diarrhea, and rash. In terms of the adverse reaction rate, 12 studies consisted 4 pairs of comparisons, involved 3 types of CHIs and 5 types of intervention measures. The network diagram formed is shown in Figure 2F. Since it did not constitute a closed loop, the inconsistency test was not performed. The results showed that there were no statistically significant differences among 10 pairs comparisons of the 5 intervention measures (p > 0.05). The above results are detailed in Table 2.
Ranking the three injections based on the SUCRA value, the results were as follows: Breviscapine injection (90.4%), Astragalus injection (39.3%), and Salviae miltiorrhizae and ligustrazine hydrochloride injection (26.1%), as shown in Figure 6F.
Assessment of Publication Bias
The funnel plots have poor symmetry, indicating that there was some publication bias in the included studies, which may be caused by small sample effects, as shown in Figure 7.
[image: Figure 7]FIGURE 7 | The funnel plot of outcome indicators. A:effectiveness rate; B:CK; C:CK-MB; D:LDH; E:cTnI; F:adverse reaction rate. A: conventional treatment; B: conventional treatment + trimetazidine + Astragalus injection; C: conventional treatment + trimetazidine + Shenfu injection; D: conventional treatment + trimetazidine; E: conventional treatment + trimetazidine + Salviae miltiorrhizae and ligustrazine hydrochloride injection; F: conventional treatment + trimetazidine + Beviscapine injection.
DISCUSSION
In the present study, we conducted a search of the RCTs of CHIs combined with trimetazidine in the treatment of VMC, and adopted a network meta-analysis approach to evaluate the clinical efficacy and safety of different CHIs combined with trimetazidine. A total of 29 RCTs were included in this analysis, representing 7 types of intervention measures and 5 types of CHIs. Our findings indicate that, in terms of effectiveness rate and reduction of the CK and CK-MB levels, Astragalus injection or Salviae miltiorrhizae and ligustrazine hydrochloride injection combined with trimetazidine was superior to conventional treatment alone or conventional treatment combined with trimetazidine. Moreover, Salviae miltiorrhizae and ligustrazine hydrochloride injection combined with trimetazidine was also superior to conventional treatment or conventional treatment combined with trimetazidine in reducing the level of LDH, and Astragalus injection combined with trimetazidine was also superior to conventional treatment in reducing the level of LDH. Shenmai injection or Breviscapine injection combined with trimetazidine was better than conventional treatment or conventional treatment combined with trimetazidine in terms of effectiveness rate. Breviscapine injection combined with trimetazidine was superior to conventional treatment combined with trimetazidine in reducing the level of CK. Shenfu injection combined with trimetazidine was superior to conventional treatment alone in terms of effectiveness rate and reduction of CK level. The comparison of different CHIs showed that Astragalus injection was superior to Shenfu injection in reducing the level of CK-MB. In reducing the level of LDH, Salviae miltiorrhizae and ligustrazine hydrochloride injection was superior to Astragalus injection, Shenfu injection, and Breviscapine injection. In terms of safety, there was no significant difference among different interventions. Based on the ranking of the SUCRA value, Shenmai injection may be superior to other injections in terms of effectiveness rate, Astragalus injection and Salviae miltiorrhizae and ligustrazine hydrochloride injection may be superior to other injections in reducing myocardial injury markers. However, different CHIs have different properties. Some tend to replenish qi, some tend to activate blood circulation, some tend to tonify yang, and some tend to nourish yin. Therefore, for the selection of CHI, it is better to choose based on the performance of patients and syndrome differentiation of traditional Chinese medicine in clinical practice, which may be able to harvest a better clinical efficacy.
As a myocardial metabolic agent, trimetazidine can optimize the oxidation of fatty acids and glucose, improve myocardial metabolism, inhibit cardiomyocyte apoptosis, reduce cardiac remodeling, improve cardiac function and so on, which is often used in the treatment of cardiovascular diseases (Li et al., 2020). Astragalus injection is extracted from the root of Astragalus mongholicus Bunge. Previous studies have shown that the application of Astragali Radix can improve the survival rate and relieve the pathological changes of mice with VMC induced by coxsackievirus B3 (Chen et al., 2006). Astragaloside IV plays a cardioprotective role in experimental animals with VMC through a variety of signal pathways, such as antimyocardial remodeling, antivirus, anti-oxidation, anti-inflammation, anti-apoptosis, and reducing myocardial fibrosis (Zhuang et al., 2019). Salviae miltiorrhizae and ligustrazine hydrochloride injection is a compound preparation composed of ligustrazine hydrochloride and the extract of Salvia miltiorrhiza Bunge. Salviae miltiorrhizae Radix et Rhizoma is a standard Chinese herbal medicine for promoting blood circulation and removing blood stasis, and is thus widely used in the treatment of cardiovascular diseases. Previous studies have shown that several active components of Salviae miltiorrhizae Radix et Rhizoma have significant anti-inflammatory and antioxidant activities (MEIm et al., 2019). Tanshinone IIA can reduce myocardial apoptosis and myocardial remodeling caused by overload (Feng et al., 2016) and has been shown to alleviate cardiac dysfunction in septic mice by inhibiting inflammatory response (Huang et al., 2015). Tanshinol enhances antioxidant activity by activating serine/threonine kinase/extracellular signaling-regulated kinase1/2/nuclear factor erythroid-2-related factor 2 (Akt/ERK1/2/Nrf2) signal pathway, thus exerting a cardioprotective function (Yu et al., 2015). Ligustrazine hydrochloride can reduce cardiomyocyte apoptosis and injury in coxsackievirus B3–induced VMC by downregulating the expression of membrane surface molecules in mouse cardiomyocytes (Jiang et al., 2014). Breviscapine injection, which is extracted from Erigeron breviscapus (Vaniot.) Hand–Mazz., has been shown in previous studies to have pharmacological effects, such as anti-inflammation, endothelial protection, myocardial protection, and reduction of cardiac remodeling, leading to its widespread use in the treatment of cardiovascular disease (Gao et al., 2017). Shenmai injection is derived from Panax ginseng C. A. Mey. and Ophiopogon japonicus (Thunb.) Ker Gawl., and has been shown in systematic reviews to be of use in the treatment of VMC (Lu et al., 2014). Ginsenoside Rb3, an active components of Ginseng Radix et Rhizoma, can inhibit endothelial to mesenchymal transformation of cardiac microvascular cells following coxsackievirus B3 infection through protein-rich tyrosine kinase 2-phosphoinositide-3-kinase/serine/threonine kinase (Pyk2-PI3K-AKT) signal pathway (Yang et al., 2019). Finallly, Shenfu injection is derived from Panax ginseng C. A. Mey and Aconitum carmichaeli Debeaux, and is widely used in China for the treatment of acute and critical cardiovascular diseases. Studies have shown that Shenfu injection may play a role in antiviral myocarditis by regulating multiple metabolic pathways, such as sphingolipid metabolism, glycerophospholipid metabolism, arachidonic acid metabolism, tryptophan metabolism, amino acyl RNA biosynthesis, and the citrate cycle (Tan et al., 2018).
Although the present study compared the efficacy and safety of different types of CHIs combined with trimetazidine in the treatment of VMC by network meta-analysis and provided some reference for the selection of CHI in clinic, there are still some limitations in this study. First, the methodological quality of the included studies was generally low. The method of generating random sequences in most studies is not clear, and all studies have no random allocation hiding, which may lead to selective bias in the determination of subjects. Almost all the included studies have not blinded the patients, trial personnel, and outcome evaluator, which may lead to expectation bias due to the influence of subjective factors in the evaluation of outcome indicators. Second, there may be some clinical heterogeneity because of some differences in the age of participators, drug dosage, and course of treatment in the included studies. Some studies do not monitor safety, leading to the failure to assess the safety of some CHIs. In addition, there may be a small sample effect, resulting in some publication bias in the included study. In view of the above limitations, we suggest that more high-quality, large-sample, standardized clinical randomized controlled trials should be carried out in the future, to provide strong evidence for the efficacy and safety of CHIs combined with trimetazidine for the treatment of VMC.
CONCLUSION
The results of our network meta-analysis showed that CHI combined with trimetazidine may have therapeutic effect in the treatment of VMC. Compared with conventional treatment alone or conventional treatment combined with trimetazidine, the clinical effectiveness rate of CHI combined with trimetazidine is higher, with a greater effect on reducing myocardial zymogram level and no significant difference in safety. Among these CHIs evaluated in our analysis, Shenmai injection, Astragalus injection, and Salviae miltiorrhizae and ligustrazine hydrochloride injection may be the most effective. Given the limitations in the design of the included studies, our conclusions require further verification in larger, multicenter, and randomized controlled trials.
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Background: Gegen Qinlian decoction (GGQLD) is a typical traditional Chinese medicine (TCM) prescription documented in Shang Han Lun. Clinically, GGQLD has been utilized to manage the inflammatory symptoms of metabolic diseases and to protect against renal damage in China. In the present study, a hypothesis was proposed that the multi-target solution of GGQLD produced anti-inflammatory effects on ameliorating hyperuricemia (HUA).
Methods: A total of 30 primary HUA patients receiving GGQLD treatment (two doses daily) for 4 weeks were selected. Then, differences in uric acid (UA) levels and expression of peripheral blood mononuclear cells (PBMCs) and urinary exosomes before and after treatment were analyzed. The therapeutic indexes for the active ingredients in GGQLD against HUA were confirmed through pharmacological subnetwork analysis. Besides, the HUA rat model was established through oral gavage of potassium oxonate and treated with oral GGQLD. In addition, proximal tubular epithelial cells (PTECs) were stimulated by UA and intervened with GGQLD for 48 h. Subsequently, RNA-seq, flow cytometry, and confocal immunofluorescence microscopy were further conducted to characterize the differences in UA-mediated inflammation and apoptosis of human renal tubular epithelial cells pre- and post-administration of GGQLD. In the meanwhile, quantitative real-time PCR (qPCR) was carried out to determine gene expression, whereas a western blotting (WB) assay was conducted to measure protein expression.
Results: Our network analysis revealed that GGQLD treated HUA via the anti-inflammatory and antiapoptotic pathways. Additionally, NLPR3 expression significantly decreased in PBMCs and urinary exosomes of HUA patients after GGQLD treatment. In vivo, GGQLD treatment alleviated HUA-induced renal inflammation, which was associated with decreased expression of NLRP3 inflammasomes and apoptosis-related mRNAs. Moreover, GGQLD promoted renal UA excretion by inhibiting the activation of GSDMD-dependent pyroptosis induced by NLRP3 inflammasomes and by reducing apoptosis via the mitochondrial apoptosis signaling pathway in vitro.
Conclusion: This study indicates that GGQLD efficiently reduces inflammatory responses while promoting UA excretion in HUA. Our findings also provide compelling evidence supporting the idea that GGQLD protects against the UA-mediated renal tubular epithelial cell inflammation through the mitochondrial apoptosis signaling pathways. Taken together, these findings have demonstrated a novel therapeutic method for the treatment of HUA.
Keywords: Gegen Qinlian decoction, hyperuricemia, NLRP3, apoptosis, pharmacological network analysis
INTRODUCTION
Hyperuricemia (HUA) is a factor that independently predicts the risk of kidney diseases (Prasad and Qing, 2015; Srivastava et al., 2018; Tsai et al., 2018). Generally, HUA is manifested as macrophage infiltration, tubular damage, and upregulated inflammatory mediator levels (Zhou et al., 2012; Xiao et al., 2018; Braga et al., 2020). The renal proximal tubule plays a pivotal role in transporting renal urate, which is a major site of urate reabsorption (Lipkowitz, 2012) and exerts a remarkable role in HUA occurrence and development. In our previous study, soluble uric acid (UA) triggers NLRP3 inflammasome production, IL-1β expression, and caspase-1 activation in human PTECs, which could thus induce the secretion of pro-inflammatory cytokines and activate the innate immunity (Xiao et al., 2015; Xiao et al., 2016). Therefore, it is of importance to develop a treatment against HUA to prevent renal tubular injury in the future. Till the present, numerous patients have experienced a relapse after the withdrawal of anti-hyperuricemic drugs such as benzbromarone.
For thousands of years, combination therapy has been promoted in traditional Chinese medicine (TCM) to treat different disorders. Among them, Gegen Qinlian decoction (GGQLD), one of the typical TCM prescriptions, was originally documented in the Treatise on Exogenous Febrile Disease in the Han Dynasty (202 BC–220 CE). GGQLD comprises Pueraria montana var. lobata (Gegen), Scutellaria baicalensis Georgi (Huangqin), Glycyrrhiza uralensis Fisch. ex DC (Gancao), and Coptis chinensis Franch (Huanglian). It has been extensively utilized for the clinical treatment of gastrointestinal diseases for approximately 2,000 years, in particular for damp-heat syndrome–related diarrhea (Bi et al., 2013; Tian et al., 2016). Moreover, the clinical efficacy of GGQLD in treating ulcerative colitis (UC) has been verified (Zhao et al., 2020). Experiments in vitro and in vivo suggest that some active ingredients in GGQLD, like berberine, baicalin, and puerarin, obviously mitigate oxidative stress (OS) and inflammation (Dinesh and Rasool, 2017; Guarino et al., 2017; Yu et al., 2021). We previously discovered that GGQLD exerted diabetes-mitigating (Xu et al., 2011; Li et al., 2013; Zhang et al., 2013) and anti-inflammation effects through its active ingredients (Tian et al., 2013; Ryuk et al., 2017; Wu et al., 2019). Besides, inflammatory response, lipid, and glucose metabolic disorders are also important for HUA. Therefore, guided by the TCM theory of “treating different diseases with the same therapy,” GGQLD can be sometimes used to treat HUA. However, the underlying mechanism of action has not been clarified.
By network pharmacology, we discovered that GGQLD might treat HUA via the anti-inflammatory and antiapoptotic pathways. Further experiments showed that GGQLD alleviated the inflammatory state of HUA patients and improved renal inflammation in HUA rats. Moreover, in vitro experiment confirmed that GGQLD played a role in the inflammation and apoptosis of PTECs induced by UA.
MATERIALS AND METHODS
Materials and Reagents
Cell culture medium and human primary renal PTECs were provided by ScienCell (San Diego, CA, United States). Anti-SLC2A9 (URAT1) antibodies, TSG101, CD63, caspase-1, GSDMD, IL-1β, caspase-3, caspase-8, caspase-9, cytochrome c, Bcl-2, and Bax were purchased from ABclonal (Wuhan, China). Oxonic acid (OA) and UA were provided by Sigma (St. Louis, MO, United States). CIAS1/NALP3, GAPDH, and anti-GLUT9 were provided by Abcam (Cambridge, United Kingdom). In addition, the CCK-8 assay kit was provided by Jiwei Biological Technology (Shanghai, China).
Preparation of GGQLD
GGQLD, a famous decoction documented in the Treatise on Exogenous Febrile Disease around 1,900 years ago, was used and approved by the Huadong Hospital Affiliated to Fudan University. The dried herbs, including Pueraria montana var. lobata (Gegen), Scutellaria baicalensis Georgi (Huangqin), Glycyrrhiza uralensis Fisch. ex DC (Gancao), and Coptis chinensis Franch (Huanglian), in the ratio of 8:3:3:2 (w/w/w/w), were first soaked in distilled water with 15-fold volumes of herbs (v/w) for 30 min and then extracted by decoction twice, 2 h for the first time and 2 h for the second time, with 8-fold volumes of water to herbs (v/w). After filtration, the solution was evaporated under reduced pressure to a suspension with a final density of 1 g/ml and stored at 4°C for further use (Xie et al., 2006).
High-Performance Liquid Chromatography (HPLC)
Puerarin, baicalin, liquiritin, and berberine (all purities >98%) were provided by Shanghai Yuanzhi Biotechnology Co., Ltd. (Shanghai, China). Supplementary Figure S1 presents the chemical structures of the ingredients. Acetonitrile, formic acid, and methanol of HPLC grade were provided by Merck Company (Darmstadt, Germany). The Milli-Q system (Millipore, Milford, MA, United States) was utilized to obtain deionized water. Other reagents of analytical grade were acquired from commercial sources. To identify the components of GGQLD, we performed HPLC analysis using an Agilent 1260 Infinity brand chromatographic chain with a C18 chromatographic column (250 × 4:6 mm, 5 μm, Thermo Fisher Scientific, NY, United States), along with a column oven, a binary pump, a diode array detector, and an autosampler (Agilent 1100 series). Thereafter, 20 ml ethanol extract was added to the column. Throughout the whole chromatographic analysis process, the column injector was maintained at 25°C. The mobile phase comprised the ammonium formate solution (10 mmol/l, pH 3.0, A) and acetonitrile. For the components, their detection wavelength was set at 270 nm. Subsequently, we identified each compound according to the pure standard absorbance spectra and retention time (Guo et al., 2019).
Systemic Pharmacological Analysis of GGQLD
We searched the active ingredients of Gegen, Huangqin, Huanglian, and Gancao in GGQLD against the TCMSP database (http://tcmspw.com/index.php) by the thresholds of druglikeness (DL, also known as the similarity between the known medicines and the components) ≥0.18 and oral bioavailability (OB, medicine component oral availability) ≥30%. Based on the TCMSP database (Yao et al., 2013; Liu et al., 2020), we aligned the GGQLD active ingredients with the candidate targets separately, then retrieved targets of diverse origins against the UniProt database (http://www.uniport.org), and acquired the official target gene symbols to perform subsequent assays. A total of 196 HUA-associated targets were identified from the DisGeNET (http://www.disgenet.org) and NCBI databases. Cytoscape 3.8.0 software is the openly accessible bioinformatics platform used to visualize the molecular interaction networks (Deng et al., 2020). In the current study, we adopted Cytoscape to construct the active ingredient–target–disease–medicine interaction network. GO functional annotations and KEGG pathway analyses on the critical therapeutic targets in GGQLD against HUA were analyzed by adopting the DAVID 6.8 database (Komada et al., 2018).
Participants and Setting
From January 1st, 2020 to October 31st, 2020, a total of 30 male patients with asymptomatic hyperuricemia were enrolled from the Inpatient and Outpatient Departments of the Huadong Hospital Affiliated to Fudan University (Shanghai, China). The patient inclusion criteria are shown below, those aged 18–75 years with a diagnosis of HUA (serum uric acid, SUA > 420 μmol/l). For patients receiving anti-HUA treatment, they should receive washout for 2 weeks, and we only enrolled patients with SUA > 420 μmol/l post-washout. The patient exclusion criteria were as follows: 1) those with an allergic physique or previous allergic history to benzbromarone or TCM, 2) serum creatinine >1.5 mg/dl, 3) two-fold elevation of ALT compared with the normal upper limit, 4) serious stiffness or deformity due to gouty arthropathy, 5) clinically significant arrhythmia, and 6) alcohol abuse history. In addition, patients confirming to any one of the following conditions were also excluded: 1) those having serious concurrent diseases in the hematopoietic system, liver, cerebrovascular system, or kidney, mental diseases, or malignant cancers; 2) those taking salicylate or aspirin (>325 mg/d)-containing medications; 3) those taking hypouricemic medications, 6-mercaptopurine, or azathioprine; and 4) those who had been involved in additional clinical trials in the last 3 months.
In this study, 30 patients were given GGQLD treatment (two doses daily for 4 weeks). SUA and urine uric acid (UUA) were adopted for evaluating the therapeutic efficacy (Table 1). The Local Ethical Committee of Huadong Hospital Affiliated to Fudan University approved our study protocols (No. 20190037).
TABLE 1 | Clinical data of HUA patients before and after GGQLD treatment.
[image: Table 1]Peripheral Blood Mononuclear Cell Isolation by Ficoll-Paque Density Gradient Centrifugation
The Local Ethical Committee of Huadong Hospital Affiliated to Fudan University approved our experimental protocols on human blood (No. 20190037). To be specific, whole blood was centrifuged at 500 × g for 5 min at room temperature to separate the plasma. Thereafter, the equivalent amount of 1× PBS (under ambient temperature) was used to dilute the rest blood samples, followed by Ficoll-Paque underlaying (under ambient temperature) and 30 min of centrifugation (2,000 rpm, 21°C) using a Heraeus Multifuge X3R (Thermo Fisher Scientific), with the deceleration and acceleration being set at 0 and 5, respectively. Afterward, we obtained PBMCs from the interface between plasma and Ficoll-Paque in the 15 ml tube and used 1× PBS to wash the cells twice for 10 min (1,500 rpm, 4°C).
Purification and Characterization of Urine Exosomes and Pellets
We collected urinary exosomes from 8 controls and 8 GGQLD-intervened HUA patients. Later, 40 ml freshly prepared urine samples were collected to obtain urinary cell pellets. Thereafter, the supernatants were subjected to 30 min of centrifugation at 12,000 × g, followed by standing to isolate the urinary exosomes. ExoQuick-TC for tissue culture media and urine (Exiqon, Woburn, MA, United States) was used to isolate urinary exosomes in accordance with specific protocols. To validate the protocols for exosome purification, we performed cryo-transmission electron microscopy to analyze the size, shape, and morphology of urinary exosomes. The isolation of exosomes was characterized by WB using NanoSight.
Animal Model and Measurement
A total of 15 male SPF SD rats (age, 8 weeks; weight, 200–250 g) were raised at the Animal Center of Shanghai Rat and Mouse Biotech Co., Ltd. Then, all animals were randomized into three groups, including the 1) Cont, 2) OA (8-week administration of OA at 750 mg/kg/day), and 3) OA + GGQLD (8-week administration of OA at 750 mg/kg/day + 4-week administration of GGQLD at 10 ml/kg/day initiating in week 5) groups, with five in every group. At the end of week 8, each animal was terminated. The 24-h urine was sampled from animals in metabolic cages. Subsequently, the levels of sUA, uUA, serum creatinine (Scr), blood urea nitrogen (BUN), and urinary creatinine (Ucr) were measured through the enzymatic colorimetric assay using a fully automatic chemistry analyzer (MODULAR D/P, Roche). Afterward, the freshly prepared renal cortical samples were obtained immediately after the animals were terminated to measure UA in accordance with specific protocols. Part of the tissues was stained with hematoxylin–eosin (HE) or Masson’s trichrome stain for light microscopy. Next, the dissected tissue samples were preserved at −80°C to carry out immunoblotting and RT-PCR assays. Each animal experiment was approved by the Animal Care and Use Committee of Shanghai Rat and Mouse Biotech Co., Ltd. following guidelines of the National Institutes of Health (NIH Pub. No. 85-23, revised 1996).
Cell Culture
The epithelial cell medium, which was supplemented with basal medium (500 ml), fetal bovine serum (10 ml, FBS), penicillin/streptomycin (5 ml), and epithelial cell growth supplement (5 ml), was used to culture human primary PTECs. Then, we incubated cells under 37°C and 5% CO2 conditions. A 24-h “growth arrest” period was observed within the serum-free medium before stimulation in each experiment.
Soluble UA Preparation
Previously, we dissolved UA into 1M NaOH to the final concentration of 50 mg/ml (Xiao et al., 2015). Then, we examined the solution so as to ensure that there was no mycoplasma and also filtered the solution (pore size, 22 μm) prior to use. No detectable crystal was observed under polarizing microscopy or in the process of cell incubation.
Cell Viability Assay on Cells Treated With Different Doses of GGQLD
A Cell Counting Kit-8 (CCK-8, Beijing Solarbio Science and Technology Co., Ltd.) assay was conducted to assess cell viability after GGQLD treatments at diverse doses. Cells (1 × 104 cells/well) were cultivated within the 96-well plate for 24–48 h. The microplate reader was used to measure absorbance (OD) at 450 nm. All experiments were conducted thrice.
RNA Sequencing
After GGQLD treatment, we harvested PTECs and washed them twice with ice-cold PBS. We collected six samples altogether, among which three were from the GGQLD group while three were from the control group. Trizol reagent (Takara, Dalian, China) was employed to extract total RNA in accordance with specific protocols. Libraries were constructed and mRNA was sequenced by Nuohe Zhiyuan Technology Company (Beijing, China). In addition, DESeq (version 1.30.0) was utilized to identify differentially expressed genes (DEGs). The false discovery rate (FDR) was applied to adjust p value, and the significance thresholds of fold change (FC) ≥ 2 and p < 0.05 were applied.
Annexin V-FITC/PI Double-Labeled Flow Cytometry
Flow cytometric analysis was conducted with an Annexin V-FITC apoptosis detection kit (DOJINDO; Kyushu, Japan) to analyze cell apoptosis under specific instructions. After UA and GGQLD treatments, PTECs were harvested and rinsed with ice-cold PBS, followed by staining using the binding buffer that contained Annexin V-FITC/PI at 4°C for 15 min in the dark. Finally, flow cytometric analysis (Beckman Coulter, Fullerton, CA, United States) was performed to record cells.
Confocal Immunofluorescence Microscopy
Cells were cultured onto a laser confocal cell culture dish (Thermo Fisher Scientific, NY, United States) in accordance with specific protocols. 24 h later, the cells were washed with PBS and fixed by 4% paraformaldehyde in PBS. Thereafter, 10% BSA contained within PBS was utilized to block the cells for 30 min, whereas the GSDMD and NLRP3 antibodies in 10% BSA were used to incubate the cells at 4°C overnight. Then, the cells were rinsed with PBS thrice and incubated with goat anti-rabbit antibodies (Invitrogen, Grand Island, NY, United States) for 1 h in the dark. The cells were washed consecutively thrice, and a confocal imaging system (LSM 780;Carl Zeiss, Jena, Germany) was employed to examine the dishes.
RNA Extraction and Quantitative Real-Time PCR
Trizol (Life Technologies, United States) was employed to isolate total cellular and tissue RNA in accordance with specific protocols. The content and purity of RNA were detected through a NanoDrop 2000 (Thermo Fisher Scientific, United States). To carry out mRNA quantification, we applied a reverse transcription kit (Vazyme, China) for the reverse transcription of total RNA according to specific instructions. Afterward, SYBR Green Master Mix (Vazyme, China) was utilized to perform qPCR, whereas a Roche Light Cycler system (Roche, Switzerland) was adopted for analysis, with GAPDH being an endogenous control. Table 2 lists the primer sequences. Gene expression was normalized to the GAPDH level, which was presented in the manner of FC (2−ΔΔCT). All results were repeated thrice.
TABLE 2 | Primers for real-time PCR.
[image: Table 2]WB Analysis of the Cultured Human PTECs
Supernatants of cell culture were collected according to the previous description and then the lysis buffer supplemented with protease inhibitor cocktails (Sigma, St Louis, MO, United States) was used to lyse the rest cells. After collecting total proteins, we carried out WB analysis according to the previous description (Xiao et al., 2015). In the present work, the following primary antibodies (all were diluted at 1:1,000) were adopted, including rabbit pAb Glut9, rabbit pAb URAT1, rabbit pAb caspase-1, rabbit pAb caspase-3, rabbit pAb NLRP3, rabbit pAb IL-1β, rabbit pAb GSDMD, rabbit pAb Bax, rabbit pAb caspase-8, rabbit pAb cytochrome c, rabbit pAb Bcl-2, and rabbit pAb caspase-9.
Statistical Analysis
Data were presented in the manner of means ± SD, except as otherwise noted. SPSS19.0 (SPSS, Inc., Chicago, IL, United States) was applied for all statistical analyses. For continuous variables, multivariate ANOVA was utilized to assess the differences between the groups. p < 0.05 indicated that a difference was statistically significant. GraphPad Prism 5.0 was employed for drawing plots.
RESULTS
Acquisition of Potential Active Ingredients in GGQLD and Common Targets of HUA
A total of 907 ingredients were discovered in GGQLD through the TCMSP database, including 62, 123, 178, and 278 in Gegen, Huangqin, Huanglian, and Gancao, respectively. The thresholds of DL ≥ 0.18 and OB ≥ 30% were used to screen the active ingredients. Finally, 372 candidate active ingredients conformed to our preset screening thresholds. A total of 196 genes in HUA were screened from the database (DisGeNET). In TCM, a medication displays diverse pharmacological effects via various targets. Therefore, it is greatly significant to determine the TCM medication mechanisms in treating complicated diseases based on network analysis. Previously, we acquired a total of 196 targets for HUA from the DisGeNET database. Then, targets were predicted by incorporating 372 active ingredients in the UniProt database. Consequently, 31 overlapped targets between GGQLD and HUA were obtained by VENN map (Figure 1A).
[image: Figure 1]FIGURE 1 | GO enrichment analysis of the common targets. (A) The Venn diagram of both GGQLD targets and HUA targets. (B) GO molecular function analysis of overlapping targets. (C) GO biological process analysis of overlapping targets. (D) GO cellular component analysis of overlapping targets.
Potential Therapeutic Mechanisms of GGQLD in HUA
We performed GO functional annotations of the 31 identified genes, suggesting their involvements in cell components (CCs), biological processes (BPs), and molecular functions (MFs). To be specific, these genes were mainly involved in various BPs, including inflammatory response and negative regulation of the apoptotic process (Figures 1B–D). In addition, according to KEGG pathway analysis, the intersected genes were mainly associated with 40 pathways. Among them, 35 pathways with the most significant p-values are shown in Figure 2A including cancers, apoptosis, and inflammatory signaling pathways. In addition, we also constructed the active ingredient–target–disease network by adopting Cytoscape 3.8.0 software, obtaining the interactions among drugs, compounds, diseases, and targets. The results are shown in Figure 3. Obviously, 17 targets were related to the apoptosis pathways, 14 to the metabolism pathways, 13 to the inflammation pathways, 13 to the immunity pathways, and 14 to the signal transduction pathways. As illustrated by the VENN map, we acquired 8 intersected targets in the 5 pathways (Figure 2B). Moreover, the STRING platform was adopted to establish the protein–protein interaction (PPI) (Figure 2C).
[image: Figure 2]FIGURE 2 | Potential therapeutic mechanisms of GGQLD in hyperuricemia. (A) Bubble chart of the top 35 signaling pathways screened by using the KEGG enrichment analysis. (B) Venn diagram showing the overlap genes between five types of pathways. (C) Protein–protein interaction and gene coexpression network.
[image: Figure 3]FIGURE 3 | Drug–compound–target–disease network map.
GGQLD Downregulated the Expression of NLPR3 in PBMCs and Urinary Exosomes in HUA Patients
We found that the SUA and UUA levels (Figures 4A,B) in HUA patients were reduced after GGQLD treatment. Besides, the levels of, IL-6, and IL-8 (Figures 4C–E) also significantly decreased in the GGQLD group. According to our previous study, soluble UA induced NLRP3 inflammasome production. To define the possible therapeutic approaches of HUA-induced renal tubular injury, the present study analyzed the expression of NLRP3 in PBMCs and that of urinary exosome protein in HUA patients before and after GGQLD treatment. By isolating PBMCs and extracting urinary exosomes from HUA patients before and after treatment, this study conducted flow cytometry and WB assays to analyze two groups of PBMCs and urinary exosomes. As a result, GGQLD downregulated the expression of NLRP3 in HUA patients (Figure 4F,G,K).
[image: Figure 4]FIGURE 4 | NLRP3 expression is suppressed in HUA patients after GGQLD treatment. (A–E) Serum uric acid, 24 h urine uric acid, IL-1β, IL-6, and IL-8 were studied before and after medication. (F) PBMCs, freshly isolated by Ficoll–Paque density gradient centrifugation, were stained with mAbs conjugated with FITC and data acquired by flow cytometry. Cells were gated as shown in Figure. (G) The expression of NLRP3 inflammatory protein in PBMCs of HUA patients was significantly reduced after GGQLD treatment. (H–J) Exosome nanoparticle tracking analysis; Exosomes under electron microscope; the characterization exosomes with related markers. (K) The expression of NLRP3 inflammatory protein in urinary exosomes of HUA patients was significantly reduced after GGQLD treatment. For (K), n = 3 independent experiments per group. In all statistical plots, data are expressed as the mean ± SD, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
HPLC Profiles of GGQLD and Its Fractions
We obtained GGQLD extract through the purification of chromatographic grade methanol, since saponin and flavone were the major bioactive ingredients in GGQLD. Besides, HPLC analysis was performed to investigate the chemical features of GGQLD extract, with methanol being the eluent. To obtain the superb efficiency and favorable separation selectivity of HPLC analysis, we optimized the composition of the mobile phase (10 mmol/l acetonitrile–water contained within the ammonium formate solution). According to Supplementary Figure S1, the major bioactive ingredient puerarin was identified in Gegen, baicalin in Huangqin, berberine in Huanglian, and liquiritin in Gancao, which were later adopted to construct a combined standard approach. Accordingly, we detected four peaks of GQT extract from the HPLC chromatogram and adopted related chemical standards to quantify levels of puerarin, liquiritin, berberine, and baicalin (Peaks A–D), respectively. To be specific, the contents of the above four active ingredients were 3.9, 0.3, 2.9, and 1.0 mg/ml in GGQLD extract, respectively (Table 3).
TABLE 3 | Contents of the four major compounds in GGQLD.
[image: Table 3]GGQLD Alleviated HUA-Induced Renal Tubular Inflammation and Apoptosis In Vivo
Furthermore, the current work verified the protection of GGQLD against HUA in rat models. In brief, gastric OA at 750 mg/kg/day was given to male SD rats for eight consecutive weeks. Meanwhile, GGQLD at 10 ml/kg/day initiating on week 5 was given for four consecutive weeks. As a result, NLRP3 staining and mRNA expression increased in renal cortical tissues of OA rats (Figures 5C,D). GGQLD reduced the NLRP3 expression in OA-treated rats (Figures 5C,D). GGQLD significantly attenuated the mRNA expression and staining of IL-1β and caspase-3 in renal tissues of UA rats (Figures 5C,G,J). Additionally, it was found that GGQLD significantly alleviated the mRNA expression of TNF, caspase-3, caspase-8, Bax, Bcl-2, and CYCS in renal tissues of HUA rats (Figures 5F,H–L).
[image: Figure 5]FIGURE 5 | GGQLD therapy inhibits NLRP3 expression and expression of the apoptosis gene in vivo. (A) The renal histological injury of three groups was measured by HE staining. (B) The renal fibrosis of four groups was determined by Masson trichrome staining. (C) Representative immunohistochemical staining images of NLRP3, IL1β, and caspase-3 expression in renal tissue. N = 3 rats/group. Scale bars, 100 mm. (D,E,G) GGQLD protected the kidney through suppressing the relative mRNA levels of NLRP3 inflammasomes, IL-1β, and IL-18 in HUA rats. (F,H–L) GGQLD alleviated the relative mRNA levels of apoptosis-related genes caspase-3, caspase-8, and TNF and simultaneously alleviated the mRNA levels of mitochondrial apoptosis-related genes Bax, Bcl-2, and CYCS in HUA rats. For (D–L), n = 3 independent experiments per group. In all statistical plots, data are expressed as the mean ± SD, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
GGQLD Inhibited Mitochondrial Apoptosis and Inflammation of PTECs
According to the CCK-8 results, different doses of GGQLD (20, 15, 10, and 5) were used to treat the UA-induced PTECs (Supplementary Figure S2). Based on our RNA-seq data, GGQLD was found to suppress BPs related to mitochondrial apoptosis and inflammatory response (Figures 6A–C). Moreover, GGQLD significantly reduced the expression of NLRP3 and GSDMD compared with UA (Figure 6D). UA remarkably promoted apoptosis at the early and late stages (Figure 6E), while GGQLD had the opposite effect (Figure 6E). Besides, we also investigated the effect of GGQLD on the UA-induced expression of Bcl-2 and caspase gene family proteins in PTECs. Consequently, as further confirmed by WB assays, GGQLD significantly reduced the UA-induced NLRP3 expression (Figures 6F,G).
[image: Figure 6]FIGURE 6 | GGQLD inhibits mitochondrial apoptosis and inflammation in PTECs. (A) Gene expression profile was compared between cells in response to GGQLD treatment, and heat maps were generated based on expression of the significantly changed genes related to inflammatory response and the mitochondrial apoptosis process (B,C). (D) GGQLD alleviating inflammasome-induced pyroptosis through inhibiting the NLRP3/GSDMD signal in UA-stimulated PTECs. (E) GGQLD alleviated early and late apoptosis. (F,G) GGQLD also reduced Bcl-2, Bax, cytochrome c, pro + active caspase-3, cleaved caspase-3, caspase-9, and caspase-8 expression in UA-stimulated PTECs. The levels of key proteins of the NLRP3 signaling cascade in PTECs by GGQLD treatment. For (D–G), n = 3 independent experiments per group. *p < 0.05 vs. NC, **p < 0.01 vs. NC, #p < 0.05 vs. HUA, ##p < 0.01 vs. HUA.
GGQLD Down-Regulated the Expression of Urate Transporter in UA-Stimulated PTECs
UA is mainly regulated by urate transporters. To explore the effect of GGQLD on HUA, this study investigated its effects on URAT1 and GLUT9. As a result, GGQLD significantly downregulated the expression of URAT1 and GLUT9 (Figure 7) in comparison with the HUA group.
[image: Figure 7]FIGURE 7 | GGQLD alleviated urate transporter expression in UA-stimulated PTECs. GGQLD significantly reduced URAT1 and GLUT9 expressions. n = 3 independent experiments per group. *p<0.05 vs. NC, **p < 0.01 vs. NC, #p < 0.05 vs. HUA, ##p < 0.01 vs. HUA.
[image: Figure 8]FIGURE 8 | The mechanism of the protective effect of GGQLD in HUA-induced renal injury. The increased UA led to PTEC mitochondrial apoptosis and assembled NLRP3 inflammasomes and facilitated IL-1β maturation and thus inflamed the cells, which damaged the mitochondria and caused pyroptosis to lead to renal tubule damage. GGQLD protected cells from inhibiting the mitochondrial apoptotic pathways through capsase-9, caspase-8, and Bcl-2/Bax/caspase-3, thus alleviating inflammation via inhibition of NLRP3/caspase-1/IL-1β/GSDMD.
DISCUSSION
In the present study, clinical data proved that GGQLD reduced the SUA levels and NLRP3 expression in PBMCs and urinary exosomes in asymptomatic HUA patients. In addition, it could also be demonstrated that GGQLD significantly suppressed NLRP3 inflammasome production within the renal cortical tissues in HUA rats and UA-stimulated PTECs. GGQLD significantly prevented the UA-induced renal inflammation, which caused apoptosis via the NLRP3 signaling pathway and the mitochondrial-dependent pathway. The HUA-induced renal injury was significantly alleviated by GGQLD in vitro and in vivo.
It is beneficial to inhibit receptors and inflammasomes to reduce renal fibrosis and inflammation. Knocking down Aim2 and NLRP3 can alleviate renal fibrosis, inflammation, and injury (Kopalli et al., 2016; Cao et al., 2021). In clinical settings, GGQLD has frequently been adopted for the treatment of diabetes and UC (Xu et al., 2011; Zhao et al., 2020). GGQLD has been suggested to suppress the inflammatory signal transduction pathway and promote the antioxidant effect, thus improving UC. Additionally, GGQLD promotes glucose metabolic disorders, protects pancreatic β cells, and elevates the insulin sensitivity index, thereby exerting an important role in treating diabetes (Ahmed et al., 2017). On this basis, we performed bioinformatics analysis to identify potential therapeutic targets of GGQLD. Our results of the systemic pharmacological analysis proved that the treatment of GGQLD mainly involved the anti-inflammatory and antiapoptotic pathways. In our previous study, NLRP3 was found to be related to the pathogenesis of HUA. Therefore, we hypothesized that GGQLD targeted NLRP3 to exert its anti-inflammatory activity.
NLRP3 is one of the key elements during the activation of inflammation, which can interact with an apoptotic speck-like protein that contains a caspase recruitment domain (CARD) (ASC) through the pyrin domain (PYD). Later, ASC will recruit and activate pro-caspase-1 via CARD. The aforementioned interaction constitutes the NLRP3 inflammasome, which is a kind of great cytosolic protein complex (Csak et al., 2011; Wree et al., 2014; Shi et al., 2015; Abraham et al., 2016). Afterward, the activation of NLRP3 inflammasomes can activate caspase-1. First, caspase-1 cleaves gasdermin D (GSDMD), which can be activated for releasing the active N-terminal protein, and the latter can mediate pyroptosis (Derangère et al., 2014; Ding et al., 2016; Sborgi et al., 2016; Liu et al., 2017). Second, the activation of caspase-1 will recruit and activate the inflammatory molecules like IL-1β, while inducing inflammatory responses. Pyroptosis, also called cellular inflammatory necrosis, can promote the release of cellular contents to activate the inflammatory response (Shi et al., 2017; Wang et al., 2018). Evidence from previous studies shows that the NLRP3 inflammasome-induced GSDMD-dependent pyroptosis, accompanied by IL-1β processing, is responsible for renal tubular epithelial cell injury (Miao et al., 2019; Wang et al., 2019; Yasukawa and Koshiba, 2021). In our study, we first compared the difference of NLRP3 expression in PBMCs and urinary exosomes of HUA patients before and after treatment, finding that the expression of NLRP3 significantly decreased after treatment, providing that GGQLD exhibited significant anti-inflammation activity. We further validated and demonstrated that GGQLD significantly reduced the expression of NLRP3, caspase-1, GSDMD, and IL-1β in the UA-stimulated PTEC model in vitro, suggesting that GGQLD alleviated IL-1β processing and the subsequent amplification of inflammatory cascades. Some scholars have proved that GGQLD exerts an anti-inflammatory effect, and we confirmed that GGQLD showed anti-inflammatory effect by targeting NLRP3-induced GSDMD-dependent pyroptosis in the treatment of HUA.
The mitochondrion is an organelle with multiple functions, which is involved in a lot of biological processes, such as energy metabolism and cell suicide (Dagvadorj et al., 2021). It is currently proposed that mitochondrial damage accounts for an important determining factor for the activation of NLRP3 inflammasomes (Mohan et al., 2012). The NLRP3 stimuli–induced mitochondrial destruction contributes to exposing mitochondrial DNA (mtDNA) into cytoplasm and generating reactive oxygen species (ROS). The mtDNA in cytoplasm can colocalize with NLRP3, which can thus promote IL-1β release, whereas the oxidized mtDNA can serve as the stronger factor to induce IL-1β secretion. Till the present, mtDNA is only associated with the activation signal related to the responses of NLRP3 inflammasomes. According to the network pharmacology analysis, it is considered that GGQLD exhibited protective effects on uric acid–induced renal injury through the apoptotic pathway. Therefore, we speculated that GGQLD may protect HUA-induced renal injury through the antimitochondrial apoptosis pathway.
Proteins in the Bcl-2 family, which include the proapoptotic proteins (like Bad, Bal, and Bax) and the antiapoptotic proteins (like Bcl-2, Mcl-1, and Bcl-xl), are responsible for regulating mitochondrial disruption (Degenhardt et al., 2002; Vucicevic et al., 2016; Peña-Blanco and García-Sáez, 2018). Among them, the proapoptotic proteins play the roles of the mitochondrial pathway promoters. After being stimulated, Bak and Bax will be transported in the mitochondrial membrane, which increases the permeability of the mitochondrial outer membrane, causing caspase cascade activation and cytochrome c release (Dairaku et al., 2004; Fang et al., 2012). In addition, the antiapoptotic proteins play the roles of suppressors through suppressing cytochrome c release (Mo et al., 2019). Bcl-2 is reported to directly reduce mitochondrial membrane permeability through binding to the mitochondrial outer membrane protein voltage-dependent anion channel 1 (VDAC1). Therefore, inducing Bax transport in mitochondria and inhibiting Bcl-2 transport in mitochondria can serve as two approaches for inducing the mitochondria-regulated apoptosis. In our study, we found that GGQLD significantly attenuated the miRNA expression of caspase-3, caspase-8, Bax, Bcl-2, and CYCS in renal tissue from HUA rats. We also examined the effect of GGQLD on the UA-induced expression of Bcl-2 and caspase gene family proteins in PTECs. It can be demonstrated that GGQLD can protect HUA-induced renal epithelial cells by inhibiting mitochondrial apoptosis.
In summary, GGQLD positively affects HUA by suppressing apoptosis and enhancing renal inflammation, which provides laboratory data supporting its clinical application. All the medicinal herbs in GGQLD have been utilized in TCM for thousands of years. Therefore, GGQLD is regarded to be safe and tolerable. GGQLD treatment reduces IL-1β production, NLRP3, caspase-1, and GSDMD expression depending on its concentration. In addition, GGQLD inhibits the apoptosis of PTECs, upregulates the expression of Bcl-2, and downregulates that of Bax, cytochrome c, and caspase-3/8/9. The present work suggests that GGQLD is the best treatment for HUA, which exerts its effects through suppressing apoptosis and renal inflammation. More studies are warranted to examine the systemic molecular mechanisms of GGQLD via the selection of diverse blockers and development of experimental technologies.
DATA AVAILABILITY STATEMENT
The data presented in the study are deposited in the ENA repository, accession number is PRJEB43968.
ETHICS STATEMENT
The studies involving human participants were reviewed and approved by The Local Ethical Committee of Huadong Hospital Affiliated to Fudan University (No. 20190037). The patients/participants provided their written informed consent to participate in this study. The animal study was reviewed and approved by The Institutional Animal Care and Use Committee (License: SYXK(H)2016-0004).
AUTHOR CONTRIBUTIONS
LF, M-QY, and JX conceived and designed the study. X-JW, Y-DQ, H-CG, and H-GL performed the experiments. P-QH and K-WG provided the samples. X-JW wrote the paper. IW, M-QY, and JX reviewed and edited the manuscript. All authors read and approved the manuscript.
FUNDING
This study was supported by a grant of the Shanghai Municipal Commission of Health and Family Planning Project Grant (No. 2018LQ003).
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2021.665398/full#supplementary-material
REFERENCES
 Abraham, N. G., Junge, J. M., and Drummond, G. S. (2016). Translational significance of heme oxygenase in obesity and metabolic syndrome. Trends Pharmacol. Sci. 37, 17–36. doi:10.1016/j.tips.2015.09.003
 Ahmed, S. M. U., Luo, L., Namani, A., Wang, X. J., and Tang, X. (2017). Nrf2 signaling pathway: pivotal roles in inflammation. Biochim. Biophys. Acta (Bba) - Mol. Basis Dis. 1863, 585–597. doi:10.1016/j.bbadis.2016.11.005
 Bi, Y., Li, M., Wang, T., Wang, T., Xu, Y., Wang, L., et al. (2013). Prevalence and control of diabetes in Chinese adults. JAMA 310, 948–959. doi:10.1001/jama.2013.168118
 Braga, T. T., Foresto-Neto, O., and Camara, N. O. S. (2020). The role of uric acid in inflammasome-mediated kidney injury. Curr. Opin. Nephrol. Hypertens. 29, 423–431. doi:10.1097/mnh.0000000000000619
 Cao, Z., Zeng, Z., Wang, B., Liu, C., Liu, C., Wang, Z., et al. (2021). Identification of potential bioactive compounds and mechanisms of GegenQinlian decoction on improving insulin resistance in adipose, liver, and muscle tissue by integrating system pharmacology and bioinformatics analysis. J. Ethnopharmacol 264, 113289. doi:10.1016/j.jep.2020.113289
 Csak, T., Ganz, M., Pespisa, J., Kodys, K., Dolganiuc, A., and Szabo, G. (2011). Fatty acid and endotoxin activate inflammasomes in mouse hepatocytes that release danger signals to stimulate immune cells. Hepatology 54, 133–144. doi:10.1002/hep.24341
 Dagvadorj, J., Mikulska-Ruminska, K., Tumurkhuu, G., et al. (2021). Recruitment of pro-IL-1α to mitochondrial cardiolipin, via shared LC3 binding domain, inhibits mitophagy and drives maximal NLRP3 activation. Proc. Natl. Acad. Sci. U S A. 1181 (1), e2015632118. doi:10.1073/pnas.2015632118
 Dairaku, N., Kato, K., Honda, K., Koike, T., Iijima, K., Imatani, A., et al. (2004). Oligomycin and antimycin A prevent nitric oxide-induced apoptosis by blocking cytochrome C leakage. J. Lab. Clin. Med. 143 (3), 143–151. doi:10.1016/j.lab.2003.11.003
 Degenhardt, K., Sundararajan, R., Lindsten, T., Thompson, C., and White, E. (2002). Bax and Bak independently promote cytochrome cRelease from mitochondria. J. Biol. Chem. 277 (16), 14127–14134. doi:10.1074/jbc.m109939200
 Deng, Y., Li, Q., Li, M., Han, T., Li, G., and Liu, Q. (2020). Network pharmacology identifies the mechanisms of sang-xing-zhi-ke-fang against pharyngitis. Evid. Based Complement. Alternat Med. 2020, 2421916. doi:10.1155/2020/2421916
 Derangère, V., Chevriaux, A., Courtaut, F., Bruchard, M., Berger, H., Chalmin, F., et al. (2014). Liver X receptor β activation induces pyroptosis of human and murine colon cancer cells. Cell Death Differ 21 (12), 1914–1924. doi:10.1038/cdd.2014.117
 Dinesh, P., and Rasool, M. (2017). Berberine, an isoquinoline alkaloid suppresses TXNIP mediated NLRP3 inflammasome activation in MSU crystal stimulated RAW 264.7 macrophages through the upregulation of Nrf2 transcription factor and alleviates MSU crystal induced inflammation in rats. Int. Immunopharmacology 44, 26–37. doi:10.1016/j.intimp.2016.12.031
 Ding, J., Wang, K., Liu, W., She, Y., Sun, Q., Shi, J., et al. (2016). Pore-forming activity and structural autoinhibition of the gasdermin family. Nature 535, 111–116. doi:10.1038/nature18590
 Fang, H., Wu, Y., Guo, J., Rong, J., Ma, L., Zhao, Z., et al. (2012). T-2 toxin induces apoptosis in differentiated murine embryonic stem cells through reactive oxygen species-mediated mitochondrial pathway. Apoptosis 17 (8), 895–907. doi:10.1007/s10495-012-0724-3
 Guarino, G., Strollo, F., Carbone, L., Della Corte, T., Letizia, M., Marino, G., et al. (2017). Bioimpedance analysis, metabolic effects and safety of the association Berberis aristata/Bilybum marianum: a 52-week double-blind, placebo-controlled study in obese patients with type 2 diabetes. J. Biol. Regul. Homeost Agents 31 (2), 495–502.
 Guo, W., Huang, J., Wang, N., Tan, H. Y., Cheung, F., Chen, F., et al. (2019). Integrating network pharmacology and pharmacological evaluation for deciphering the action mechanism of herbal formula zuojin pill in suppressing hepatocellular carcinoma. Front. Pharmacol. 10, 1185. doi:10.3389/fphar.2019.01185
 Komada, T., Chung, H., Lau, A., Platnich, J. M., Beck, P. L., Benediktsson, H., et al. (2018). Macrophage uptake of necrotic cell DNA activates the AIM2 inflammasome to regulate a proinflammatory phenotype in CKD. Jasn 29, 1165–1181. doi:10.1681/asn.2017080863
 Kopalli, S. R., Kang, T.-B., and Koppula, S. (2016). Necroptosis inhibitors as therapeutic targets in inflammation mediated disorders - a review of the current literature and patents. Expert Opin. Ther. Patents 26, 1239–1256. doi:10.1080/13543776.2016.1230201
 Li, Y. M., Fan, X. M., Wang, Y. M., Liang, Q. L., and Luo, G. A. (2013). [Therapeutic effects of gegen qinlian decoction and its mechanism of action on type 2 diabetic rats]. Yao Xue Xue Bao . 48 (9), 1415–1421.
 Lipkowitz, M. S. (2012). Regulation of uric acid excretion by the kidney. Curr. Rheumatol. Rep. 14 (2), 179–188. doi:10.1007/s11926-012-0240-z
 Liu, W., Fan, Y., Tian, C., Jin, Y., Du, S., Zeng, P., et al. (2020). Deciphering the molecular targets and mechanisms of HGWD in the treatment of rheumatoid arthritis via network pharmacology and molecular docking. Evid. Based Complement. Alternat Med. 2020, 7151634. doi:10.1155/2020/7151634
 Liu, Z., Gan, L., Xu, Y., Luo, D., Ren, Q., Wu, S., et al. (2017). Melatonin alleviates inflammasome-induced pyroptosis through inhibiting NF-κB/GSDMD signal in mice adipose tissue. J. Pineal Res. 63 (1), e12414. doi:10.1111/jpi.12414
 Miao, N., Yin, F., Xie, H., Wang, Y., Xu, Y., Shen, Y., et al. (2019). The cleavage of gasdermin D by caspase-11 promotes tubular epithelial cell pyroptosis and urinary IL-18 excretion in acute kidney injury. Kidney Int. 96 (5), 1105–1120. doi:10.1016/j.kint.2019.04.035
 Mo, X.-Y., Li, X.-M., She, C.-S., Lu, X.-Q., Xiao, C.-G., Wang, S.-H., et al. (2019). Hydrogen-rich saline protects rat from oxygen glucose deprivation and reperusion-induced apoptosis through VDAC1 via Bcl-2. Brain Res. 1706 (1706), 110–115. doi:10.1016/j.brainres.2018.09.037
 Mohan, S., Abdelwahab, S. I., Kamalidehghan, B., Syam, S., May, K. S., Harmal, N. S. M., et al. (2012). Involvement of NF-κB and Bcl2/Bax signaling pathways in the apoptosis of MCF7 cells induced by a xanthone compound Pyranocycloartobiloxanthone A. Phytomedicine 19 (11), 1007–1015. doi:10.1016/j.phymed.2012.05.012
 Peña‐Blanco, A., and García‐Sáez, A. J. (2018). Bax, Bak and beyond: mitochondrial performance in apoptosis. FEBS J. 285 (3), 416–431. doi:10.1111/febs.14186
 Prasad, S., and Qing, Y. (2015). Associations between hyperuricemia and chronic kidney disease: a review. Nephrourol Mon 7 (3), 27233. doi:10.5812/numonthly.7(3)2015.27233
 Ryuk, J. A., Lixia, M., Cao, S., Ko, B.-S., and Park, S. (2017). Efficacy and safety of Gegen Qinlian decoction for normalizing hyperglycemia in diabetic patients: a systematic review and meta-analysis of randomized clinical trials. Complement. Therapies Med. 33, 6–13. doi:10.1016/j.ctim.2017.05.004
 Sborgi, L., Rühl, S., Mulvihill, E., Pipercevic, J., Heilig, R., Stahlberg, H., et al. (2016). GSDMD membrane pore formation constitutes the mechanism of pyroptotic cell death. EMBO J. 35, 1766–1778. doi:10.15252/embj.201694696
 Shi, J., Gao, W., and Shao, F. (2017). Pyroptosis: gasdermin-mediated programmed necrotic cell death. Trends Biochem. Sci. 42 (4), 245–254. doi:10.1016/j.tibs.2016.10.004
 Shi, J., Zhao, Y., Wang, K., Shi, X., Wang, Y., Huang, H., et al. (2015). Cleavage of GSDMD by inflammatory caspases determines pyroptotic cell death. Nature 526, 660–665. doi:10.1038/nature15514
 Srivastava, A., Kaze, A. D., McMullan, C. J., Isakova, T., and Waikar, S. S. (2018). Uric acid and the risks of kidney failure and death in individuals with CKD. Am. J. Kidney Dis. 71 (3), 362–370. doi:10.1053/j.ajkd.2017.08.017
 Tian, J., Lian, F., Yu, X., Cui, Y., Zhao, T., Cao, Y., et al. (2016). The efficacy and safety of Chinese herbal decoction in type 2 diabetes: a 5-year retrospective study. Evid. Based Complement. Alternat Med. 2016, 5473015. doi:10.1155/2016/5473015
 Tian, N., Wang, J., Wang, P., Song, X., Yang, M., and Kong, L. (2013). NMR-based metabonomic study of Chinese medicine Gegen Qinlian Decoction as an effective treatment for type 2 diabetes in rats. Metabolomics 9 (6), 1228–1242. doi:10.1007/s11306-013-0535-8
 Tsai, C.-W., Chiu, H.-T., Huang, H.-C., Ting, I.-W., Yeh, H.-C., and Kuo, C.-C. (2018). Uric acid predicts adverse outcomes in chronic kidney disease: a novel insight from trajectory analyses. Nephrol. Dial. Transpl. 33 (2), 231–241. doi:10.1093/ndt/gfx297
 Vucicevic, K., Jakovljevic, V., Colovic, N., Tosic, N., Kostic, T., Glumac, I., et al. (2016). Association of Bax expression and bcl2/bax ratio with clinical and molecular prognostic markers in chronic lymphocytic leukemia. J. Med. Biochem. 35 (2), 150–157. doi:10.1515/jomb-2015-0017
 Wang, Y., Zhu, X., Yuan, S., Wen, S., Liu, X., Wang, C., et al. (2019). TLR4/NF-κB signaling induces GSDMD-related pyroptosis in tubular cells in diabetic kidney disease. Front. Endocrinol. 10, 603–611. doi:10.3389/fendo.2019.00603
 Wang, Y., Yin, B., Li, D., Wang, G., Han, X., and Sun, X. (2018). GSDME mediates caspase-3-dependent pyroptosis in gastric cancer. Biochem. Biophysical Res. Commun. 495 (1), 1418–1425. doi:10.1016/j.bbrc.2017.11.156
 Wree, A., McGeough, M. D., Peña, C. A., Schlattjan, M., Li, H., Inzaugarat, M. E., et al. (2014). NLRP3 inflammasome activation is required for fibrosis development in NAFLD. J. Mol. Med. 92, 1069–1082. doi:10.1007/s00109-014-1170-1
 Wu, Y., Wang, D., Yang, X., Fu, C., Zou, L., and Zhang, J. (2019). Traditional Chinese medicine Gegen Qinlian decoction ameliorates irinotecan chemotherapy-induced gut toxicity in mice. Biomed. Pharmacother. 109, 2252–2261. doi:10.1016/j.biopha.2018.11.095
 Xiao, J., Han, R., Fu, C. S., Zhang, X., Chen, W., Ye, Z., et al. (2016). Uric acid induces TLR4- dependent innate immune response but not HLA-DR and CD40 activation in renal proximal tubular epithelial cells. Int. J. Clin. Exp. Pathol. 20169, 940–949. 
 Xiao, J., Zhang, X.-L., Fu, C., Han, R., Chen, W., Lu, Y., et al. (2015). Soluble uric acid increases NALP3 inflammasome and interleukin-1β expression in human primary renal proximal tubule epithelial cells through the Toll-like receptor 4-mediated pathway. Int. J. Mol. Med. 35, 1347–1354. doi:10.3892/ijmm.2015.2148
 Xiao, J., Zhang, X., Fu, C., Yang, Q., Xie, Y., Zhang, Z., et al. (2018). Impaired Na+−K+-ATPase signaling in renal proximal tubule contributes to hyperuricemia-induced renal tubular injury. Exp. Mol. Med. 50 (3), e452. doi:10.1038/emm.2017.287
 Xie, P., Chen, S., Liang, Y.-z., Wang, X., Tian, R., and Upton, R. (2006). Chromatographic fingerprint analysis-a rational approach for quality assessment of traditional Chinese herbal medicine. J. Chromatogr. A 1112, 171–180. doi:10.1016/j.chroma.2005.12.091
 Xu, X., Gao, Z., Yang, F., Yang, Y., Chen, L., Han, L., et al. (2011). Antidiabetic effects of gegen qinlian decoction via the gut microbiota are attributable to its key ingredient berberine. Genomics Proteomics Bioinformatics 17 (4), 249–251. doi:10.1016/j.gpb.2019.09.007
 Yao, Y., Zhang, X., Wang, Z., Zheng, C., Li, P., Huang, C., et al. (2013). Deciphering the combination principles of Traditional Chinese Medicine from a systems pharmacology perspective based on Ma-huang Decoction. J. Ethnopharmacology 150 (2), 619–638. doi:10.1016/j.jep.2013.09.018
 Yasukawa, K., and Koshiba, T. (2021). Mitochondrial reactive zones in antiviral innate immunity. Biochim. Biophys. Acta (Bba) - Gen. Subjects 1865, 129839. doi:10.1016/j.bbagen.2020.129839
 Yu, Z.-M., Wan, X.-M., Xiao, M., Zheng, C., and Zhou, X.-L. (2021). Puerarin induces Nrf2 as a cytoprotective mechanism to prevent cadmium-induced autophagy inhibition and NLRP3 inflammasome activation in AML12 hepatic cells. J. Inorg. Biochem. 217 (217), 111389. doi:10.1016/j.jinorgbio.2021.111389
 Zhang, C.-H., Xu, G.-L., Liu, Y.-H., Rao, Y., Yu, R.-Y., Zhang, Z.-W., et al. (2013). Anti-diabetic activities of Gegen Qinlian Decoction in high-fat diet combined with streptozotocin-induced diabetic rats and in 3T3-L1 adipocytes. Phytomedicine 20, 221–229. doi:10.1016/j.phymed.2012.11.002
 Zhao, Y., Luan, H., Gao, H., Wu, X., Zhang, Y., and Li, R. (2020). Gegen Qinlian decoction maintains colonic mucosal homeostasis in acute/chronic ulcerative colitis via bidirectionally modulating dysregulated Notch signaling. Phytomedicine 68, 153182. doi:10.1016/j.phymed.2020.153182
 Zhou, Y., Fang, L., Jiang, L., Wen, P., Cao, H., He, W., et al. (2012). Uric acid induces renal inflammation via activating tubular NF-kappaB signaling pathway. PloS one 7 (6), e39738. doi:10.1371/journal.pone.0039738
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 Wang, Qi, Guan, Lin, He, Guan, Fu, Ye, Xiao and Wu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		ORIGINAL RESEARCH
published: 07 May 2021
doi: 10.3389/fphar.2021.649732


[image: image2]
Integrated Pharmacological Analysis on the Mechanism of Fuyou Formula in Treating Precocious Puberty
Chunyan Guo1, Ning Sun1, Kaili Hu2, Guoliang Bai1, Meng Zhang1, Qian Wang1, Qian Ding1, Jing Liu3, Xiaoling Wang1* and Libo Zhao1*
1Department of Pharmacy, National Center for Children Health, Beijing Children’s Hospital, Capital Medical University, Beijing, China
2School of Traditional Chinese Medicine Department, Beijing University of Chinese Medicine, Beijing, China
3Department of Traditional Chinese medicine, National Center for Children Health, Beijing Children’s Hospital, Capital Medical University, Beijing, China
Edited by:
Yanqiong Zhang, Institute of Chinese Materia Medica, China
Reviewed by:
Chengliang Zhang, Huazhong University of Science and Technology, China
Li Zhiling, Shanghai Children’s Hospital, China
* Correspondence: Xiaoling Wang, wangxiaoling@bch.com.cn; Libo Zhao, lb.zhao@163.com
Specialty section: This article was submitted to Ethnopharmacology, a section of the journal Frontiers in Pharmacology
Received: 05 January 2021
Accepted: 21 April 2021
Published: 07 May 2021
Citation: Guo C, Sun N, Hu K, Bai G, Zhang M, Wang Q, Ding Q, Liu J, Wang X and Zhao L (2021) Integrated Pharmacological Analysis on the Mechanism of Fuyou Formula in Treating Precocious Puberty. Front. Pharmacol. 12:649732. doi: 10.3389/fphar.2021.649732

Fu-you formula (FY), a Traditional Chinese Medicine (TCM) formula composed of 12 herbs, as an in-hospital preparation, has been used treat to precocious puberty (PP) for decades. However, the lack of phytochemical characterization and mechanism of FY remains the main limitation for its spreading. In this study, we analyze the components and mechanisms of FY in PP, based on the integrated pharmacology. Investigated main constituents, targets, pathways of FY by using an integrative pharmacology, and recognized main constituents by HPLC-MS/MS. Then, observed the levels of Follicle-stimulating hormone (FSH), luteinizing hormone (LH), and estrogen (E2) in danazol-induced PP in Sprague–Dawley (SD) rats. Lastly, retrospective study analyzed the clinical data of 575 patients who were diagnosed PP, treated by the FY, and followed-up in our hospital from 2014–2020. The result that total of 116 important candidate targets were selected based on pharmacological analysis. Selected the top 10 values key targets such as the estrogen receptor alpha (ESR1) and insulin-like growth factor 1 (IGF1), were localized and the related gene functions were determined. Gene functions were associated with biological regulation, a cellular process, or signaling pathway, such as the Estrogen signaling pathway, MAPK signaling pathway and PI3K-Akt signaling pathway. By recognizing the five compounds related to the ESR1 and IGF1, which are Quercetin, kaempferol, Luteolin, Apigenin, and Emodin. The results of the molecular docking study further showed that the flavonoids had a strong binding affinity for ESR1 and IGF1 after docking into the crystal structure. The results showed that the FY could effectively reduce E2, LH, and FSH levels in SD rats. Furthermore, the results of the retrospective analysis of medical records showed that the FY could remarkably reduce E2 levels in girls with PP.
Keywords: integrated pharmacology, precocious puberty, Chinese medicine, protein-protein interaction network, Fuyou formula
INTRODUCTION
Precocious puberty (PP) is a common endocrine disorder among children. It occurs before the age of eight years in girls and before the age of 9 years in boys. In recent years, the annual incidence of this condition has been on the rise, and the incidence among girls is 5–10 times that among boys (Chinese Society of Pediatric Endocrinology and Metabolism (CSPEM), 2015). At present, early initiation of the gonadal axis is believed to be the cause of PP. Therefore, modern medicine holds the view that the administration of a gonadotropin releasing hormone antagonist (GnRHa) in the treatment of PP is the most effective method. However, clinical results show that the long-term use of a GnRHa has inhibitory effects on growth and the thyroid in children. In addition, some children require simultaneous treatment with growth hormone or even thyroxine. Clinical studies on the FY as a treatment for girls with PP at our hospital have shown that it can control the early symptoms, and effectively reduce estrogen levels and bone age (Liu et al., 2009; Pan et al., 2019). At present, the literature comprises mostly clinical reports and observations of curative effects. However, in-depth research on the effective components, key targets, and mechanisms of action of the FY are still lacking. Integrative pharmacology could enhance our comprehension and facilitate the prediction of potential targets, pathways, and effects, which might provide clues for the design of subsequent research studies. In the present study, we used an integrative pharmacological approach to understand the systemic, organ-related, and molecular effects of the FY. The components and mechanisms of the FY in the treatment of PP were preliminarily analyzed and explored. The TCM integrated pharmacology platform was used and a TCM-component-network target-disease multi-level network was considered as the underlying framework.
MATERIALS AND METHODS
Materials and Reagents
Danazol was obtained from the A&D Technology Corporation (Beijing, China). Leuprorelin acetate microspheres for injection were purchased from Livzon (Zhuhai, China). FSH, LH, and E2 ELISA kits were obtained from Cloud-Clone Corp (Wuhan, China). The TCM standards Quercetin (serial number: 100081–201610, purity: 99.90%), Luteolin (serial number: 111520–202006, purity: 94.40%), kaempferol (serial number: 110861–202013, purity: 93.20%) and Emodin (serial number: 110756–201913, purity: 96.0%) were purchased from the National Institutes for Food and Drug Control (Beijing, China). Apigenin (serial number: B20981–20 mg, purity: 98.00%) was purchased from the Shanghai Yuanye Bio-Technology Co., Ltd. (Shanghai, China).
Plant Materials and Fu-you Formula Preparation
The FY was an in-hospital preparation (Approval number: Z20053679). It comprised a mixture of Prunella vulgaris L. (Xiakucao); Carapax Trionycis (Cubiejia); Gentiana scabra Bunge (Longdan); Chrysanthemum morifolium (Ramat.) Hemsl (Juhua); Lycium chinense Mill (Digupi); Alisma plantago-aquatica L (Zexie); Scrophularia ningpoensis Hemsl (Xuanshen); Paeonia suffruticosa Andrews (Mudanpi); Rehmannia glutinosa (Gaertn.) DC (Shengdihuang); Hordeum vulgare L (Maiya); Concha oetreae (Muli); Thalluslaminariae (Kunbu) (1.5:1:0.6:0.6:1:1:1.5:0.6:1.2:2:3:1). All herbs were purchased from the Beijing Bencao Fangyuan Pharmaceutical Group Co. Ltd. and the FY was prepared by the Preparation Center of the Beijing Children's Hospital (Lot number: 20201202).
Construction of the Compound-Target and Disease-Target Database
To identify the corresponding targets of the 12 active ingredients of the FY, several approaches combining chemometric methods, information integration, and data mining were implemented. First, all active compounds were submitted to the TCM-IP platform (http://www.tcmip.cn/TCMIP/index.php/Home/Index/index.html) Xu et al. (2019), as well as the TCMSP (http://tcmspw.com/tcmsp.php) Ru et al. (2014), and TCMID (http://119.3.41.228:8000/tcmid/search/) Huang et al. (2018) to mine compound-target interactions. The biological targets of the active ingredients were obtained from the STITCH (http://stitch.embl.de/) Szklarczyk et al. (2016); SwissTarget (http://www.swisstargetprediction.ch/) Gfeller et al. (2014); CTD (http://tcmspw.com/index.php) Yan et al. (2019); and SymMap (https://www.symmap.org/) Wu et al. (2019) databases. Known therapeutic targets for PP were obtained from the DrugBank (http://www.drugbank.ca/) Wishart et al. (2018); Online Mendelian Inheritance in Man (OMIM) (http://www.omim.org) Hamosh et al. (2005); and DisGeNET (https://www.disgenet.org/home/) Janet et al. (2020) databases.
Protein-Protein Interaction Network Construction
The protein-protein interaction (PPI) data were imported from the STRING (https://string-db.org/cgi/input.pl?sessionId=rEkaDRgfV0vC&input_page_show_search=on) PPI databases. An interactive network for the candidate drug targets and known PP-related targets of the FY was constructed based on their interaction data and was visualized using the Cytoscape software (Shannon et al., 2003). Interactions between the targets of the traditional Chinese medicine components of the FY and the targets related to PP were determined. Furthermore, the gene interaction network of the Chinese medicine components of the FY and PP was established. The degree centrality (DC) equal to two times the median value, was applied as the core for selection of the network nodes (hubs node). Thus, the median of node connectivity, closeness centrality, and betweenness centrality were the key values that determined the selection of nodes. Nodes that met three values simultaneously were selected as the candidate key targets of the FY in the treatment of PP.
Gene Oncology Enrichment and Pathway Analysis
We performed gene ontology (GO) analysis of the non-repetitive putative targets of the FY using the database for Annotation, Visualization, and Integrated Discovery (DAVID) to gain insights into their involvement in two different categories namely, biological process and molecular function (Sherman and Lempicki, 2009). Tissue enrichment analysis was performed using the FunRich software (http://www.funrich.org) (Pathan et al., 2015). We then performed Kyoto Encyclopedia of Genes and Genomes (KEGG) signaling pathway enrichment analysis of the candidate targets of the FY after topological analysis. A P-value < 0.05 was considered significant, and the enriched GO terms were identified using the hypergeometric test. A bubble chart was plotted using the OmicShare tools, a free online platform for data analysis (www.omicshare.com/tools).
Chemical Components Analysis
Characterization of main chemical components in FY was assayed by HPLC-MS/MS (AB SCIEX QTRAP 5500). Chromatographic separation was performed on a Hypersil Gold C18 column (150 × 2.1 mm, 5 μm) (Thermo Scientific), with column temperature set at 40°C. The mobile phase was solution A, 2 mM ammonium acetate in water containing 0.4‰ formic acid, and solution B, methanol. Gradient elution program was: 0–1.5 min, 60–10% A; 1.5–3.5 min, 10% A; 3.5–3.51 min, 10–60% A; 3.51–6.0 min, 60% A. The flow rate of mobile phase was 0.4 ml/min. The mass spectrometer was operated in negative ion mode with a needle potential of -4,500 V; the source temperature was set at 500°C. Nitrogen was used as the sheath gas and auxiliary gas at pressures of 50 and 40 psi. Multiple reactions monitoring (MRM) mode was used to identify the five compounds by monitoring their transitions from the molecular ions to product ions. The proper amounts of standard substance were weighed and dissolved in methanol-water (1:1, v/v) to prepare standard solutions at 1 μg/ml. Meanwhile, 10 μL of FY was mixed with 1 ml of methanol-water (1:1, v/v) by vortexing for 10 min, then centrifuge for 15 min at 15,000 rpm. The supernatant fluid was used as sample solution. The chromatograms of standard solution and sample solution were used to compounds matching.
In Silico Molecular Docking
In silico molecular docking studies of bio-active peptides or chemical drug molecules that exert their action by binding with specific receptors provides evidence on binding conformation, pattern and affinity. To identify the binding ability of active constituents with PP related targets, the crystal structures of ESR1 (PDB code: 6VIG) and IGF-1 (PDB code: 1IMX) were obtained from RCSB Protein Data Bank (http://www.rcsb.org/), and three main compounds structure of Quercetin, Apigenin and Luteolin were obtained from PubChem (https://pubchem.ncbi.nlm.nih.gov/) to establish molecular docking model with Discovery Studio 4.5. The CDOCKER module of Dock Ligands in Discovery Studio 4.5 was used to do the docking. The kinetic method was used to randomly search the small molecule conformation, and then the simulated annealing method was used to optimize each conformation in the receptor active site region, so as to make the docking results more accurate.
Animals
At postnatal day (PND) 3, female Sprague-Dawley rats and their mothers were obtained from SPF Biotechnology Co., Ltd. (Beijing, license no: SYXK (Beijing) 2016–0038). The rats were housed in the laboratory animal room and maintained at 24 ± 2°C, with 42 ± 5% humidity on a 12-h light/dark cycle (lights on from 07:30 to 19:30) in a specific-pathogen-free animal room. The animals were supplied food and water ad libitum and acclimated for three days before the start of the experiments. All animal experiments were performed in strict compliance with Chinese guidelines, including the standards for Laboratory Animals (GB14925–2001), and the Guideline on the Humane Treatment of Laboratory Animals (MOST 2006a). All animal procedures were approved by the Beijing Administration Office for Laboratory Animals.
Animal Grouping and Drug Administration
The animals were randomly divided into four groups: the control group, model group, positive control (leuprorelin) group, and FY group. At PND 5, the rats in the three experimental groups were given a single subcutaneous injection of 300 µg/25 µL danazol (ethylene glycol:ethanol = 1:1, v/v). The rats in the control group were given a subcutaneous injection of 25 µL of glycol/ethanol (Morishita et al., 1993; Ju et al., 2019). The rats in the positive control (leuprorelin) group were subcutaneously injected with 100 μg/kg leuprorelin. The rats in the FY group were given a solution formulated with dry ointment powder, by intragastric administration every day. The rats in the control and model groups were given the same amount of normal saline. The rats that exhibited vaginal opening were sacrificed at diestrus after a complete estrous cycle. The remaining rats were sacrificed at the same time point. All rats were anesthetized with an intraperitoneal injection of 2% pentobarbital sodium. Blood samples were collected from the abdominal aorta before sacrifice. Blood serum was separated by centrifugation (3,500 rpm, 20 min, 4°C) and preserved at −80°C for further analysis of serum hormone levels.
Drug dosage: The Fy dose was calculated according to the clinical dosage administered to 6-year-old girls. According to the following formula:
[image: image]
with dB representing the animal/human body weight dose, dA representing the known human/animal body weight dose, WA and WB representing known human and animal weights, respectively, and RA and RB representing known human/animal body shape coefficients, respectively. Every two days, the animals were weight, and the dose was recalculated.
Serum Hormone Level Detection
After anesthesia, blood was collected from the abdominal aorta, and the serum was centrifuged at 4°C and stored at −20°C until further analysis. The serum concentrations of FSH, LH, and E2 were measured using ELISA kits, according to the manufacturers’ instructions. The ELISA kits, which employ a competitive inhibition enzyme immunoassay technique, were purchased from Cloud-Clone Corp (Wuhan, China).
Retrospective Analysis of Cases
Children with PP, treated with the FY at the outpatient department of our hospital from 2014 to 2020 were also evaluated. The inclusion criteria were as follows: 1) continuous use of the FY for 1 year; and 2) evaluation of sex hormone levels every 6 months. The exclusion criteria were as follows: 1) the presence of other endocrine diseases; 2) the presence of ovarian cysts. This retrospective study was approved by the Medical Ethics Committee of Beijing Children’s Hospital, Capital Medical University.
Statistical Analysis
All results were presented as the mean ± SD. Differences were analyzed using one-way ANOVA. The data were further analyzed and plotted using the SPSS 19.0 software (IBM SPSS Software, New York, United States). Differences were considered statistically significant at p < 0.05.
RESULTS
Formula Analysis of Fu-you Formula
Prunella vulgaris L.and Carapax Trionycis act on the liver and relieves congestion, nourishes yin and clears heat; Gentiana scabra Bunge, Chrysanthemum morifolium (Ramat.) Hemsl, Lycium chinense Mill, Alisma plantago-aquatica L, Scrophularia ningpoensis Hemsl., Paeonia suffruticosa Andrews, Rehmannia glutinosa (Gaertn.) DC, which clear heat and removes dampness, nourishes yin, and cools the blood; Hordeum vulgare L, Concha oetreae and Thalluslaminariae act on the liver and relieves congestion, used as an adjuvant. All herbs combined act on the liver, clear congestion, nourish yin, and clear heat, can reduce the size of nodules in the breast, eliminate vaginal secretions, and dissipate scrofula, and reduce sputum production. The TCM composition are listed in Table 1.
TABLE 1 | Composition of the FY.
[image: Table 1]Chemical Composition and Prediction Target Analysis
Four hundred and thirteen chemical components were detected from 12 TCM in the FY. Furthermore, 37,468 predicted drug targets were obtained. The predicted target information and the characterization of each herb were derived from data on the TCM-component-targets, as shown in Table 2. Analysis of the common targets among the predicted targets, yielded a total of 4,741 predicted targets, among the 12 TCM. No common intersection targets were detected among the 12 TCM. 97 targets were detected between the two key herbs, which each had common targets with other herbs, as shown in Table 3.
TABLE 2 | Basic data on the components and targets of traditional Chinese medicines.
[image: Table 2]TABLE 3 | Number of common targets.
[image: Table 3]Construction and Analysis of Compound-Target Network of Fu-you Formula
After removing redundant targets, 4,741 targets obtained from 12 herbs intersected with 166 disease targets to obtain 79 mapped-genes. We then explored the predicted therapeutic targets of the FY, using multiple online databases as previously described. A network of potential targets of the compounds in the FY was then constructed using the Cytoscape software, as shown in Figure 1A. Based on the 1,224 core nodes obtained, 116 key candidate targets for the treatment of PP girls were screened out, 75 were direct targets and 41 were predicted targets. The degree values were determined for the top 10 hub genes, two of the most important targets are ESR1 and IGF1. After further analysis, there were 96 chemical components acting on 10 hub genes in the formula, and 42 chemical components acting on ESR1 and IGF1, which the five components most widely distributed in medicinal materials were Luteolin, Quercetin, Apigenin, Kaempferol and Emodin. The interaction relationships between targets were determined and a network map of the hub targets for the treatment of PP in girls was constructed (Figure 1B).
[image: Figure 1]FIGURE 1 | Compound-target interaction network and preliminary gene ontology (GO) analysis of drug targets. (A) Compound-key target network of the FY. (B) Compound-hub target network of the FY. (C) GO analysis of drug targets classified into three categories: biological process, molecular function, and cellular component. (D) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis of core targets of the FY in the treatment of PP. (E) Chinese medicinal materials-core component-key target-main pathways.
Gene Oncology and Kyoto Encyclopedia of Genes and Genomes Enrichment Analysis of Hub Targets for the Fu-you Formula in Precocious Puberty
Based on the results of GO and KEGG pathway analyses, the enriched pathways were determined. A total of 2,462 hub genes were identified based on the GO analysis, which were associated with the target genes or proteins of cells (cellular component), molecular functions (function), or biological processes (in process). Gene function information is presented in Figure 1C. A total of 133 KEGG pathways were enriched, which were associated with key candidate targets. The top 20 pathways were sorted by P-value, as shown in Figure 1D.
Construction and Analysis of the Multi-Layer Network Correlation Diagram of Traditional Chinese Medicine-Core Component-Hub Target-Main Pathways in the Treatment of PP With the Fu-you Formula
The KEGG pathways of the top 30 key candidate targets, based on their P-values were selected to construct the multi-level network association diagram of the “traditional Chinese medicine-core component-key target-main pathways” for the FY in the treatment of PP in girls (Figure 1E). The P-values were used to sort 30 KEGG pathways, which included 10 hub genes.
Phytochemical Characterization of Fu-you Formula
To identify the main constituents of FY, we analyzed the FY using HPLC-MS/MS. Five compounds were recognized from FY as shown in Table 4. The standard solution and the sample solution were analyzed by the HPLC-MS/MS method upper to identify the five constituents of FY. Accroding to the chromatograms (Figure 2), the consistent chromatographic peaks of the five compounds could be recognized in standard solution and sample solution, including of Luteolin, Quercetin, Apigenin, Kaempferol and Emodin. Therefore, it is convincing that FY contains these five constituents.
TABLE 4 | MRM transitions for identify of the target compounds.
[image: Table 4][image: Figure 2]FIGURE 2 | Chromatograms of HPLC-MS/MS of FY. [(I) Standard solution; (II) Sample solution of FY; Retention time of Kaempferol and Emodin were 3.28 and 4.18 min, respectively].
Molecular Docking
To further validate the potential targets possessing good affinity to the ingredients, molecular docking was performed for 3 high content ingredients with the 2 high relevance degree proteins. The docking results of the 3 flavonoids with the target proteins ESR1 and IGF1 are shown in Table 5 and Figure 3. As shown in the results, all the active compounds have favorable binding energy (<0 Kcal/moL) with their relative potential target proteins, and 3 flavonoids interact with ESR1 more stronger, which adds chips to the reliability of the virtual screening results.
TABLE 5 | Molecular docking results of target and active compounds.
[image: Table 5][image: Figure 3]FIGURE 3 | (A) Active binding sites of compounds with IGF1. (B) Active binding sites of compounds with ESR1. (C) Molecular docking patterns of compounds and IGF1. (D) Molecular docking patterns of compounds and ESR1.
Serum Test Results
Compared with the normal control group, E2, LH, and FSH levels in the model group were significantly increased (p < 0.01), indicating that the model of PP was successfully established. After treatment with the FY, the E2 and LH levels in rats with PP were significantly reduced compared with the model group (p < 0.01); and FSH levels were significantly reduced (p < 0.05), compared with the model group. However, in the leuprorelin group, only the LH levels showed a reduction (p < 0.05) (Figure 4A and Figure 4B).
[image: Figure 4]FIGURE 4 | Effects of the FY on sex hormone levels in PP. (A) Serum estrogen (E2) levels among all groups of rats. (B) Serum luteinizing hormone (LH) and follicle-stimulating hormone (FSH) levels among all groups of rats. (C) Serum E2 levels among all groups of children. (D) Serum LH and FSH were detected among all groups of children.
Retrospective Analysis of Cases
Retrospective analysis showed that 575 children who met the inclusion criteria were included. It showed that E2, LH, and FSH levels were significantly reduced after 12 months treatments (p < 0.01). Significant differences were noted in E2 levels between groups (p < 0.01). The FSH levels were significantly lower at 12 months after treatment compared with 6 months after treatment (p < 0.05) (Figures 4C,D).
DISCUSSION
The results of the analysis of the common targets of the FY revealed a total of 97 targets for Prunella vulgaris L. and Carapax Trionycis, which had common targets with other drugs. These findings suggest that these herbs had close synergistic effects with the other herbs. The following herbs: Gentiana scabra Bunge, Chrysanthemum morifolium (Ramat.) Hemsl., Lycium chinense Mill, Alisma plantago-aquatica L, Scrophularia ningpoensis Hemsl, Paeonia suffruticosa Andrews and Rehmannia glutinosa (Gaertn.) DC had a total of 51 targets. These findings indicate that these 7 herbs in the prescription also had synergistic effects. Furthermore, no common targets were detected for Hordeum vulgare L, Concha Etreae, and Thalluslaminariae, indicating that these 3 herbs are not key active ingredients in the formulation. Our previous study about data mining showed that the most frequently used herbs were Anemarrhena asphodeloides Bunge, Rehmannia glutinosa (Gaertn.) DC, Phellodendron chinense C.K.Schneid, Paeonia suffruticosa Andrews, and Prunella Vulgaris L. Common medicinal were cold and bitter, mostly attributed to the liver and kidney. The core of the herbs based on Zhibai Dihuangwan, and there were 4 kinds of herbs with FY.
At present, GnRHa is recommended to treat CPP, but not incompleteness precocious puberty in the relevant guidelines. The premature thelarche is the most common type of incomplete precocious puberty, 14–23% of which will develop to CPP (Zhu et al., 2008). So intervene as early as possible is the present clinical needs to solve the problem. Literature shows that Zhibai Dihuang Pill and Dabuyin Pill can treat precocious puberty (Liu and Wang, 2018; Wang and Zhao, 2019; Wang et al., 2020), but there is no indication for this in their instructions, so it belongs to off-label drug use.
The above-mentioned number of common targets of each herb is consistent with compatibility principles of the formulation. We identified main chemical constituents of FY using HPLC-MS/MS and confirmed that the main constituents related to the key targets in FY are Quercetin, kaempferol, Luteolin, Apigenin and Emodin. Analysis of the formulation reveals that the core components are mainly flavonoids, as well as kaempferol and quercetin, which are all phytoestrogens. Modern pharmacological studies have shown that phytoestrogens can make two-way adjustments, as they are similar to endogenous estrogen in structure and function. When the level of estrogen in the body is lower than the normal level, it can play an estrogen-like role, which can prevent and cure women's menopausal syndrome, prostate cancer, osteoporosis and cardiovascular diseases. On the other hand, when the level of estrogen in the body is higher than the normal level. such as breast hyperplasia, uterine fibroids and other diseases, it can produce estrogen antagonism and effectively weaken the response of target cells to estrogen (Chen et al., 2017; Cai and Zhanf, 2020).
Among the top 10 core targets selected, ESR1, IGF1 and other direct therapeutic targets are reportedly related to the onset and development of PP (Ye et al., 2011; Yang and Zhao, 2013; Wang et al., 2016), and are important targets in the treatment of PP. We further analyzed and clarified the core targets of biological function, gene function, and signal pathways. The results showed that the key components of the FY alone or combined were associated with transcription factor binding, transcription factor regulation, biological and cellular processes, such as GO or biological process-related gene/protein molecular function, and the estrogen signaling pathway, MAPK signaling pathway, and PI3K-Akt signaling pathways. These pathways mediate hormones that act on target tissues to achieve endocrine regulation. The E2 hormone binds with ESR1 to form a hormone-receptor complex that activates the estrogen signaling pathway. The MAPK signaling pathway and PI3K-Akt signaling pathway regulate the secretion of GnRH, LH, and FSH, as well as metabolic processes associated with bones. In addition, the growth hormone-insulin-like growth factor-1 (GH-IGF1) is the most important neuroendocrine factor associated with growth and development. Excessive IGF1 levels can inhibit GH secretion, and thereby inhibiting the growth of articular cartilage and epiphyseal cartilage, and retard growth in children (Su et al., 2017).
Treatment with GnRH analogues, such as Leuproline, which act by downregulating pituitary GnRH receptors (Carel et al., 2009), represent the standard of care for the treatment of CPP. The integrated pharmacological results suggest that the mechanism of the FY in the treatment of PP may include: competitive binding of E2 with ESR1and reduction in serum IGF1 concentrations. At the same time, animal experiments showed that the FY could reduce E2, LH, and FSH levels in rats with PP. Retrospective analysis of the medical records also showed that the FY could control the early symptoms of PP, and effectively inhibit E2 levels. The results of the animal experiments and retrospective analysis of medical records have confirmed the feasibility of studies of the mechanism of action of Chinese herbal compounds by integrative pharmacological methods.
In addition, the complex key targets of the FY and predictions based on the KEGG pathway analysis results show that the treatment may have effects on ovarian steroidogenesis, prostate and breast cancer, and other signaling pathways. These results are consistent with our previous clinical studies, which have shown that the effects of complex mixtures in girls with PP and ovarian cysts may be a more favorable intervention. Mixtures such as the FY may diminish ovarian cysts, regulate character development, improve liver function and qi stagnation, alleviate yin deficiencies and heat symptoms, reduce levels of E2, and retard bone aging and maturation. The present findings also provide a novel basis for the clinical application, and further research and development of the FY.
However, this study has some limitations that are worth mentioning. First, the reliability of the effects of FY against PP depends on database, so biological verification is necessary to evaluate the reliability of bioinformatics analysis in vitro, in vivo and in silico. Secondly, quantitative analysis of the synergistic effect of the main compounds should be investigated in the future.
CONCLUSION
In conclusion, we combined methods of big data discovery with biological validation to study the mechanism of actions of the FY in PP at the systemic level. We used the TCM-IP database for the treatment of PP and considered various components and molecular mechanisms in the preliminary analysis. We determined that the FY acts through multiple component interactions with targets. The mixture also exerts its effects through multiple pathways involved in the regulation of PP, and may thus play a role in treatment of the condition. Whether other pathways or mechanisms predicted in this network pharmacological approach also contribute to the beneficial effects of the FY requires further investigation.
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Background: Osteoarthritis (OA) is imposing substantial burdens on individuals and society with the aging population. Cortex Daphnes patch is widely used for symptomatic knee OA in China with a satisfying clinical efficacy; however, there is scant clinical evidence supporting its use. To evaluate its efficacy, we conducted a multicenter, non-inferiority, randomized, parallel-group study comparing Cortex Daphnes patch with topical nonsteroidal anti-inflammatory drugs in patients with knee OA (NCT02770950).
Methods: A total of 264 symptomatic knee OA patients were treated with Cortex Daphnes or indomethacin cataplasms applied to affected sites once daily for 2 weeks. The primary outcome was improvement in knee pain on walking as assessed using a visual analog scale (VAS). The non-inferiority margin based on the full analysis population was set as –5 mm on the pain VAS. The secondary outcomes were changes of the Western Ontario and McMaster Universities Osteoarthritis Index (WOMAC) total score, WOMAC scores for pain, function and stiffness, the 36-item Short Form Health Survey (SF-36), and global assessment of knees by the patients. Responder rates for pain VAS, WOMAC total score, and WOMAC pain were also included in the secondary outcomes.
Results: The Cortex Daphnes patch was non-inferior to indomethacin cataplasms for the primary outcome with a group difference (Cortex Daphnes patch–indomethacin cataplasm) of 2.1 mm (95% confidence interval: 2.1–6.4); similar results were found in the per-protocol population. For all other outcomes, no significant differences were found in the full analysis set or in the per-protocol analysis set, except the responder rates for WOMAC pain was higher in the Cortex Daphnes patch group than in the indomethacin cataplasm group (78.4 vs. 64.7%, p = 0.022) in the per-protocol analysis set. Overall, 28.8% patients in the Cortex Daphnes patch group and 9.8% in the indomethacin cataplasm group reported treatment-related adverse events, the vast majority of which were mild-to-moderate skin irritation, resulting in only 3.8 and 0.8% of patients dropping out, respectively.
Conclusion: The Cortex Daphnes patch, which provides satisfactory analgesic efficacy and enhances the physical function of the knee, as well as improving quality of life, may be a promising alternative to knee OA.
Keywords: knee osteoarthritis, nonsteroidal anti-inflammatory drugs, Cortex Daphnes patch, pain, non-inferiority trial design
INTRODUCTION
Osteoarthritis (OA) is a progressive disease of joints, common in middle and old age, that leads to joint capsule and ligament contracture, resulting in joint pain and functional impairment, as well as social and economic burdens (Dieppe and Lohmander, 2005; Hunter et al., 2014; Sharif et al., 2017). The joint pain, deformity, and motor dysfunction caused by OA can further increase the incidence of cardiovascular events and all-cause mortality (Xing et al., 2016; Liu et al., 2017). Knee OA is the most common type of OA; symptomatic knee OA is associated with considerable morbidity both in China and elsewhere (Cooper and Arden., 2011; Tang et al., 2016), with the result of an almost 90% increase in all-cause mortality (Liu et al., 2015). There is no specific treatment for osteoarthritis so far. Nonsteroidal anti-inflammatory drugs (NSAIDs) have been recognized as a good choice to manage symptomatic knee OA; however, oral NSAIDs are associated with higher risk of gastrointestinal, cardiovascular, and renal injury than placebo (Cepeda et al., 2006). Topical NSAIDs can avoid many of the adverse effects associated with systemic medications, can be considered as alternative therapy by patients with knee OA (Ringdahl and Pandit, 2011), but in fact, topical NSAIDs were less effective than oral NSAIDs (Lin et al., 2004). Therefore, it is of great significance to develop novel and more efficient therapeutic strategies for treatment of knee OA.
Traditional Chinese medicine has been accepted as a complementary therapy for knee OA, owing to its effects on relieving pain and improving functions of knee joint (Wang et al., 2020). Topical Chinese herbal preparation, as a representative form of traditional Chinese medicine, is commonly used in patients with symptomatic knee OA. Also known as Zushima (pronounced/zu-shi-ma:/), Cortex Daphnes is the processed stem and root barks of Daphne giraldii Nitsche., Daphne tangutica Maxim., and Daphne retusa Hemsl., all of which belong to the genus Daphne (Thymelaeaceae) (Pharmacopoeia of the People’s Republic of China, 1977).
According to Chinese medicine theory, the function of Cortex Daphnes herb is to remove blood stasis and relieve pain, removing cold-wind and dredge collaterals. It is used to treat headache, stomach ache, bruises, limb numbness, joint pain, and others. Although Cortex Daphnes patch has been widely used to treat arthritis in China, there have been few clinical studies reporting its effect and safety. The first published clinical study of Cortex Daphnes patch was in the 1980s, reporting the effects of pain relief in Chinese patients with soft tissue injury (Wang, 1986). Only one low-quality randomized controlled trial in patients with knee OA reported satisfactory clinical efficacy of Cortex Daphnes patch when combined with acupuncture (Wang and Zhan, 2014).
The aim of the present study is to evaluate whether Cortex Daphnes patch has the potential to be a valuable topical intervention for patients with knee OA. For this reason, we conducted a multicenter, non-inferiority, randomized controlled trial to compare the safety and efficacy of the Cortex Daphnes patch to indomethacin cataplasms for the treatment of knee OA.
MATERIALS AND METHODS
Plant Material, Handling, and Phytochemical Analysis
Cortex Daphnes is majorly derived from the field-grown root bark and stem bark of Daphne giraldii Nitsche., which were collected in the plateau region of Gansu Province, China, and processed as described in the standard of Chinese medicinal materials in Gansu Province (Gansu Medical Products Administration, 2009). The main processing methods include rinsing, drying, and cutting pharmaceutical materials. Cortex Daphnes patch is the inheritance and innovation of traditional techniques of the black plaster. The black plaster, as a representative form of topical Chinese herbal preparation, has been used in China for at least thousands of years. The processing and extraction of Cortex Daphnes patch mainly include the following steps: Cortex Daphnes decoction pieces are cut off and boiled twice with water. Then, the decoction is filtered, concentrated, and dried. Finally, the Cortex Daphnes dry powder is added to the traditional black plaster matrix that is refined and smeared in the center of the plaster cloth. Cortex Daphnes patch is made by adding water-extracted Cortex Daphnes dry powder instead of the traditional frying extraction method, so as to avoid extreme damage to the active ingredients. Cortex Daphnes patch in the current study was produced by Gansu Taikang Pharmaceutical Co., Ltd. (China, batch number: 20150679). Preparation and assay methods of Cortex Daphnes patch are based on the pharmaceutical standards of the Ministry of Health of the People’s Republic of China (Standard No. WS3-B-3456-98; Pharmacopoeia Committee of National Health, 1998). Its phytochemical content (daphnetin) in each patch, according to extraction and assay methods, was 600 µg dry weight. The chemical profiling of Cortex Daphnes patch was detected using LC/MS/MS method, and the details were provided in supplementary material.
Study Design
This was a multicenter, randomized, active controlled trial with duration of 2 weeks to evaluate the efficacy and safety/tolerability of Cortex Daphnes patch in patients with symptomatic knee OA. The study was conducted at eight sites in China from May 2016 to December 2017.
Among those NSAIDs used for local treatment of OA, topical administration of indomethacin has been widely prescribed for pain in China. According to package instructions, the dose of indomethacin cataplasm was one patch for one site once daily for 24 h.
Selection Criteria
Participants were all outpatient patients who visited doctors complaining of knee pain. Patients were aged 40–75 years who met the 1995 American College of Rheumatology combined clinical and radiographic criteria for knee OA (Hochberg et al., 1995) and had symptoms in both knees. The inclusion criteria were knee pain of no less than 20 mm on a 100-mm visual analog scale (VAS) when walking flat. Patients taking oral NSAIDs prior to the breakthrough period (one week before starting) were included. The exclusion criteria included swollen and hot knees at the time of recruitment and patients with other joint diseases, such as rheumatoid arthritis, ankylosing spondylitis, congestive heart failure and edema, and advanced renal disease. We also excluded patients who were allergic to any ingredient in Cortex Daphnes patch (Cortex Daphnes and substrates including lithargite, linseed oil, and red lead) and in indomethacin cataplasm, as well as those who had punctured knee skin or other skin diseases.
Randomization and Masking
This was a multicenter and active-controlled design. Using the block randomization method, a random number table was generated by an independent third party, the Clinical Evaluation Center of China Academy of Chinese Medical Sciences, using SAS 9.4 software (SAS Institute, Cary, NC, United States). The randomized assignment sequence was placed in a sealed opaque envelope and was kept by the scientific research management department of the research unit and can be reproduced upon request. Eligible patients were randomized 1:1 to either Cortex Daphnes or indomethacin cataplasm topical treatment. Prior to recruitment, study investigators, site staff, and patients were blinded to the details of the allocation sequence. In order to avoid patient’s preference for treatment method, we discussed all the interventions (the Cortex Daphnes patch and the indomethacin cataplasm) involved in this study with each participant, and informed them that all the treatments may benefit them. Furthermore, we asked a staff member not to discuss the intervention with participants when dispensing the medicine. The therapeutic and side effects were evaluated by a trained staff member of each site who was blinded to group allocation.
Outcome Measures
The study included a screening visit to determine eligibility, a baseline visit, and a 2-week visit. Patient-reported outcome measures were collected at baseline and at the 2-week visit. Unscheduled visits were also possible at any time during the study treatment if required.
The primary outcome was change in the patient’s global assessment of pain intensity score from baseline to posttreatment. The Patient’s Global Assessment of Pain Intensity score employed a 100-mm VAS pain scale evaluating knee pain when walking flat (0 for no pain and 100 for pain as bad as it could possibly be) (Cao et al., 2009). The secondary outcomes included changes in the Western Ontario and McMaster Universities Osteoarthritis Index (WOMAC) total score, WOMAC scores for three subscales (pain, function, and stiffness), the 36-item Short Form Health Survey (SF-36), and the patient’s global assessment of knees from baseline to posttreatment. Responder rates for pain VAS (at least a 30% improvement from baseline), WOMAC total score (at least a 30% improvement from baseline), and WOMAC pain (at least a 30% improvement from baseline) were also included in the secondary outcomes. The WOMAC is a 24-item disease-specific patient-reported outcome measure with five questions assessing pain (range 0–20), two assessing stiffness (range 0–8), and 17 assessing function (range 0–68) (Bellamy et al., 1988). The WOMAC total score ranges from 0 to 96, with higher scores indicating greater burden of knee OA (Bellamy et al., 1988). The SF-36 is a generic quality of life instrument with eight health domains. It consists of 36 questions and assesses eight dimensions: physical functioning, role physical, pain index, general health, vitality, social functioning, role emotional, and mental health index (Li et al., 2002). It also provides two summary measures of physical and mental components, physical component score and mental component score, ranging from 0 to 100, with higher scores indicating better health status (Li et al., 2002). The participants were all self-assessed using VAS score to document the overall symptom severity of their knees at the beginning of the study and after treatment.
Safety evaluations included monitoring of adverse events (AEs), treatment discontinuations, measurement of skin irritation, and the assessment of clinical laboratory investigations. Skin irritation intensity evaluation criteria were used to record adverse skin events, which were the most commonly expected side effects. According to these criteria, the degree of the irritation symptoms including erythema, edema, and pruritus, were divided into mild, moderate, and strong irritation and were assessed by a trained physician (Bureau of Drug Policy and Administration of the People’s Republic of China, 1994). The specific laboratory assessments included complete blood counts and urinalyses, as well as measurements of glutamic-pyruvic transaminase, glutamic-oxalacetic transaminase, creatinine, and blood urea nitrogen.
Treatment
Patients whose eligibility was confirmed at the baseline visit were randomly assigned to treatment with one or the other intervention. During the treatment period, participants were instructed to apply the Cortex Daphnes patch or the indomethacin cataplasm (Nipro Patch CO. LTD. Japan, batch number: EM002) onto clean skin overlying the affected sites on both knees every night and keep it in place for 24 h. The standard operation procedure for the application of Cortex Daphnes patch has been established. As shown in Figure 1, instructions were offered to every participant in the Cortex Daphnes patch group to standardize the external use site, the administration time, and the method of placing and removing the patch to ensure the consistency of application.
[image: Figure 1]FIGURE 1 | Application of Cortex Daphnes plaster.
No other treatments for knee OA were permitted during the treatment period: systemic and topical NSAIDs; opioid analgesics; acetaminophen; oral and intra-articular injection of corticosteroids; intra-articular knee injections (hyaluronic acid injection and local anesthetics); surgical or physiotherapeutic therapies; acupuncture; and aspirin. All AEs were recorded in detail and were monitored regularly until properly resolved or the condition was stable.
Sample Size Calculation
The sample size was determined using the primary endpoint of the change of VAS pain score. The literature showed that the effect for Cortex Daphnes patch with the same primary endpoint was 44.6 mm (SD: 33.4 mm) and it was 35.3 mm (SD: 30.4 mm) for indomethacin cataplasms at week 2 (Wang et al., 2016). Assuming a non-inferiority margin of -5 mm and that the ratio of the Cortex Daphnes patch group and the indomethacin cataplasm group was 1:1, using a two-sided test with a significance level (α) of 0.05 and a power (1–β) of 0.90, the required sample size was estimated at 105 cases in each group. Allowing for a dropout of 20%, the Cortex Daphnes patch group and the indomethacin cataplasm group each required 132 patients, a total of 264 patients.
Statistical Analysis of Data
Statistical analyses were performed using SAS version 9.4 (SAS Institute, Cary, NC, USA). The full analysis set (FAS) and per-protocol (PP) analysis set were analyzed. The FAS population included all participants who were randomized and underwent the assigned treatment. Non-inferiority of the primary endpoint (change of VAS pain score of Cortex Daphnes patch vs. indomethacin cataplasm) was determined if the lower limit of the 95% CI for the difference was not less than the cutoff value of -5 mm. The changes of primary and secondary endpoints at week 2 from baseline were analyzed using an analysis of covariance (ANCOVA) model with the treatment group and the study center as factors and the baseline score as a covariate. The point estimate, the least squares (LS) means, and the two-sided 95% CI based on the ANCOVA model were provided for the difference between treatment groups. The 30% responders were defined as patients who experienced a 30% reduction of WOMAC pain score, WOMAC total score, and VAS score from baseline for each respective outcome. A p-value of <0.05 was considered statistically significant. All patients who received at least one dose of the study drug were included in the safety set (SS). Incidence of AEs, treatment-related AEs, and discontinuation rate due to AEs were compared between the two groups using the Pearson chi-square test and Fisher’s exact model.
RESULTS
Baseline of Clinical Cohorts
All patients were Chinese. Among 292 patients with symptomatic knee OA who were initially screened, 264 eligible patients were enrolled and constituted the FAS population. There were no statistically significant differences between the groups with respect to demographic and baseline clinical characteristics (Table 1). There were 21 (15.9%) patients in the Cortex Daphnes patch group and 13 (9.8%) patients in the indomethacin cataplasm group who did not complete the 2-week treatment, resulting in an overall dropout rate of 12.9% (Figure 2). Finally, 230 patients were included in the PP population for the efficacy analyses.
TABLE 1 | Demographic and baseline clinical characteristics of patients in FAS population.
[image: Table 1][image: Figure 2]FIGURE 2 | Flow diagram of the trial.
Treatment Effects
The Primary Outcome: Patient’s Global Assessment of Pain Intensity
In the FAS population, the LS mean changes from baseline in the pain VAS score at week 2 was –25.4 mm in patients receiving the Cortex Daphnes patch and –23.3 mm in patients receiving indomethacin cataplasms. The treatment difference (Cortex Daphnes patch–indomethacin cataplasm) in the FAS population was 2.1 mm and the two-sided 95% CI for the treatment difference was –2.1–6.4 mm. In the PP population, the result was similar (treatment difference and two-sided 95% CI: 3.8 [–0.6 to 8.2] mm). The lower limit of the 95% CI was –5 mm, which indicates that Cortex Daphnes patch was non-inferior to indomethacin cataplasm for the treatment of Chinese patients with knee OA.
Secondary Outcomes
In the FAS population, there were no significant differences between groups with respect to any secondary endpoint after 2-week treatment (Table 2). The LS mean change from baseline in WOMAC total score was –13.9 in the Cortex Daphnes patch group and it was –12.6 in the indomethacin cataplasm group. WOMAC pain, stiffness, and function subscales were –3.1, –1.2, and –9.7 in the Cortex Daphnes patch group and –2.7, –1.1, and –8.9 in the indomethacin cataplasm group, respectively. The LS mean changes from baseline in SF-36 physical component scores and mental component scores were 9.3 and 5.8 in the Cortex Daphnes patch group and 8.7 and 5.2 in the indomethacin cataplasm group, respectively. The LS mean change from baseline in patient’s global assessment of disease activity was –24.6 in the Cortex Daphnes patch group and –23.2 in the indomethacin cataplasm group. In the PP population, the treatment differences between the groups for all secondary endpoints were similar (Table 3).
TABLE 2 | Outcomes changes from baseline and difference in LS mean change of Cortex Daphnes patch from indomethacin cataplasms in FAS population posttreatment.
[image: Table 2]TABLE 3 | Outcomes changes from baseline and difference in LS mean change of Cortex Daphnes patch from indomethacin cataplasms in PP population posttreatment.
[image: Table 3]In the FAS population, no differences between groups were significant in terms of responder rates for pain VAS, WOMAC total score, and pain subscale (p > 0.05) (Figure 3). In the PP population, no significant differences were found, except that the percentage of 30% responder WOMAC pain subsacle was higher in the Cortex Daphnes patch group than in the indomethacin cataplasm group (78.4 vs. 64.7%, p = 0.022; Figure 4).
[image: Figure 3]FIGURE 3 | Responder rates for Pain VAS, WOMAC total, and pain score in FAS population posttreatment.
[image: Figure 4]FIGURE 4 | Responder rates for Pain VAS, WOMAC total, and pain score in PP population.
Safety Profile
AEs are displayed in Table 4. AEs were documented 60 times during the study with a higher rate in the Cortex Daphnes patch group than in the indomethacin cataplasm group (29.5 vs. 19.5%, p = 0.008). The majority of these 60 events (51, 85%) were skin irritation and all were treatment-related AEs reported by 38 patients in the Cortex Daphnes patch group and 13 patients in the indomethacin cataplasm group. Routine laboratory examinations indicated that no patients in either group developed abnormalities. Most of the skin irritation AEs were mild-to-moderate in intensity with only five patients in the Cortex Daphnes patch group and one patient in the indomethacin cataplasm group discontinuing treatment.
TABLE 4 | Number of patients experiencing adverse events during treatment.
[image: Table 4]The severity for skin AEs of erythema, itching, and edema are summarized in Table 5. Most expected side effects were slight in severity and resolved within 7 days without any additional intervention. The occurrence and severity of skin irritation, including erythema, itching, and edema tended to be higher in the Cortex Daphnes patch group than in the indomethacin cataplasm group. However, there were 38 patients in the Cortex Daphnes patch group reporting skin irritation symptoms. Among them, the knee skins of only 4 patients were allergic to the black plaster, while the other 34 patients reported that the knee skin around the plaster was allergic due to the mount material used in the Cortex Daphnes patch. Erythema and itching skin AEs resulting from black plaster were less likely to occur when using indomethacin cataplasms. There was one severe erythema and one itching skin AE in the Cortex Daphnes patch group due to black plaster, while no severe skin AEs occurred due to indomethacin cataplasms.
TABLE 5 | The severity for the reported skin irritation.
[image: Table 5]DISCUSSION
Current international and Chinese guidelines support the use of topical NSAIDs as an early treatment option for symptomatic relief of the management of knee OA (Hochberg et al., 2012; McAlindon et al., 2014; Joint Surgery Group of Chinese Orthopedic Association, 2018). Despite extensive clinical applications, definitive evidence of the efficacy of the Cortex Daphnes patch as an alternate option has yet to be provided. Against this background, the current multicenter, randomized clinical trial showed that the Cortex Daphnes patch was not inferior to indomethacin cataplasms with respect to efficacy, and its safety profile was also favorable, with no serious AEs being observed. These observations strongly support the existing evidence to the effect that Cortex Daphnes patch may be a potential alternative topical application for treatment of knee OA.
Our results suggest that the Cortex Daphnes patch can effectively relieve the symptoms of knee OA, in line with the findings of previous clinical studies. Cui et al. demonstrated that a 2-week regimen of Cortex Daphnes patch could relieve pain, swelling, and restricted movement in patients with knee synovitis when compared with infrared radiation therapy (Cui and Liu, 2017). A randomized controlled clinical trial with a short duration of about 2 weeks reported that, when combined with acupuncture, Cortex Daphnes patch was superior to glucosamine sulfate in terms of pain relief and joint function improvement in patients with knee OA (Wang and Zhan, 2014). Due to its warm property, Cortex Daphnes patch even reduced wrist joint pain, swelling, and stiffness in cold-type patients with rheumatoid arthritis (Wang et al., 2016), as well as alleviating lumbar pain and promoting functional status when combined with herb decoction in cold-type patients with chronic lumbar muscle strains (Wu et al., 2020). The key differences between the current and previous studies involve differences in use of the Cortex Daphnes patch as well as different target patient populations. In our study, we used a single Cortex Daphnes patch in patients suffering from knee OA; the previous studies used single Cortex Daphnes patches in patients with other chronic pain or arthritis diseases, and in the only study of knee OA study, the intervention was Cortex Daphnes patch combined with acupuncture. Using a higher quality of design and well-recognized outcome measures, the current study is the first clinical evidence to suggest the effectiveness of Cortex Daphnes patch for treatment of symptomatic knee OA.
Our findings show that Cortex Daphnes patch has a favorable anti-inflammatory analgesic effect. In recent years, daphnetin, coumarins, lignins, flavonoids, diterpenes, and other chemical components have been isolated and identified from Cortex Daphnes. Daphnetin, the main phytochemical component of Cortex Daphnes, has provided dramatic improvement in percutaneous absorption results in vivo and in vitro experiments. Pharmacological activity experiments showed that prostaglandin E2 generation was inhibited by extract of Cortex Daphnes by inhibiting the expression of cyclooxygenase-2 (Yuan et al., 2009). An animal experiment showed that daphnetin significantly reduced the swelling of feet and the severity of arthritis in adjuvant-induced arthritis rat model (Gao et al., 2008). Daphnetin, a natural product, inhibits not only lipoxygenase and cyclooxygenase but also neutrophil-dependent superoxide anion generation (Fylaktakidou et al., 2004).
In recent years, more than 250 chemical constituents have been identified from the genus Daphne. The most important classes of compounds obtained from this genus include coumarins, flavonoids, lignans, terpenoids, and several other less common groups (Xu et al., 2011; Moshiashvili et al., 2020) Coumarins are among the most common compounds in the Daphne genus and major toxic components. Daphne genus–related potential risks include hepatotoxicity, nephrotoxicity, burning in the pharynx, gastrointestinal discomfort (nausea, vomiting, burning of stomach, gastroenteritis, and diarrhea), internal bleeding, muscle spasms and paralysis, and skin irritation (redness, swelling, and blusters). In severe cases, circulatory arrest and coma may be observed “(Goel et al., 2007; Xu et al., 2011; Moshiashvili et al., 2020; Wink, 2009; Stefanachi et al., 2018).” Therefore, we should pay more attention to the safety of the Cortex Daphnes patch. In the study, the safety profiles suggested a trend toward higher frequency and more severity of treatment-related adverse effects in the Cortex Daphnes patch group. Although skin irritation was the most frequently reported treatment-related adverse effect in both treatment groups, the material used in the Cortex Daphnes patch predisposes patients to increased risk of developing erythema and edema, as well as itching of the contact skin, especially after fixing the plasters for 24 h daily, for 2 weeks, on knee skin.
Fortunately, those skin side effects were mostly mild in severity, were transient, and did not require intervention. Moreover, the skin reactions may be alleviated after discontinuation of the Cortex Daphnes patches. These findings suggest a rest time for skin is needed when using the Cortex Daphnes patch, and the components containing the Cortex Daphnes patch should be changed to be milder and less irritating.
There are some limitations with respect to the design of this non-inferiority study. First, the completely different physical characteristics and smell between the Cortex Daphnes patch and the indomethacin cataplasm prevented double-dummy design from being applied. Nevertheless, considering that those two medicines and their topical simulators could not be used on the knee simultaneously, or even used separately on each knee, an enormous difference in efficacy might result in a substantial decline in compliance with the treatment plan. Therefore, to ensure the reliability of evaluation measurements, instead of using the double-dummy design, a staff member who dispensed the investigational medicine was trained not to discuss the intervention with participants, and the therapeutic effects and side effects were evaluated by another blinded trained staff member. Second, its long-term efficacy remains unclear due to a paucity of follow-up. Third, we did not pay attention on the average time for skin irritation after medication and relevant data need to be supplemented in the following Cortex Daphnes patch-related research.
CONCLUSION
The Cortex Daphnes patch exerts favorable effects in decreasing knee pain and improving joint function for patients with knee OA, especially with mild-to-moderate knee OA, which were non-inferior to the therapeutic effects of a recognized treatment for knee OA. The clinical evidence presented here highlights the promising therapeutic efficacy of the Cortex Daphnes patch for the treatment of pain and symptoms associated with knee OA, particularly as part of a changing healthcare landscape that seeks to identify effective and safe plant medicines to treat chronic pain.
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Background: Oral Chinese patent medicine (OCPM) combined with western medicine (WM) are believed to be effective for the therapy of chronic prostatitis/chronic pelvic pain syndrome (CP/CPPS) with sexual dysfunction (SD). These western medicines mainly involve antibiotics, phosphodiesterase type-5 inhibitor (PDE-5i), α-blockers. But there is no randomized controlled trial (RCT) that directly compares the efficacy of different OCPM. Hence, we operated a network meta-analysis (NMA) to contrast the efficacy of different OCPM for CP/CPPS with SD.
Methods: Relevant studies were searched in PubMed, Cochrane Library, Web of Science, Embase, China National Knowledge Infrastructure (CNKI), Chinese Scientific Journal Database (VIP), and Wanfang database. All of the RCTs concentrated on the use of OCPM to cure CP/CPPS with SD from the inception of the databases to November 2020. We appraised the risk of bias under the Cochrane Handbook and CONSORT statement. The data were statistically analyzed via STATA 13.0 and WinBUGS 1.4.3 instrument.
Results: Altogether, 30 pieces of literature with 2,996 participants containing 11 oral Chinese patent medicine and 11 interventions were included in the NMA. In terms of The National Institutes of Health chronic prostatitis symptom index (NIH-CPSI), Qianlie Shutong Capsules (QLSTC) + WM had the most possible of being the optimal treatment. In the light of the International Index of Erectile Function (IIEF-5), Congrong Yishen Granules (CRYSG) + WM had the most possible of being the optimal treatment. Shugan Yiyang Capsules (SGYYC) + WM performed the highest likelihood efficacy under cluster rank graph combined NIH-CPSI and IIEF-5. Liuwei Dihuang Pills/Yougui capsules (LWDHP/YGC) + WM had highly possible to be the optimal treatment not only for the clinical effective rate of CP/CPPS but also for the clinical effective rate of SD. Considering four outcomes, QLSTC, CRYSG, SGYYC, LWDHP/YGC, Qianlie Beixi Capsules (QLBXC) plus WM were the best therapy approach for CP/CPPS with SD, especially LWDHP/YGC + WM and QLBXC + WM.
Conclusion: Based on the NMA, QLSTC, CRYSG, SGYYC, LWDHP/YGC, QLBXC plus WM demonstrated the maximum probability of being the optimal therapies. Owing to the limitations of this research, these results should be confirmed by elaborate RCTs.
Systematic Review Registration: [https://www.crd.york.ac.uk/prospero/], identifier [CRD42021224060].
Keywords: network meta-analysis, chronic prostatitis/chronic pelvic pain syndrome, sexual dysfunction, oral medicine, Chinese patent medicine
INTRODUCTION
“Prostatitis is classified as acute bacterial prostatitis (category I), chronic bacterial prostatitis (category II), chronic prostatitis (CP)/chronic pelvic pain syndrome (CPPS, category III, inflammatory IIIA, noninflammatory IIIB) and asymptomatic inflammatory prostatitis (category IV), according to the National Institutes of Health (NIH) classification system for prostatitis” (Krieger et al., 1999). CP/CPPS, a very common urinary system disease, with small and complex symptoms, which seriously affect patient’s quality of life. Furthermore, “men with CP/CPPS had a high probability to suffer sexual dysfunction (SD) than those without, such as erectile dysfunction (ED), premature ejaculation (PE), decreased sexual desire, ejaculatory pain and so on” (Li and Kang, 2016). “A meta-analysis involving 11,189 men showed that the prevalence of sexual dysfunction in men with CP/CPPS was high (SD was 62%, ED was 29% and PE was 40%), even though overall SD demonstrated a slightly decreasing trend, ED prevalence rate had an increasing trend in recent years” (Li and Chen, 2016). “A questionnaire survey was conducted among 1786 men indicated that the prevalence rate of SD in Chinese men with CP/CPPS is high (SD was 49%, ED was 15% and PE was 26%) and related to age” (Liang et al., 2004). Sexual dysfunction (SD) in our studies mainly refer to self-reported erectile dysfunction (ED) or premature ejaculation (PE), or both.
The studies on CP/CPPS with SD mainly concentrated on “epidemiology” (Liang et al., 2010; Hao et al., 2011), “risk factors” (Zhang et al., 2015a; Ma et al., 2020), and “relationship” (Chung et al., 2012), researches focus on therapeutics are scarce. “The National Institutes of Health (NIH) reached the consensus about prioritization of treatments for chronic prostatitis, rank 1 is antimicrobials (e.g., antibiotics), rank 2 is α-blockers (e.g., terazosin)” (Nickel et al., 1999). Lately, “α-blockers, antibiotics, and combinations of these therapies appear to achieve the greatest improvement in clinical symptom scores compared with placebo” (Anothaisintawee et al., 2011; Qin et al., 2016). However, the effectiveness of α-blockers and antibiotics has been controversial. Additionally, due to the long treatment time, we need to choose some drugs with fewer side effects and a longer course of treatment, so “Chinese patent medicine has become the best choice for us to treat chronic prostatitis with sexual dysfunction” (Zhong et al., 2013). “Oral Chinese patent medicine (OCPM) combined with western medicine (WM) has the beneficial effects for CP/CPPS with SD” (Wang et al., 2012; Feng et al., 2013).
“Under traditional Chinese medicine (TCM) theories, CP means damp-heat and blood stasis syndromes” (Wang et al., 2016). Therefore, the top priority of treatment is to activate blood circulation and remove dampness. TCM combines syndrome differentiation with disease differentiation was more favorable to us to understand and treat CP. Syndrome differentiation is used to identify different types of a single disease to create a specific treatment plan. Hence, our research evaluated the clinical curative effect of OCPM combined with WM in patients who meet the standard therapy of CP/CPPS with SD: syntheses, individualization, and sequencing. Yet, there is no direct evidence showing the optimal OCPM for CP/CPPS with SD treatment. It is difficult to decide the superiority of treatment under a meta-analysis of pairwise comparisons. A network meta-analysis (NMA) combines existing evidence makes it possible to compare different treatment options at the same time. So, our research compared the curative effect of 11 OCPM combined with WM through NMA to reveal the optimal OCPM for CP/CPPS with SD and provide more perspectives for the choice of CP/CPPS with SD. The graphic workflow in our research is illustrated in Figure 1.
[image: Figure 1]FIGURE 1 | Graphic workflow for the NMA.
METHODS
Eligibility Criteria
The RCTs that were published in English or Chinese were included if they met the following standard: 1) “Participants met criteria for CP/CPPS categories IIIA or IIIB according to the National Institutes of Health classification” (Krieger et al., 1999); 2) Participants met criteria for SD categories “erectile dysfunction (ED)” (Rosen et al., 1999) or “premature ejaculation (PE)” (Screponi et al., 2001), or both; 3) The interventions of experiment group involve OCPM add WM, the interventions of control group consist of WM alone or another OCPM plus WM. Besides, “these OCPMs must be included in the Pharmacopoeia of the People’s Republic of China”(Lin et al., 2020) or the data query system of the National Medical Products Administration website https://www.nmpa.gov.cn/; 4) The full text could be found and had sufficient data for collection, including the number of patients, age of patients, duration of therapy; 5) The study contained any of the following outcomes: NIH-CPSI scores, IIEF-5 scores, the clinical effectiveness of CP/CPPS, the clinical effectiveness of SD. The following formula was utilized: the clinical effectiveness (%) = (quantity of recovered patients + quantity of improved patients)/total quantity × 100%, The clinical effective rate of SD = the clinical effective rate of ED + the clinical effective rate of PE. The clinical effective rate of CP/CPPS was primary according to the reduction of the NIH-CPSI score, the clinical effective rate of ED was based on the increase of the IIEF-5 score and the clinical effective rate of PE was on the basis of the increase of Chinese Index of Premature Ejaculation (CIPE-5) score. These scores could be divided into three grades: recovery, improvement, and inefficiency. For response to treatment, various definitions were used in the original studies; recovery was determined when the decrements of the NIH-CPSI score >50%, recovery definition to reach the IIEF-5 score >21, recovery definition to reach the CIPE-5 score >17; improvement was defined when the decreases of the NIH-CPSI score >25%, improvement definition to reach the IIEF-5 score >15, improvement definition to meet 4-unit score increases in the CIPE-5 from baseline; the rest was inefficiency.
The following studies were excluded: studies involving patients who had 1) major psychological or somatic diseases; 2) the use of drugs that influence sexual function; 3) the use of antibiotics during the preceding 2 weeks; 4) missing or incorrect data; 5) experimental research, retrospective studies, conference abstracts, case reports, and reviews or meta-analyses.
Data Sources and Retrieval Strategy
This research retrieves literature by employing the following databases from inception to November 2020: PubMed, Web of Science, Embase, Cochrane Library, CNKI, VIP, and Wanfang database. The free text words and medical subject headings (MeSH) were adopted. The restriction of language includes English and Chinese. Besides, we manually retrieved the reference of involved researches.
After overlaps were removed by EndNote X9, two researchers browsed the titles and abstracts of involved researches respectively. Besides, we also confirmed the potential articles. Any divergence could be solved through discussions or negotiations with a superior researcher.
Data Extraction and Quality Evaluation
This information was extracted on the basis of the designed table: identity document (author’s name and year), participant’s characteristics (number of patients, age of patients, chronic prostatitis category, and sexual dysfunction category), methods of intervention, duration, outcomes, the random method.
Two authors evaluated the risk of bias. The intervention was systematically evaluated in randomized controlled trials and Cochrane Handbook. “The quality evaluation of the included RCTs focused on several key domains: selection bias (sequence generation and allocation concealment), performance bias (blinding of patients and personnel), detection bias (blinding of outcome assessors), attrition bias (incomplete outcome data), reporting bias (selective reporting), and other biases” (Higgins et al., 2011). Each of these options was evaluated as high, low or unclear. When described a valid generation of random number, blinding, and results, they will be categorized as low-risk, otherwise, they will be high-risk. Once described an ambiguous information, they will be categorized as an unclear risk. Any divergence could be solved through discussions or negotiations with a superior researcher.
Statistical Analysis
The article adopted a Bayesian frame structure employing WinBUGS 1.4.3 and Stata 13.0 instrument to compute the outcomes. As for statistical processes, Random and fixed effects model was adopted for continuous and dichotomous variables, respectively. Simulation iterations were commanded to 200,000, adaptation iterations were required to10,000. Dichotomous variables or count data made use of odds ratios (ORs), continuous variables or measuring data chose mean difference (MD), as well as used their 95% confidence intervals (95% CIs). In addition, “the ranking probability of each treatment in different results was evaluated through the surface under the cumulative ranking area (SUCRA) value, a larger SUCRA value indicating a better treatment option” (Rücker and Schwarzer, 2015). Cluster analysis about variable results could be used to determine an optimal OCPM about therapy of CP/CPPS with SD under conducting a SUCRA. We didn’t implement the hypothesis of consistency because of non-close loops. Meanwhile, funnel graphs were plotted to identify the presence of publication bias. The forest graph, the risk of bias graph, and network plot were also illustrated.
RESULTS
Study Characteristics of the Involved Researches
All of 261 pieces of literature from seven databases, 72 reserved by removing overlaps, reviews, unrelated researches, and research on animal. What's more, 42 articles were removed on account of the following causes: no related drugs, without age description, the intervention did not meet the inclusion conditions, no results of interest, no course of treatment. Ultimately, 30 (Liu et al., 2009; Sa et al., 2009; Li et al., 2011; Guo, 2012; Li et al., 2012; Luo, 2012; Wang et al., 2012; Yang, 2012; Feng et al., 2013; Zheng and Li, 2013; Zhong et al., 2013; Chen et al., 2014; Zhang et al., 2014a; Zhang et al., 2014b; Chen et al., 2015; Lang and Xia, 2015; Zhang et al., 2015b; Liu and Chen, 2016; Liu et al., 2016a; Liu et al., 2016b; Su et al., 2016; Wu et al., 2017; Liu et al., 2018; Zhou, 2018; Li et al., 2019; Liu et al., 2019; Hong and Liu, 2020; Wang, 2020; Xia et al., 2020; Zhao, 2020) two-arm randomized controlled trials presented in China from 2009 to 2020 were covered in our study. The PRISMA flow diagram was depicted in Figure 2.
[image: Figure 2]FIGURE 2 | PRISMA flow diagram for eligible RCTs.
Thirty studies with 2,996 patients (1,507 cases in the experimental group, 1,489 cases in the control group) involving 11 oral Chinese patent medicine and 11 interventions (LWDHP/YGC was one intervention based on syndrome differentiation, LWDHP for kidney-yin deficiency, YGC for kidney-yang deficiency) with CP/CPPS with SD (include PE = 5, ED = 10, SD = 15) were included in this NMA. The age range of the participants was approximately 15 to 66, and the young and middle-aged crowd made up the majority. Ten comparisons were appraised: Compound Xuanju Capsules+WM vs. WM (n = 15), Congrong Yishen Granules+WM vs. WM (n = 3), Liuwei Dihuang Pills/Yougui capsules+WM vs. WM (n = 2), Longqing Tablets+WM vs. WM (n = 1), Ningmitai Capsules+WM vs. WM (n = 1), Qianlie Beixi Capsules+WM vs. WM (n = 1), Qianlie Shutong Capsules+WM vs. WM (n = 2), Relinqing Granules+WM vs. WM (n = 1), Shugan Jieyu Capsules+WM vs. WM (n = 2) and Shugan Yiyang Capsules+WM vs. WM (n = 2). Western medicine regimen contained antibiotics, α-blockers, phosphodiesterase type-5 inhibitor (PDE-5i), an anti-inflammatory drug, pollen extract, etc. All the eligible Chinese patent medicine were taken orally, and the course of treatment ranged from 3 to 12 weeks, and most of the studies were 8 weeks. The detailed characteristics of included researches are demonstrated in Table 1, the patented formulations of involved literature are listed in Supplementary Table S1 and the network plots about diverse results could be found in Figure 3.
TABLE 1 | Characteristics of included studies.
[image: Table 1][image: Figure 3]FIGURE 3 | Network graphs for various outcomes (A) NIH-CPSI; (B) IIEF-5; (C) the clinical effective rate of CP/CPPS; (D) the clinical effective rate of SD.
Quality Assessment
Two authors appraised the risk of bias in contained researches respectively by utilizing the Cochrane Risk of Bias Tool proposed by the Cochrane Handbook 5.1. Items assessed were as follows: Low-risk items: 1) seven studies about selective bias (explained utilized table of random numbers) and one study in selection bias (stated adopted lottery method). 2) All studies in attrition bias (reported outcome data completely). 3) All studies in other biases (stated a baseline of randomized controlled trials). High-risk events: 1) All studies about selection bias (did not adopt allocation concealment). 2) All studies in performance bias (did not utilize blinding of participants and personnel). 3) All researches in detection bias (did not report blinding of outcome assessment). Unclear risk items: 1) 22 studies in selection bias (did not state specific random method). 2) All studies in reporting bias (unclear selective reporting). A detailed description of the risk of bias evaluation is shown in Figure 4.
[image: Figure 4]FIGURE 4 | Risk of bias graph.
Outcomes
NIH-CPSI Score
All 15 pieces of research including six OCPM and seven interventions recorded the NIH-CPSI score. As the dominating results, the NIH-CPSI score was depicted in the right upper quarter of Table 2 and Figure 5A, CXJC+WM, LQT+WM, QLBXC+WM, QLSTC+WM, SGJYC+WM, and SGYYC+WM were better than the WM regimen alone in terms of the NIH-CPSI score. These results were statistically significant, MD and 95% CIs were 2.88 (1.78, 3.98), 3.13 (0.77, 5.49), 5.30 (3.03, 7.57), 7.93 (6.14, 9.71), 7.47 (4.70, 10.24) and 3.23 (1.38, 5.08), respectively. Additionally, QLSTC+WM was more effective than LQT+WM (MD = −4.80, 95% CI = −7.76 to −1.84) and CXJC+WM (MD = −5.05, 95% CI = −7.14 to −2.95; SGJYC+WM was more effective than LQT+WM (MD = −4.34, 95% CI = −7.98 to −0.70) and CXJC+WM (MD = −4.59, 95% CI = −7.57 to −1.61). According to the calculated probabilities of Figure 6A and Table 3, QLSTC+WM (92.7%) was the optimal combination in decreasing NIH-CPSI score, SGJYC+WM (87.8%) was number two, and QLBXC+WM (65.8%) was the third.
TABLE 2 | Mean difference (95% CIs) of NIH-CPSI (right upper quarter) and IIEF-5 (left lower quarter).
[image: Table 2][image: Figure 5]FIGURE 5 | Forest graphs of Meta-analysis (A) NIH-CPSI; (B) IIEF-5; (C) the clinical effective rate of CP/CPPS; (D) the clinical effective rate of SD.
[image: Figure 6]FIGURE 6 | Plots of the surface under the cumulative ranking curves for all treatments (A) NIH-CPSI; (B) IIEF-5; (C) the clinical effective rate of CP/CPPS; (D) the clinical effective rate of SD.
TABLE 3 | Ranking probability for all treatments on NIH-CPSI, IIEF-5, the clinical effective rate of CP/CPPS, the clinical effective rate of SD.
[image: Table 3]IIEF-5 Score
All 14 pieces of literature including six OCPM and seven interventions recorded the IIEF-5 score. As the other dominating outcomes, the IIEF-5 score was demonstrated in the left lower quarter of Table 2 and Figure 5B, CRYSG+WM, CXJC+WM, RLQG+WM, SGJYC+WM, and SGYYC+WM were better than the WM regimen by itself according to the IIEF-5 score. These results were statistically significant, MD and 95% CIs were 6.33 (3.16, 9.50), 3.91 (2.63, 5.18), 3.94 (1.22, 6.66), 4.40 (2.16, 6.65), and 5.72 (3.70, 7.75), respectively. No statistical significance was proved in the rest of the treatments. Relying on the ranking probabilities of Figure 6B and Table 3, CRYSG+WM (86.5%) was the best combination in increasing the IIEF-5 score, followed by SGYYC+WM (81.5%) and SGJYC+WM (57.2%).
The Clinical Effective Rate of CP/CPPS
All 24 pieces of research including nine OCPM and nine interventions recorded the clinical effective rate of CP/CPPS. It was considered to the main outcomes, was displayed in the right upper quarter of Table 4 and Figure 5C, CRYSG+WM, CXJC+WM, LWDHP/YGC+WM, NMTC+WM, QLBXC+WM, and SGYYC+WM were better than the WM regimen alone according to the clinical effective rate of CP/CPPS. These results were statistically significant, ORs and 95% CIs were 0.21 (0.11, 0.39), 0.31 (0.22, 0.43), 0.12 (0.04, 0.36), 0.20 (0.06, 0.65), 0.13 (0.03, 0.49), and 0.22 (0.07, 0.63), respectively. Nevertheless, other interventions had no statistical difference. On the basis of the ranking probabilities of Figure 6C and Table 3, LWDHP/YGC+WM (80.1%) was the optimum combination in improving the clinical effective rate of CP/CPPS, QLBXC+WM (75.7%) was number two, and NMTC+WM (57.1%) was the third.
TABLE 4 | Odds ratios (95% CIs) of the clinical effective rate of CP/CPPS (right upper quarter) and SD (left lower quarter).
[image: Table 4]The Clinical Effective Rate of SD
All 24 pieces of literature including nine OCPM and nine interventions recorded the clinical effective rate of SD. As the other staple outcomes, the clinical effective rate of SD was depicted to the left lower part of Table 4 and Figure 5D, CRYSG+WM, CXJC+WM, LWDHP/YGC+WM, NMTC+WM, QLBXC+WM, RLQG+WM, and SGYYC+WM were better than the WM regimen alone accordance with the clinical effective rate of SD. These results were statistically significant, ORs and 95% CIs were 3.48 (2.04, 5.94), 6.17 (4.59, 8.30), 8.28 (2.96, 23.19), 4.89 (1.70, 14.04), 7.72 (2.20, 27.10), 3.62 (1.01, 12.89), and 4.58 (1.66, 12.62), respectively. No statistical significance was testified in the rest of the treatments. According to the ranking probabilities of Figure 6D and Table 3, LWDHP/YGC+WM (78.6%) was the first-rank combination in improving the clinical effective rate of SD, followed by QLBXC+WM (74.1%) and CXJC+WM (68.8%).
SAS, CIPE-5, and Adverse Reaction
All five pieces of research including 2 OCPM and 3 interventions recorded the Self-rating anxiety scale (SAS), four studies involving three OCPM, and four interventions reported the Chinese Index of Premature Ejaculation (CIPE-5) and eight studies involving four OCPM and five interventions reported the adverse reaction. No statistical analysis was performed on these secondary outcomes on account of the scarcity of studies and inconsistent evaluation criteria.
Cluster Analysis
The influences of interventions in two diverse results were synthetically contrasted by cluster analysis. Two sets of cluster analyses were conducted in our study, containing NIH-CPSI and IIEF-5, the clinical effective rate of CP/CPPS and the clinical effective rate of SD, respectively. The results are shown in Figure 7. Through synthetical analysis by means of cluster analysis, SGJYC+WM had the better efficacy in decreasing the NIH-CPSI score, SGYYC+WM had the better curative effect in increasing the IIEF-5 score. Nevertheless, there was no optimum combination associated with a preferable response in both aspects. On the other group of cluster analysis, LWDHP/YGC+WM might possess the best efficacy in improving the clinical effective rate of CP/CPPS and SD, QLBXC+WM was in hot pursuit, their efficacy in the therapy of CP/CPPS with SD is worthy of attention.
[image: Figure 7]FIGURE 7 | Cluster analysis plots. Interventions located in the upper right corner indicate optimal combination therapy for two different outcomes.
Publication Bias
A funnel graph for four major outcomes was presented in Figure 8 to evaluate publication bias. All of the funnel graphs were not completely symmetrical visually, and each of the adjusted auxiliary lines was not perpendicular to the centerline. Thus, there may be significant publication bias.
[image: Figure 8]FIGURE 8 | Funnel plots (A) NIH-CPSI; (B) IIEF-5; (C) the clinical effective rate of CP/CPPS; (D) the clinical effective rate of SD.
DISCUSSION
Summary of Main Findings
According to the information from 30 involved pieces of research with four primary outcomes, this article systematically appraised the efficacy of 11 commonly used OCPM (CRYSG, CXJC, LQT, LWDHP, NMTC, QLBXC, QLSTC, RLQG, SGJYC, SGYYC, and YGC) combined with WM in treating CP/CPPS with SD by taking advantage of network meta-analysis method. It’s worth noting that LWDHP/YGC belonged to one intervention through adopting dialectical treatment, LWDHP for kidney-yin deficiency, YGC for kidney-yang deficiency. On the account of the result of NMA, most OCPM combined with WM presented better results than utilizing WM by itself in various outcomes, and these results between groups were statistical differences. On the account of SUCRA results, QLSTC + WM had the maximum probability to be the best treatment in the NIH-CPSI. While in IIEF-5, CRYSG + WM intervention might be the best intervention. LWDHP/YGC had highly possible to be the optimal therapy in both the clinical effective rate of CP/CPPS and the clinical effective rate of SD. The clustered ranking according to NIH-CPSI compared with IIEF-5 showed there was no optimum combination better than any other combination. Fortunately, the clustered ranking based on the clinical effective rate of CP/CPPS compared with the clinical effective rate of SD showed LWDHP/YGC + WM had highly possible to be the best treatment on both sides. Considering four outcomes, QLSTC, CRYSG, SGYYC, LWDHP/YGC, Qianlie Beixi Capsules (QLBXC) plus WM were the optimum treatment regimens for CP/CPPS with SD, especially LWDHP/YGC + WM and QLBXC + WM. Therefore, the efficacy of LWDHP/YGC + WM and QLBXC + WM in the therapy of CP/CPPS with SD was worthy of attention, but clinicians should also select appropriate methods on the basis of specific situations of clinical patients.
Research Significance and Importance
This article utilizes a network meta-analysis approach to appraise the curative effect of OCPM for treating CP/CPPS with SD for the first time. Meanwhile, our studies involved utilized treatment based on syndrome differentiation in Traditional Chinese Medicine (TCM) theories (e.g., LWDHP for kidney-yin deficiency, YGC for kidney-yang deficiency) and “obtained satisfactory curative effect” (Zhong et al., 2013; Zhou, 2018). In fact, “From the diagnosis of TCM, it included primarily type of syndrome, pathogen, position or name of a disease, such as wind-chill virus cold, wind-heat mycoplasma pneumonia” (Hou and Liu, 2013). Meanwhile, “Western medicine also developed a six-point clinical phenotyping of CP/CPPS to create a specific symptomatic treatment plan (UPOINT system), these clinical domains contained urinary symptoms, psychosocial dysfunction, organ-specific findings, infection, neurologic/systemic, and tenderness of muscles” (Shoskes and Nickel, 2013). “People have different opinions on whether to add SD into the UPOINT system” (Magri et al., 2010; Ersan et al., 2016). Basing on the above theory and method of integrated Chinese and Western medicine, we ranked the outcomes for the sake of offer evidence and recommendations for clinical medication. Furthermore, from the view of mechanisms, on the one hand, antibiotics could control infection and α-blockers could relaxes smooth muscles in areas such as the prostate and bladder and improves lower urinary tract symptoms and pain except anxious emotion, on the other hand, traditional Chinese medicine theory believes that anxiety is related to liver stagnation, OCPM could regulate liver stagnation and improves deficiency of kidney and spleen to relieves anxious emotion, improves erectile function and inhibit premature ejaculation ultimately. So as to say, OCPM and WM complement each other, physiotherapy and psychotherapy are as important as pharmacotherapy in the therapy of CP/CPPS with SD, “multi-disciplinary treatment (MDT) schema is expected to be preferred treatment in future” (Cheng and Zhang, 2018; Yan et al., 2019).
Limitations
Nevertheless, this research also possessed limitations. In the first place, among 30 literature, only eight literature that utilized the correct method of a random number, none of them adopted allocation concealment, applied the blind method (blind to participants and personnel), and reported blinding of outcome evaluation. The quality of the involved researches might not be high, which reduced the persuasiveness of research results. In the second place, limited by application area of OCPM, all researches were reported in China and published in a Chinese journal, lacking the resource in other languages, which is not beneficial to the international promotion of study outcomes. In the third place, most RCTs studied on OCPM + WM vs. WM, lacking direct study on comparisons between diverse OCPM combined with WM. Finally, this research didn’t limit the phenotyping of CP/CPPS (include III = 26, IIIB = 4) and SD (include PE = 5, ED = 10, SD = 15). Therefore, we need to further analyze the efficacy of various OCPM on CP/CPPS with SD in the future.
Prospects
Eventually, we propound the following recommendations: firstly, multicenter randomized double-blind tests should be implemented in rigorous in the light of regulations when conducting RCTs. The method of a random number, allocation concealment, and blind method performance are committed steps that need to be attentive in the future study program. Secondly, it is important to perform more clinical researches compared to the effect of different OCPM to make up for the absence of study in this domain. Finally, because of recurrent frequently of CP/CPPS with SD, a subsequent program should be carried out to supervise the prognosis of participants.
CONCLUSION
By means of this NMA, OCPM combined with WM offered significant benefits compared to WM by itself in the therapy of chronic prostatitis/chronic pelvic pain syndrome (CP/CPPS) with sexual dysfunction (SD). What’s more, among the OCPM, LWDHP/YGC + WM and QLBXC + WM should be worthy of attention. But, on account of the limitations of this article, these conclusions were supposed to be certified via multicenter, high-quality, and larger-sample randomized controlled trials.
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GLOSSARY
CI Credible interval
CIPE-5 Chinese Index of Premature Ejaculation
CNKI China National Knowledge Infrastructure
CP/CPPS Chronic prostatitis/chronic pelvic pain syndrome
CRYSG Congrong Yishen Granules
CXJC Compound Xuanju Capsules
ED Erectile dysfunction
IIEF-5 The International Index of Erectile Function
LQT Longqing Tablets
LWDHP/YGC Liuwei Dihuang Pills/Yougui capsules
MD Mean difference
NIH-CPSI The National Institutes of Health chronic prostatitis symptom index
NMA Network meta-analysis
NMTC Ningmitai Capsules
OCPM Oral Chinese patent medicine
ORs Odds ratios
PDE-5i phosphodiesterase type-5 inhibitor
PE Premature ejaculation
QLBXC Qianlie Beixi Capsules
QLSTC Qianlie Shutong Capsules
RCT Randomized controlled trial
RLQG Relinqing Granules
SAS Self-rating anxiety scale
SD Sexual dysfunction
SGJYC Shugan Jieyu Capsules
SGYYC Shugan Yiyang Capsules
SUCRA Surface under the cumulative ranking area
TCM Traditional Chinese medicine
WM Western medicine
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Background: Ureaplasma urealyticum (UU) infection is the most common cause of male infertility. Zhibai Dihuang Decoction (ZBDHD) can improve the rate of forwarding motility sperm, sperm deformity rate, seminal plasma zinc and refined berry sugar levels.
Methods: The potential targets of ZBDHD are obtained from The Encyclopedia of Traditional Chinese Medicine (ETCM). Orchitis-related targets were collected from the Genecards and OMIM databases. The Cytoscape and the Database for Annotation, Visualization and Integrated Discovery (DAVID) were utilized to construct and analyzed the networks. Finally, a rat model of orchitis caused by UU infection was used to detect related indicators of mitochondrial energy metabolism using TUNEL apoptosis detection technology, loss cytometry, Real-Time Quantitative Reverse Transcription PCR (qRT-PCR) and Western Blot.
Results: A total of 795 ZBDHD targets and 242 orchitis-related targets were obtained. The “ZBDHD- orchitis PPI network” was constructed and analyzed. ZBDHD can regulate signaling pathways and biological processes related to mitochondrial energy metabolism. The results of experimental studies have shown that ZBDHD maintains the integrity of sperm mitochondrial respiratory chain function by enhancing mitochondrial Na+-K+-ATPase and Ca2+-Mg2+-ATPase activities, promotes the synthesis of mitochondrial ATP, and improves sperm energy supply, thereby improving the motility, vitality and survival rate of sperm, and effectively improving the quality of semen in UU-infected rats (p < 0.05).
Conclusion:This study discovered the multi-pathway mechanism of ZBDHD intervention in UU-induced orchitis through integrated pharmacological strategies, which provides a reference for further research on the mechanism of ZBDHD intervention in orchitis in the direction of mitochondrial energy metabolism.
Keywords: Zhibai Dihuang decoction, ureaplasma urealyticum, orchitis, integrated pharmacological, bioinformatics, Chinese medicine, herb medicine
INTRODUCTION
With the development and progress of society, the influence of many factors such as psychology, environment, diet, bad living habits, etc., human reproductive function shows a downward trend year by year, and about one-sixth of couples suffer from infertility (Moridi et al., 2020). This has an adverse effect on family harmony and social stability. Therefore, infertility has become a serious public health problem. Among the many factors that cause infertility, males account for about 30–50% (Huang et al., 2016), among which low sperm motility and reduced sperm count are important reasons for male infertility (Huang et al., 2015). Reproductive system infection is one of the important causes of male infertility, and Ureaplasma urealyticum (UU) infection is the most common (Gdoura, et al., 2007; Lee et al., 2013). The pathogenesis and treatment of low sperm motility caused by UU infection are still problems facing the medical community. Due to the continuous increase of antibiotic resistance and the existence of the blood-testis barrier, the efficacy of antibiotics in the treatment of UU infectious infertility has been affected. Although it has a certain effect in killing UU, it is not effective in improving sperm motility (Zhu et al., 2012; Kokkayil and Dhawan, 2015; He et al., 2016). Therefore, an important topic in the field of male diseases is to reveal its pathogenesis in depth and to find efficient, stable and durable treatments (Wang, 2017). Traditional Chinese medicine (TCM) treatment is unique in that it emphasizes a holistic view, uses multiple channels for adjustment, and two-way balance adjustment. It is of great significance to use TCM to prevent and treat UU infectious infertility to enhance sperm “vitality” (Bin et al., 2016; Wang, 2017).
Zhibai Dihuang Decoction (ZBDHD) comes from “The Golden Mirror of Medicine”. Current research shows that: ZBDHD is a classic prescription for nourishing yin and nourishing kidneys, clearing heat and reducing fire, and it has significant clinical treatment effects on various diseases (such as urinary system, endocrine system, gynecology, andrology, pediatrics, skin diseases, and venereal diseases, etc.) (Gao et al., 2020; Wu et al., 2020). The pharmacological mechanisms involved in ZBDHD include lowering blood sugar, enhancing immunity, anti-oxidation, anti-fatigue, regulating neuroendocrine, anti-tumor, etc. (Liu et al., 2018a; Liu et al., 2018b; Gao et al., 2020; Wu et al., 2020). Our previous research also found that ZBDHD can improve the rate of forwarding motility sperm, sperm deformity rate, seminal plasma zinc and refined berry sugar levels (Sheng and He, 2019; Li et al., 2019). However, its specific mechanism is still unknown.
At present, integrated pharmacology, as a new discipline, is a discipline that studies the interaction of multi-component drugs with the body and its integration laws and principles of action (Zeng and Yang, 2017). It emphasizes multi-level and multi-link integrated research such as “whole and part,” “in vivo and in vitro,” “in vivo process and activity evaluation,” which is in line with the overall and systematic treatment of TCM (Yang et al., 2020; Zeng et al., 2020). Previously, we have explored the mechanism of multi-component Chinese herbal medicines in infectious diseases, endocrine diseases and immune diseases by using integrated pharmacology (Zhang et al., 2020a; Zhang et al., 2020b). In this study, we would use the strategy of integrating pharmacology and multi-directional pharmacology to study the mechanism of ZBDHD intervention in UU-induced orchitis. The process of this research is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Flow chart of this research.
MATERIALS AND METHODS
Potential Targets and Orchitis-Related Targets Collection
The potential targets of ZBDHD were collected from the Encyclopedia of Traditional Chinese Medicine (ETCM, http://www.tcmip.cn/ETCM/index.php) (Xu et al., 2018). ETCM is a database that include comprehensive and standardized information for the commonly used herbs and formulas of TCM, as well as their ingredients. The Orchitis-related targets were collected from Genecards (http://www.genecards.org) (Stelzer et al., 2018), andOnline Mendelian Inheritance in Man (OMIM) (http://omim.org/) databases (Hamosh et al., 2015). The proteins were introduced into UniProt (https://www.uniprot.org/) to correct their official gene symbols. Finally, a total of 795 ZBDHD targets and 242 orchitis-related targets were obtained (Supplementary Tables S1, S2).
Network Construct and Analysis Methods
The protein-protein interaction (PPI) information of ZBDHD targets and orchitis-related targets were collected from String 11.0 (https://string-db.org) Szklarczyk et al., 2015). The drug target-disease target PPI network (such as ZBDHD-orchitis PPI network) were constructed by Cytoscape 3.7.2 (www.cytoscape.org/) (Bader and Hogue, 2003). The ZBDHD-orchitis PPI network was analyzed by the “Network Analyzer” and “MCODE” plug in of Cytoscape to obtain the degree of each node and clusters of this network. Finally, the Database for Annotation, Visualization and Integrated Discovery (DAVID) ver 6.8 (https://david.ncifcrf.gov/) and the “ClueGO”, plug-in of Cytoscape, were utilized to perform Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis and Gene Ontology (GO) enrichment analysis (Huang et al., 2009).
Experimental Materials
Instruments and Reagents
The UU standard strain and UU culture medium were provided by the Department of Microbiology, Nanhua University, and the reagents required for electron microscopy were provided by the Electron Microscopy Room of Xiangya Medical College, Central South University. Mitochondrial membrane potential (mitochondrial membrane potential, MMP) detection reagent JC-1, PCR kit, and reverse transcription kit were all purchased from Kilton Biotechnology (Shanghai) Co., Ltd. BCA protein quantification kit, mouse anti-rat MRPS22 monoclonal antibody, and HRP-labeled goat anti-mouse IgG were purchased from Biyuntian Biotechnology Co., Ltd. C 18 column Diamonsil, sum, 250 × 4.6 mm; ADP reference substance (SIGMA company A2754, content 95%), ATP reference substance (SIGMA company A26209, the content is 99%), AMP reference substance (SIGMA company 01930, content is 99%). CytC ELISA kit (BOSTER Biological Technology co. ltd.). Loganin reference substance (China Institute for the Control of Pharmaceutical and Biological Products, batch number 111640-201602). Tissue Mitochondrial Isolation Kit (Cat. No.: 050217171026, Biyuntian Biotechnology Company). Purified mPTP Colorimetric Detection Kit (Cat. No.: 6-4267-11, GENMED Technology Company).
Azithromycin tablets were purchased from CSPC Ouyi Pharmaceutical Company (Lot No.: 001120941), and were formulated with normal saline to make 25 mg/ml. ZBDHD is composed of Rehmanniae Radix Praeparata, Cornus Officinalis Sieb. Et Zucc., Rhizoma Dioscoreae, Alisma Orientale (Sam.) Juz., Cortex Moutan, Poria Cocos(Schw.) Wolf., Anemarrhenae Rhizoma, Phellodendri Chinrnsis Cortex with ratio 24:12:12:9:9:9:6:6. The medicinal materials are provided by the First Affiliated Hospital of Hunan University of Chinese Medicine. They are appraised by Chinese pharmacists and processed in strict accordance with traditional methods. The medicinal materials are decocted in distilled water. Finally, ZBDHD was concentrated to 1 g crude drug/ml, and stored in a refrigerator at 4°C for later use.
HT7700 transmission electron microscope (Hitachi Inc.), FACSAria flow cytometer (BD Inc.), electrophoresis (Bio-Rad), ABI-7300 Real-time detector (ABI Inc.). Other instruments are provided by the Central Laboratory of Hunan University of Chinese Medicine. High performance liquid chromatograph (HPLC) (Waters company, model Waters 1525); UV detector (U.S. Waters company, model Waters 2489).
Experimental Animals
60 specific pathogen free (SPF) SD male rats were purchased from Hunan Slack Jingda Experimental Animal Company, 4–5 months old, weight (208 ± 15) g, laboratory animal production license number: SCXK (Xiang) 2011-0003. The animals were kept in the Special Animal Room for Pathogenic Microorganisms of Hunan University of Chinese Medicine [Permit No.: SYXK (Xiang) 2009-0001]. All animal care and use procedures comply with the National Institutes of Health (NIH) guidelines for the care and use of experimental animals and have been approved by the Institutional Animal Ethics Committee of Hunan University of Chinese Medicine.
ZBDHD Quality Control by HPLC
Preparation of Sample Solution
Loganin solution: The loganin reference substance was added to 50% methanol to make a reference solution containing 50 μg per 1 ml.
ZBDHD solution: ZBDHD solution was prepared according to the aforementioned method.
HPLC Condition
Shim-Pack CLCODS column (150 mm × 4.6 mm, 5 μm); acetonitrile: water (15:85) as mobile phase, flow rate 1.0 ml·min-1, detection wavelength 232 nm, column temperature at room temperature. Under these conditions, the loganin peak in the sample chromatogram reached baseline separation without interference (Figure 2).
[image: Figure 2]FIGURE 2 | The results of HPLC. (A): Loganin solution; (B): ZBDHD solution.
Experimental Methods
Animal Modeling
First, UU titer titration was performed. The UU standard strain (freeze-dried product) was resuscitated, inoculated into liquid culture medium under aseptic conditions, cultured at 37°C for 16–24 h, and the logarithmic phase bacteria were taken. When the culture medium appears orange-red and clear bacterial liquid, the multiple dilution was implemented. The color change unit of the bacterial liquid with a titer of 10*106 ccu/ml is used in the in vitro experiment. Then, the UU standard strain suspension was injected into the bladder to establish a UU infection animal model. The rats were fasted for 12 h before modeling. After the rats were anesthetized with 2% pentobarbital sodium (0.2 ml/100 g) and disinfected, the abdominal cavity was opened and the bladder was freed. The residual urine in the bladder was drained with a syringe, and 2 ml of normal saline or UU standard strain was injected into the bladder, and finally the abdominal cavity was sutured.
After the inoculation, the testicular puncture fluid was taken after routine feeding for 7 days and inoculated in UU culture medium at 37°C and 5% CO2. If the culture medium turns from yellow to red and is transparent and clear, 0.2 ml UU is transferred to solid medium after filtering through a microporous membrane. After culturing at 37°C and 5% CO2 for 72 h, the colonies were observed under a low-power microscope to confirm whether there was UU growth in the testicular tissue.
Animal Grouping and Intervention
Successfully modeled UU-infected rats were randomly divided into model group, ZBDHD group, and positive control group. At the same time, normal rats were used as normal group, with 15 rats in each group. Gavage was started on the 10th day after the successful model building, once daily. According to Sellami et al., 2014, (Guo et al., 2017) the dose of ZBDHD group is 1 g/(kg d) [i.e. ZBDHD 1 ml/(kgd)], the dose of positive control group is 0.105 g/(kg d) [i.e. azithromycin suspension 1 ml/(kgd)]. The normal group and the model group were given corresponding volume of normal saline by gavage. The testes of the rats were removed, the testis capsule and blood vessels were thoroughly stripped, and the testes were placed in a cell culture dish, and 3 ml PBS was added to completely soak the testes for later use.
Detection of Spermatogenic Cell Apoptosis
The prepared rat testis tissue sections were tested for spermatogenic cell apoptosis according to the instructions of the TUNEL detection kit. The cells with brown particles in the nucleus were apoptotic cells. Twenty seminiferous tubules were randomly selected from each section, and the number of positive spermatogenic cells apoptosis in the total spermatogenic cells was counted, and the positive cell rate was calculated, which was the apoptotic index (AI).
Preparation of Spermatogenic Cell Suspension and Sperm Motility Test
The testicular tissue was collected under aseptic conditions to prepare a spermatogenic cell suspension, which was placed in a 32°C, 5% CO2 incubator for 5 min to diffuse for use. Sperm suspension was diluted with PBS solution in a ratio of 1:9, fully shaken. Color sperm dynamic detection system was used to measure sperm motility parameters.
Detection of MMP and Mitochondrial Structure of Spermatogenic Cells
Alexa Fluor 488 and R-phycoerythrin are excited by the 488 nm light of the flow cytometer to detect the fluorescence signal at 520 nm and analyze the MMP of spermatogenic cells. A long strip specimen of the middle part of the left testis of the rat was taken out, and ultra-thin sections were made according to the requirements of electron microscopy. The ultra-thin sections were stained with uranyl acetate and lead nitrate, and then electron microscopy observations and photographs were performed to observe the mitochondrial structure of spermatogenic cells.
Detection of MRPS22 mRNA in Spermatogenic Cells by Real-Time Quantitative Reverse Transcription PCR
The total RNA of the spermatogenic cell suspension was extracted and subjected to RTPCR detection. The data obtained in the experiment was analyzed by ABI’s own RQ software, and the relative quantification of target gene expression was analyzed by the 2-ΔΔCt method. Each sample was repeated 3 times in parallel, and the average was taken for analysis.
Detection of MRPS22 Protein in Spermatogenic Cells by Western Blot
The spermatogenic cell suspension was lysed and homogenized, and the MRPS22 protein of spermatogenic cells was detected by Western blotting. Using β-actin as the internal reference, the Image-pro Plus processing software was used to analyze the image information and calculate the relative expression level.
Quantitative Detection of ATP, ADP, AMP in Sperm Mitochondria
A random number table was used to select 5 rats in each group, and the contents of ATP, ADP, and AMP in sperm mitochondria were detected by HPLC, and proceeded in accordance with the procedures of each kit. Energy charge (EC) value: EC = (ATP +0.5 ADP)/(ATP + ADP + AMP).
Determination of Sperm CytC Content by ELISA
The content of CytC in rat testis tissue was tested according to the operation steps of the ELISA test kit.
Mitochondrial Permeablity Transition Pore Opening Detection
After the purified mitochondrial sample to be tested was prepared, 100 μl of the mitochondrial sample (a total of 0.2 mg) was transferred to a 1.5 ml centrifuge tube, 10 μl of staining solution (Reagent A) was added, and the mixture was evenly mixed. Then, it was incubated in a cell incubator at 37°C in the dark for 15 min, and then centrifuged in a miniature benchtop centrifuge at 4°C for 5 min at a speed of 16,000 g, and the supernatant was removed. Then the pre-heated preservation solution (Reagent C) at 37°C was added to mix the particles. Finally, 100 μl of the above suspension was transferred to a black 96-well plate, and put into a fluorescence microplate reader for detection (Excitation wavelength 488 nm, emission wavelength 505 nm). If the relative fluorescence units (RFU) decreases, it indicates that mPTP is enhanced.
Sperm Mitochondrial Na+-K+-ATPase, Ca2+-Mg2+-ATPase Detection
After the sperm suspension is prepared, the sperm mitochondria are separated by a differential fractionation method and placed in an ice tank for later use. The determination of Na+-K+-ATPase and Ca2+-Mg2+-ATPase activity is strictly in accordance with the instructions of the mitochondrial Na+-K+-ATPase and Ca2+-Mg2+-ATPase kit instructions.
Statistical Analysis
SPSS 17. 0 is used for statistical analysis, and the measurement data is expressed as x ± s. The independent sample t test was used to compare the difference in means between two groups. One-way ANOVA is used to compare the mean difference between multiple groups, and the LSD test is used for pairwise comparison between multiple groups. Pearson analysis was used to analyze the correlation between MRPS22 and MMP. All tests are two-sided tests, and p ≤ 0.05 is considered statistically significant.
RESULTS
ZBDHD-Orchitis PPI Network Analysis
ZBDHD-Orchitis PPI Network Construction
ZBDHD-orchitis PPI network consists of 946 nodes (726 ZBDHD target nodes, 194 orchitis target nodes and 26 ZBDHD-orchitis target nodes) and 18,098 edges (Figure 3). The targets are arranged in descending order according to their degree, the top 20 can be divided into 3 category: 1) ZBDHD target: GAPDH (294 edges), INS (290 edges), AKT1 (253 edges), MAPK3 (199 edges), SRC (166 edges), EGF (157 edges), CASP3 (153 edges); 2) Orchitis related targets: ALB (276 edges), CXCL8 (188 edges), IL10 (180 edges), STAT3 (167 edges), CAT (160 edges), IL2 (158 edges), IL4 (151 edges), HSP90AA1 (147 edges); 3) ZBDHD-orchitis target: IL6 (249 edges), TNF (227 edges), VEGFA (192 edges), IL1B (173 edges), TLR4 (168 edges).
[image: Figure 3]FIGURE 3 | ZBDHD-orchitis PPI Network (Pink circles stand for ZBDHD target, Blue circles stand for orchitis targets, purple circles stand for ZBDHD-orchitis target).
Biological Processes of ZBDHD-Orchitis PPI Network
The ZBDHD-orchitis PPI network was analyzed by MCODE and 27 clusters were obtained (Figure 4 and Table 1). The targets and genes of top 10 clusters were input into DAVID and ClueGO to perform GO enrichment analysis so as to obtain the biological processes of each cluster.
[image: Figure 4]FIGURE 4 | Clusters of ZBDHD-orchitis PPI Network (Pink circles stand for ZBDHD target, Blue circles stand for orchitis targets, purple circles stand for ZBDHD-orchitis target).
TABLE 1 | Clusters of DGBXD known Target-AS PPI Network.
[image: Table 1]Cluster 1, 6 and 9 is related to inflammation and immune response. Cluster 2, 4 and 5 are associated with mitochondria and energy metabolism. Cluster 8 are associated with mitochondria and nutrient metabolism. Cluster 3 and 10 did not return any orchitis-related biological processes (Supplementary Table S3). The p-value, fold enrichment and count of biological processes in cluster 1 were shown in Figure 5 as an example.
[image: Figure 5]FIGURE 5 | Bubble chart of biological processes in cluster 1 (X-axis stand for fold enrichment).
Pathway of ZBDHD-Orchitis PPI Network
The targets in ZBDHD- orchitis PPI network were input into DAVID and ClueGo to perform pathway enrichment analysis and a lot of human signaling pathways returned (Figure 6).
[image: Figure 6]FIGURE 6 | The results of ClueGO.
The pathway enrichment analysis showed that ZBDHD can regulate a lot of orchitis -related signaling pathways, such as Metabolic pathways, Neuroactive ligand-receptor interaction, Arginine biosynthesis, Alanine, aspartate and glutamate metabolism, Glutamatergic synapse, Biosynthesis of amino acids, Arginine and proline metabolism, cAMP signaling pathway, 2-Oxocarboxylic acid metabolism, Glycine, serine and threonine metabolism (Figure 7 and Supplementary Table S4). The p-value, fold enrichment and count of each signaling pathways were shown in Figure 8.
[image: Figure 7]FIGURE 7 | ZBDHD-orchitis PPI Network (Red diamond stand for signaling pathway. Pink circles stand for ZBDHD target, Blue circles stand for orchitis targets, purple circles stand for ZBDHD-orchitis target).
[image: Figure 8]FIGURE 8 | Bubble chart of signaling pathway (X-axis stand for fold enrichment).
Evaluation of Establishment of UU Infection Rat Model
Seven days after the rat bladder was inoculated with UU, the testicular puncture fluid changed from yellow to red and the culture medium was transparent and clear after cultured in the UU liquid culture medium. After the solid medium was filtered through a microporous filter membrane, fried egg-like colonies were observed under a low power microscope, confirming that the rat testis tissue had UU growth, and the model was successful.
UU Infection Rate in Rats
After treatment, rats in each group were sacrificed, and the epididymal tissue fluid was cut and cultured for UU. The results showed that UU was not cultured in the normal group, the positive rate of UU in the model group was 93.3% (14/15), the positive rate of UU in the ZBDHD group was 33.3% (5/15), and the positive rate of UU in the positive control group was 26.7% (4/15). Compared with the normal group, the positive rate of UU in the model group was higher, and the difference between the two groups was statistically significant (p < 0.01). Compared with the model group, the positive rates of UU in the ZBDHD group and the positive control group were reduced, and the difference was statistically significant (p < 0.05).
Comparison of Rat Sperm Quality and Sperm Motility Parameters
Compared with the normal group, the rats in the model group had fast-moving sperm (A-grade sperm), slow-moving sperm (B-grade sperm), linear speed, and average speed decreased (p < 0.05, p < 0.01). After treatment, compared with the model group, the sperm motility parameters of each treatment group increased, and the difference was statistically significant (p < 0.05, p < 0.01) (Figure 9).
[image: Figure 9]FIGURE 9 | Comparison of rat sperm quality and sperm motility parameters. (A): normal group; (B): model group; (C):ZBDHD group; D:positive control group. Compared with normal group ##p < 0.01; compared with model group △p < 0.05, △△p < 0.01).
Apoptosis of Rat Spermatogenic Cells
The results of TUNEL method showed that there was spermatogenic cell apoptosis in the testicular tissues of each group, and the model group was the most serious. The AI of spermatogenic cells in the testis of the model group was significantly higher than that of the ZBDHD group and the positive control group (p < 0.01), while the AI of the positive control group was significantly higher than that of the ZBDHD group (p < 0.05) (Figures 10, 11).
[image: Figure 10]FIGURE 10 | The AI of spermatogenic cells. (A): normal group; (B): model group; (C): ZBDHD group; (D):positive control group. Compared with normal group ##p < 0.01; compared with model group, △△p < 0.01).
[image: Figure 11]FIGURE 11 | The Apoptosis of rat spermatogenic cells [TUNEL × 400. (A): normal group; (B): model group; (C): ZBDHD group; (D): positive control group].
The Ultrastructure of Rat Spermatogenic Cell Mitochondria
In the normal group, the morphology and structure of spermatogenic cells at all levels were normal, and mitochondria could be observed in the cytoplasm with normal structure and abundant numbers and orderly arrangement. In the model group, spermatogenic cells at all levels showed obvious swelling and mitochondria with vacuolated ridges, and the membrane structure was unclear. In the positive control group, the arrangement, cell morphology and structure of spermatogenic cells were basically normal, and the size and number of mitochondria were basically normal; the mitochondria were slightly swollen but the mitochondrial cristae structure was still clear (Figure 12).
[image: Figure 12]FIGURE 12 | The ultrastructure of rat spermatogenic cell mitochondria [× 12,000 (A): normal group; (B): model group; (C): ZBDHD group; (D): positive control group].
Rat Spermatogenic Cell MMP
The results of flow cytometry showed that the MMP level of spermatogenic cells in the model group was significantly lower than that of the control group (p < 0.01), and the MMP level of the ZBDHD group was significantly higher than that of the model group and the positive control group (p < 0.01) (Figure 13).
[image: Figure 13]FIGURE 13 | Rat spermatogenic cell MMP. (A): normal group; (B): model group; (C): ZBDHD group; (D): positive control group. Compared with normal group ##p < 0.01; compared with model group, △△p < 0.01.
Expression of MRPS22 mRNA and Protein in Rat Spermatogenic Cells
Expression of MRPS22 mRNA
The expression of MRPS22 mRNA was the lowest in the model group (p < 0.01), and the expression of MRPS22 mRNA in ZBDHD was significantly higher than that of the positive control group (p < 0.01) (Figure 14A).
[image: Figure 14]FIGURE 14 | Expression of MRPS22 mRNA and proteins. (A): MRPS22 mRNA; (B): MRPS22 protein. A: normal group; B: model group; C: ZBDHD group; D: positive control group. Compared with normal group ##p < 0.01; compared with model group, △△p < 0.01.
Expression of MRPS22 Protein
The MRPS22 protein of the model group was significantly lower than that of the control group, ZBDHD group and the positive control group (p < 0.01). There was no significant difference between the MRPS22 protein of the ZBDHD group and the control group, but they were significantly higher than that of the positive control group (p < 0.01) (Figure 14B and Figure 15).
[image: Figure 15]FIGURE 15 | Expression of MRPS22 proteins. (A): normal group; (B): model group; (C): ZBDHD group; (D): positive control group.
Effect of ZBDHD on the Energy Metabolism Index of Rat Sperm
Methodological Quality Control
Under the aforementioned HPLC conditions, the precision, accuracy, stability, repeatability and recovery experiments were performed. The accuracy is controlled above 95%, the recovery rate is controlled above 95%, and the RSD is controlled within 4%, indicating that the instrument has good precision and reliable experimental methodology (Tables 2–4).
TABLE 2 | Precision and accuracy (n = 6).
[image: Table 2]TABLE 3 | Stability experiment and repeatability experiment RSD (%) (n = 5).
[image: Table 3]TABLE 4 | Recovery rate experiment results (n = 2).
[image: Table 4]Quantitative Analysis
Equal volumes of ATP, ADP, and AMP standard solutions are mixed and diluted into a series of working solutions for injection analysis. The standard curve is drawn (Supplementary Figure S1) with the concentration as the x-axis and the area under the peak area as the Y-axis:
1) ATP regression equation: y = 0.117x−0.077, correlation coefficient R2 = 0.9999 (Supplementary Figure S1A);
2) ADP regression equation: y = 0.104x+0.695, correlation coefficient R2 = 0.998 (Supplementary Figure S1B);
3) AMP regression equation: y = 0.128x−0.606, correlation coefficient R2 = 0.9998 (Supplementary Figure S1C).
Compared with the normal group, the sperm ATP and EC values of the model group decreased, and the AMP value increased (p < 0.01). Compared with the model group, the sperm ATP and EC values of the positive control group increased, while the AMP value decreased (p < 0.05, p < 0.01), while the AMP value of the ZBDHD group decreased (p < 0.05) (Supplementary Figure S2).
Effect of ZBDHD on CytC in UU Infection Model Rat Sperm
Compared with the normal group, the CytC content of the model group and the positive control group was significantly increased (p < 0.01). Compared with the model group, the CytC content in the ZBDHD group decreased (p < 0.05). It shows that ZBDHD can inhibit sperm apoptosis and reduce the release of CytC from mitochondria in UU infection model rats (Supplementary Figure S3).
Effect of ZBDHD on the Opening of Mitochondria mPTP in UU Infection Model Rat Sperm
Compared with the sham operation group, the absorbance of sperm mitochondria in the model group decreased (p < 0.01). Compared with the model group, the absorbance of sperm mitochondria of rats in each treatment group increased (p < 0.01) (Supplementary Figure S4).
Effect of ZBDHD on the Activities of Na+-K+-ATPase and Ca2+-Mg2+-ATPase in UU Infection Model Rat Sperm
Compared with the sham operation group, the sperm Na+-K+-ATPase and Ca2+-Mg2+-ATPase activities of the model group were reduced (p < 0.01). Compared with the model group, the sperm Na+-K+-ATPase and Ca2+-Mg2+-ATPase activities of rats in each treatment group increased (p < 0.01) (Supplementary Figure S5).
DISCUSSION
The morphology, structure and function of sperm are important indicators to measure the ability of sperm to fertilize. Normal sperm structure and function are important conditions for fertilization (Manochantr et al., 2012). UU is adsorbed on the sperm surface, the lecithin lipid on the sperm membrane will be decomposed by the phospholipase A and C on the cell membrane, and the integrity of the sperm structure will be affected and it will fuse with the protoplasm. Toxic substances in the UU cytoplasm will enter the sperm cytoplasm, which will affect the development, maturation and normal physiological functions of the sperm, resulting in a decline in sperm motility and penetration ability (Xu et al., 1997; Wu et al., 2004). UU can survive and migrate in mammals, and can survive for a long period of time in testicular tissues, and can cause extensive lesions of seminiferous tubules. UU adheres to the spermatogenic cells, which can cause the latter to fall off the seminiferous tubules (Zhang et al., 2011; Qian et al., 2016). At the same time, UU can lead to the formation of multinucleated giant cells and sperm cell nucleus, seminal convoluted tubule atrophy, interstitial edema and exudation and other pathological changes, leading to oligospermia, azoospermia, and affecting sperm maturation. Meanwhile, UU infection can severely damage the morphology and function of sperm, and also make the acrosome membrane and the plasma membrane unable to fuse normally, the acrosome and the nuclear membrane are separated, the double-layer structure is partially interrupted, and the structure of part of the sperm head is damaged, which increases the rate of sperm deformity (Yang et al., 2018). UU infection has an impact on sperm density, sperm motility and forward motility, which can lead to a decrease in semen quality (Zhou et al., 2018).
Mitochondria regulate the energy production and apoptosis of eukaryotic cells, and provide energy for sperm movement. Normal mitochondrial structure is the basis for spermatogenic cells to exert their respiratory function to produce energy, which is directly related to the motility of sperm (du Plessis et al., 2015). UU infection can affect the structure and function of sperm mitochondria in many ways. UU enzymes and toxins can damage the sperm mitochondrial membrane, thereby affecting the production of sperm motility energy (Burrello et al., 2009). UU infection reduces the mitochondrial membrane potential (MMP) of sperm cells and hinders mitochondrial function (La Vignera et al., 2012). When the MMP of sperm cells decreases, the arrangement of mitochondria in the sperm tail will be disordered, the mitochondrial sheath will be missing, and the mitochondrial morphology and position will also be abnormal (La Vignera et al., 2012). UU infection will increase the content of reduced coenzyme oxidase that transfers single electrons in the reproductive system, and produce a series of reactive oxygen specie (ROS). ROS can promote the lipid peroxidation of unsaturated fatty acids on the inner and outer membranes of sperm mitochondria, resulting in sparse lipid arrangement of the membrane, reduced inner membrane ridges, and reduced ATP synthesis. MMP is negatively correlated with ROS content, so excessive production of reactive oxygen species in sperm is one of the important reasons for the decline of mitochondrial membrane potential (MMP). Sperm mitochondrial membrane may be damaged by reactive oxygen and insufficient energy supply and decreased vitality (La Vignera et al., 2012; Sellami et al., 2014). Mitochondrial energy synthesis will be affected by abnormal mitochondrial structure, so sperm motility and fertilization ability decrease (Agarwal and Said, 2005). MMP reflects the tricarboxylic acid cycle that generates energy in the mitochondria. Its decrease means that the mitochondrial energy supply is impaired, and it is a sensitive indicator for evaluating mitochondrial function. Studies have shown that there is a positive correlation between MMP and sperm viability, motility and sperm fertilization rate (Brahem et al., 2012). According to classical theory, the mitochondrial sheath in the middle of the sperm, synthesized by oxidative phosphorylation, is the source of energy required by the flagella of the sperm tail during sperm movement (Gong et al., 2017).
The permeability and fluidity of mitochondrial membrane are the guarantee for maintaining the structure and function of mitochondria. Abnormal mitochondrial permeability transition (MPT) can cause mitochondrial dysfunction. MPT is achieved through two mechanisms: the opening of the mPTP and the activation of Bax and Bak proteins to increase the permeability of the mitochondrial outer membrane (Baines et al., 2007). The abnormal opening of mPTP would cause the decrease of mitochondrial membrane potential, cell energy metabolism level and cell activity (Shen et al., 2014). mPTP is a transmembrane multi-protein complex pore, mainly composed of adenine nucleotide translocase (ANT) in the inner membrane, voltage-dependent anion channel (VDAC) in the outer membrane, cyclosporin A receptor D (cyclophilin-D, CyP-D) in the mitochondrial matrix (Lam et al., 2015). mPTP is normally closed to maintain the integrity of the mitochondrial structure, which is a necessary condition for mitochondria to undergo oxidative stress, ATP synthesis, and achieve their physiological functions (Lam et al., 2015). The synthesis of ATP and the electron transfer in the respiratory chain are carried out in the mitochondria. ATP and ADP are effectively exchanged and transported between the mitochondria and the cytoplasm, so that the cell respiration and the coupling of the respiratory chain are maintained normal (Halestrap and Brenner, 2003). The transport of ATP and ADP depends on the ANT/VDAC transporter complex formed by the adenine nucleotide carrier ANT and VDAC. The former is located in the inner mitochondrial membrane and the latter is located in the outer mitochondrial membrane (Halestrap and Brenner, 2003; Veenman et al., 2007). As a transmembrane protein with abundant content in the outer mitochondrial membrane, VDAC is involved in many physiological and pathological mechanisms, including energy metabolism and cell apoptosis (Vyssokikh and Brdiczka, 2003). In a certain pathological state, the continuous opening of the mitochondrial outer membrane VDAC reduces the mitochondrial inner membrane potential, that is, energy production decreases, respiratory function decreases, cytochrome C leaks, cell energy metabolism level decreases, and cell activity decreases. The excessive opening of mPTP leads to a decrease in the ratio of ATP/ADP, mitochondrial respiratory function is inhibited, the H+ gradient inside and outside the mitochondria disappears, the respiratory chain is uncoupled, and energy production is interrupted (Neginskaya et al., 2019). When the stimulation was mild, the number of irreversible openings of mPTP was small or it is temporarily opened and then closed again, and the intracellular ATP concentration did not decrease significantly, and apoptosis can only be induced by releasing CytC.
Our research shows that ZBDHD can improve sperm motility. After successful UU infection modeling, the proportion of sperm cells in the model group with decreased MMP was higher. After ZBDHD treatment, the proportion of sperm cells with decreased MMP in each group decreased. After successful UU infection modeling, the sperm ROS level of the model group was higher, which was significantly different from the normal group. After treatment with ZBDHD, the sperm ROS level of rats in each group decreased, which proved that ZBDHD can reduce the sperm ROS level of UU infection model rats and reduce the sperm ROS production of UU infection model rats. After successful modeling of UU infection, the content of CytC in sperm of the model group was higher, indicating that UU infection can increase sperm apoptosis and cause the release of CytC. After ZBDHD treatment, the content of CytC in sperm of rats decreased, suggesting that ZBDHD can inhibit sperm apoptosis and reduce the release of CytC from mitochondria in UU infection model rats.
In summary, the results of this study indicate that UU infection can lead to increased sperm MMP reduction ratio, ROS level and CytC content increase, and ZBDHD can reduce the production of sperm ROS, reduce the pathological damage of ROS to sperm membrane and function, and improve sperm MMP. This increases the energy synthesis of sperm mitochondria, reduces sperm apoptosis, and inhibits the release of CytC, so as to achieve the goal of anti-oxidation to increase sperm density, viability and vitality. This may be one of the mechanisms of ZBDHD in the treatment of male infertility caused by UU infection.
CONCLUSION
This study discovered the multi-pathway mechanism of ZBDHD intervention in UU-induced orchitis through integrated pharmacological strategies, which provides a reference for further research on the mechanism of ZBDHD intervention in orchitis in the direction of mitochondrial energy metabolism. At the same time, it provides new research ideas for the research of classic famous TCM prescriptions.
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Background: Pneumonia is a prevalent and complicated disease among adults, elderly people in particular, and the debate on the optimal Chinese herbal injections (CHIs) is ongoing. Our objective is to investigate the comparative effectiveness of various CHIs strategies for elderly patients with pneumonia.


Methods: A comprehensive search strategy was executed to identify relevant randomized controlled trials (RCTs) by browsing through several databases from their inception to first, Feb 2020; All of the direct and indirect evidence included was rated by Network meta-analysis under a Bayesian framework.


Results: We ultimately identified 34 eligible randomized controlled trials that involved 3,111 elderly participants and investigated 4 CHIs combined with Western medicine (WM) (Xiyanping injection [XYP]+WM, Yanhuning injection [YHN]+WM, Tanreqing injection [TRQ]+WM, Reduning injection [RDN]+WM), contributing 34 direct comparisons between CHIs. Seen from the outcome of Clinical effective rate and time for defervescence, patients taking medicine added with CHIs [Clinical effective rate, XYP + WM(Odd ratio (OR): 0.74, 95%Credible intervals (CrIs):0.55–0.98), YHN + WM(OR: 0.66, 95%CrI: 0.45–0.95), TRQ + WM(OR: 0.65, 95%CrI: 0.50–0.83), RDN + WM(OR: 0.60, 95%CrI: 0.40–0.89); Time for defervescence, YHN + WM(Mean difference (MD): −2.11, 95%CrI: −3.26 to −0.98), XYP + WM(MD: −2.06, 95%CrI: −3.08 to −1.09), RDN + WM(MD: −1.97, 95%CrI: −3.61 to −0.35), TRQ + WM(MD: −1.69, 95%CrI: −2.27 to −1.04)] showed statistically better effect compared with participants in the Control group (CG) who only took WM. Meanwhile, based on the time for disappearance of cough, 3 out of 4 CHIs [TRQ + WM(MD: −2.56, 95%CrI: −3.38 to −1.54), YHN + WM(MD: −2.36, 95%CrI: −3.86 to −1.00) and XYP + WM(MD: −2.21, 95%CrI: −3.72 to −1.10)] strategies indicated improvement of clinical symptoms. Only XYP + WM(MD −1.78, 95%CrI: −3.29 to −0.27) and TRQ + WM (MD: −1.71, 95%CrI: −2.71 to −0.73) could significantly shorten the time for disappearance of pulmonary rales.


Conclusion: According to the statistical effect size (The surface under the cumulative ranking), we found that XYP + WM was presumably to be the preferable treatment for treating elderly patients with pneumonia compared with WM alone in terms of clinical effective rate. Our findings were based on very limited evidence and thus should be interpreted with caution. The application of the findings requires further research.


Keywords: elderly people, pneumonia, tradional medicine, chinese herbal injections, bayesian network meta-analysis




Background


Pneumonia, a common disease with detrimental effect among adults worldwide, particularly elderly people, is posing substantial healthcare costs, and social burdens globally (GBD Diarrheal Diseases Collaborators, 2017). Study indicated that the number of old people aged over 80 hit the highest hospital admission rate record (16.4 cases/1,000 persons per year) for Community Acquired Pneumonia (CAP), a figure higher than that for common adults whose rate was 2.5 cases/1,000 people per year (Jain et al., 2015). To make matters worse, the global outbreak of coronavirus disease 2019, a relevant pneumonia, namely Severe Acute Respiratory Syndrome Coronavirus 2, is rapidly evolving and expanding on a global scale (Ronco et al., 2020). The ever-increasing cases of pneumonia imposes much stress on intensive care management and urges a systematical method to help policy-makers and clinicians in making the optimal decisions among numerous available therapies (Mandell et al., 2007). To further complicate the situation, despite the extensive use of drugs to treat the pneumonia patients, such as antiseptics, statins, as well as antibiotics, a first-tier preferred treatment was of huge benefit to patients’ health but it also brought about a great risk of drug resistance and various adverse drug reactions (ADRs) (Labeau et al., 2011; Zampieri et al., 2015). The number of people who were diagnosed with pneumonia was going upwards rather than downwards, which directly exacerbated both the financial and resources burden on healthcare system (GBD 2016 Causes of Death Collaborators, 2017).

In the past decade, owing to the unsatisfactory response to current treatments, a considerable amount of research have focused on Chinese herbal medicine (CHM) to address a series of clinical symptoms of pneumonia patients (Zhou et al., 2000). As a potent, selective and promising formulation, Chinese herbal injection (CHI) was obtained via extracting and purifying the effective and active herbs compounds. The CHIs have gained more popularity in China due to their instant effects, few side effects and remarkable tonic function, and their efficacy was supported by previous studies not only on respiratory system, but also on many other systems (Zhao et al., 2013; Li et al., 2016). However, up to now, evidence that proves the efficacy of CHIs treating pneumonia has remained scarce among older adults. There is no study comparing the efficacy of CHIs in elderly adults with pneumonia. The necessity to bridge this gap via Network meta-analysis (NMA) is as follows: CHI combined with Western medicine (WM) was considered as a comprehensive therapy that is relatively effective and safe for treating pneumonia. However, the conventional meta-analysis can merely group various CHIs into a comprehensive CHI and analyze them separately while NMA can evaluate each CHI individually and compare them simultaneously. Consequently, our study used Bayesian NMA method to ascertain exactly whether such CHIs are truly helpful in preventing pneumonia among elderly people and to rank the efficacy of them.




METHOD




Search Strategies


Based on the Pubmed, embase, Cochrane Central register of controlled trials, Wan Fang database, China National Knowledge Infrastructure database, Chinese Biomedical Literature database, Chinese Scientific Journal database, we adopted a comprehensive search strategy from their inception to first, Feb 2020 to identify the eligible randomized controlled trials (RCTs) which scrupulously evaluate the efficacy of CHIs among elderly people with pneumonias according to various proper diagnostic criteria.

Without any language restriction, the following Medical Subject Heading (MeSH) terms incorporating with keywords by using the framework of Boolean logical operators were adopted: “Pneumonias”, “Pneumonitis”, “Lung Inflammations”, “Chinese herbal”, “Chinese drugs”, “Chinese plant extracts”, “Traditional medicine”, “Randomized controlled trials”, additional text-terms as well. We additionally implemented a recursive manual-search to retrieve full-text studies from the bibliographies of obtained trails or the similar systematic reviews in order to check the potentially eligible studies we missed at first. Details of the search strategy was introduced in Supplementary File S1. At the same time, all the records were collected and processed in Endnote X9 (Thompson ISI Research Soft, Philadelphia, PA) software.




Inclusion and Exclusion Criteria


We defined the satisfactory randomized controlled trials based on the predetermined selection rules that met the following PICOS criterion:


Population: Pneumonitis was diagnosed by any proper clinical criteria, such as “Guidelines for diagnosis and treatment of community acquired pneumonia (Chinese revision)” (Academy RBoCM, 2006). Aged over 60 years old, without sex, race or region restriction.


Intervention: Based on the basis of literature and a pre-search we conducted before, patients with pneumonitis treated by numerous CHIs were conceptualized in four main CHIs, namely, Tanreqing injection (TRQ), Xiyanping injection (XYP), Yanhuning injection (YHN) and Reduning injection (RDN) (Ye, 2016; Xia, 2017; Yao, 2017; Zhou, 2017), while the other CHIs failed to report the sufficient available data for our analysis. We excluded the studies in which either different CHIs are combined or the definition of CHI is vague.


Comparison: CHIs or the control group alone. Placebo and most of them were WM.


Outcomes: Primary outcome: The clinical effective rate [CER, CER = (Total sample size of patients–total sample size of patients ineffective)/total sample size of patients * 100%]; Secondary outcomes: Clinical symptom disappearance time (cough disappearance, lung rale disappearance time).


Study design: We confined our study design to RCTs published without year and language restriction. Non-randomized controlled studies such as case-control studies, cohort studies, full-text but unpublished studies were all excluded.

Initially, two investigators respectively screened the collected studies by title and abstract. Duplications were removed primarily according to their titles and the first author’s name. Through a full-text review, all the potentially relevant articles were further perused and assessed at length. Our study adheres to the Network Meta-analysis of the Preferred Reporting Items for Systematic Reviews and Meta Analyses (PRISMA-NMA) (See in Supplementary File S2) and the Cochrane Handbook for Systematic Reviews of Interventions (Higgins and Green, 2011; Hutton et al., 2015). All analyses were based on previous published studies and therefore no ethical approval and patients’ consent were required.




Data Extraction and Quality Assessment


Following the Cochrane consumers and Communication Review Group’s data extraction template, two investigators independently implemented a data extraction form to collect the relevant data of the included studies such as Essential publication information (name of first author, year of publication), characteristic of participants (Total sample size, baseline age), and quality of the RCT. Any conflict or discrepancy regarding screening reached consensus after discussion, or was judged by an expert as a third author.

The Cochrane Risk of Bias tool (ROB) was utilized to assess the quality of each trial, which divided ROB into seven items, and all trials were rated as low, unclear or high bias level (HGGS, 2011). For the selection bias, studies would be accepted as low risk of bias if they had described the details of sequence generation and approach of allocation concealment. Otherwise, the studies would be regarded as high risk of bias. We judged the items Performance and Detection Bias based on whether the study was blind or not to the participants, personnel and outcome assessors. For the attrition bias, we rated studies as high-risk whose data was insufficient for contributing to the analysis especially the primary outcome. For judging other biases, if the study had an imprecize study design, or reported an obvious inconsistency compared with the previous studies, they would be rated as high risk of bias. We assessed selective biases by detecting whether the included studies reported the raw data for analysis. All the 7 items were rated as “unclear risk” when the study did not mention the relevant items. We focused on the selection bias and attrition bias due to their specificity in the assessment of ROB. Any disagreement generated during the procession of assessment was resolved by team-discussion.




Statistical Analyses


Our study first carried out a conventional pairwise meta-analysis to analyze the direct evidence by synthesizing the available data from the included studies. I

2
 statistics were set to judge the magnitude of heterogeneity with higher values indicating more heterogeneity (Higgins and Thompson, 2002). The sensitivity analysis was conducted to test if there was any heterogeneity existing and to explore its sources. A network geometry was constructed firstly to provide comparative evidence among treatments, with distinguishing treatments expressed by different nodes whose size corresponded to the sample of participants, and studies were connected by appropriate lines. Moreover, in order to assess whether other publication biases or small-study biases were generated in our study, we created comparison-adjusted funnel plots to detect whether the scatter distributed to the vertical axis is asymmetric in the funnel plot (X-axis is sample size, Y-axis is effect) (Seagroatt and Stratton, 1998). The above analyses were conducted by using STATA/SE version 15.0 (Stata, corp, College Station, TX).

The Transitivity Assumption was applied to the appraisal of the robustness and reliability of the NMA by comparing the clinical similarity (e.g., patients, sample size and origin) and the methodological characteristics (e.g., random method, outcome and bias) among the studies involved (Caldwell et al., 2005). For outcomes presented as the numerical variable and the categorical variable, we generated a pooled Mean difference (MD) (Hedge’s g) and Odd ratio (OR) following 95% Credible intervals (CrIs) as a conservative estimate to summarize the treatment and effects respectively. Based on the maximum likelihood and Bayesian estimation, the approach of Markov-chain Monte Carlo with prior non-informative distributions were performed in our NMA (Salanti et al., 2008; Mavridis and Salanti, 2013). We set up three parallel chains running in our model simultaneously by means of Gibbs sampling and different initial values during the beginning period, through stimulation to obtain their target distributions (Valkenhoef and Kuiper, 2016). Each chain was put into 100,000 interactions and the first 20,000 were discarded to minimize the bias which may be produced at the initial stage. The Brooks-Gelman-Rubin diagnostic statistics were used to spot the convergence of model by checking the density plot and tract plot (Brooks and Gelman, 1998). The surface under the cumulative ranking (SUCRA), a concisely hierarchical curve, was produced to rank the possible efficacy of each treatment and it was found that higher SUCRA values denoted greater efficacy (Dias et al., 2012). Finally, the inconsistency of our NMA was examined by the split-node method and the p-value was obtained to indicate whether a significant inconsistency existed (Valkenhoef et al., 2016). All Bayesian analyses were done in R Version 3.32 (X64) with package “Gemtc”and WinBUGS Version1.4.3 (MRC Biostatistics Unit, Cambridge, United Kingdom) (Coreteam, 2014), and details of code were shown in Supplementary File S3.





RESULTS




Study Selection


We obtained 5,596 records initially and reviewed 164 potentially relevant studies in full-text after screening the titles and abstracts. Overall, 214 nonduplicate citations were identified, and we retrieved 6 relevant articles by hand-search in case of omitting the eligible research we probably left out in the electronic database. 34 RCTs eventually met our pre-established criteria after a rigorous full-text review, which consisted of 4 CHIs treatments. The details of literature screen were depicted in Figure 1. All the investigators involved reached a unanimous approval for the selection and the assessment of the studies.
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FIGURE 1 | 
Literature review flowchart. CBM, Chinese Biomedical Literature database; CNKI, China National Knowledge Infrastructure database; RCT, Randomized controlled trial; VIP, Chinese scientific Journal database; WFD, Wan fang database; WOS, Web of science.






Study Characteristics and Risk of Bias Quality Assessment



Supplementary Table S1 revealed the detailed demographic characteristics of 34 included studies. All the 34 parallel randomized controlled trials took place in China from 2008 to 2019. In total, 682 participants were randomly assigned to TRQ + WM group, 425 to XYP + WM, 213 to YHN + WM and 247 to RDN + WM whereas 1,544 were categorized into the CG (All the CG were conducted with WM only). Our NMA comprised 1,030 males participants and 2081 female participants, all of whom were qualified in terms of age according to the definition offered by World Health Organization (WHO) (WHO, 2017) that elderly people are those aged at least 60, The mean of all participants ranged from 60 to 85. Most trials (22/34, 64.71%) recruited participants with CAP, but few of them (4/34, 11.76%)considering the patients with Hospital Acquired Pneumonia (HAP). The citations of the included studies are introduced in detail in Supplementary File S4.

The overwhelming majority of the trials rendered a low risk of bias in “Random sequence generation” and all trials reflected a low risk of bias in Incomplete Outcome Data with sufficient original data. Notably, two studies were judged to be high-risk bias of “selective reporting” because their data for our analysis were calculated by transforming the original data manually (Li, 2010; Zhou, 2019). Due to their less rigorous study design, three studies (Huang, 2014; Zhang, 2014; Tian, 2016) were rated as high-risk bias in “other bias” items, among which the first two (Zhang, 2014; Tian, 2016) had less precise definition on pneumonia with one (Tian, 2016) not further reporting the calculation procedures for its relevant outcomes, and the third (Huang, 2014) had a bad representativeness of cases compared with other included studies since it recruited all the participants with pneumonia for a long-term period from 2000 to 2013. The remaining two items (“Allocation Concealment”, “Blinding of Participants and Personnel”) were generally ranked as unclear-to-moderate risk of bias. Full details regarding risk of bias for each RCT were shown in Supplementary Figure S1 and summarized in Supplementary Figure S2, respectively. Funnel plots throughout the included studies based on the four endpoints showed a relatively symmetric distribution (Supplementary Figure S3).




Network Meta-analysis



Figure 2 presented all the primary evidence between each CHI, and all the CHIs had at least one comparison with CG while all of CHIs lacked a closed loop between them. According to the network geometries of clinical effective rate, CG (1,544) obtained the largest sample size (SS) compared with other three CHIs whereas YHN + WM(213) got a relative lower SS throughout the entire network.
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FIGURE 2 | 
Network plot of all the trials based on the outcomes. (A) Clinical effective rate; (B) time for defervescence; (C) disappearance time of cough; (D) disappearance time of pulmonary rales. CG, Control group; RDN, Reduning injection; TRQ, Tanreqing injection; XYP, Xiyanping injection; YHN, Yanhuning injection; WM, Western medicine. Each node represented a CHI and its size depended on the number of patients that is directly examined. The nodes were joined by different thickness lines which generated to show whether there existed a direct relationship between treatments and the thickness was weighted according to the available direct evidence between them.






Primary Outcome




Clinical Effective Rate


In terms of the outcome of CER, all four CHIs had significant benefits to patients with pneumonia compared with CG. XYP + WM(OR:0.74, 95%CrI:0.55–0.98), YHN + WM(OR: 0.66, 95%CrI: 0.45–0.95), TRQ + WM(OR: 0.65, 95%CrI: 0.50–0.83), RDN + WM(OR: 0.60, 95%CrI: 0.40–0.89) (See in Supplementary Table S2). However, no significant difference was observed in any comparison among CHIs(See in Figure 3). Based on the SUCRA values, XYP + WM(SUCRA = 55.81%) took the lead in the effect on pneumonia patients in terms of CER compared with other three CHIs, closely followed by two equally remarkable CHIs, namely, YHN + WM(SUCRA = 37.37%) and TRQ + WM(SUCRA = 33.93%) while RDN + WM(SUCRA = 23.89%) lagged behind (See in Figure 3 and Supplementary Figure S4).
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FIGURE 3 | 
Relative effect sizes of efficacy at post-treatment according to network meta-analysis. CHI, Chinese herbal injection; CG, Control group (Western medicine); RDN, Reduning injection; TRQ, Tanreqing injection; XYP, Xiyanping injection; YHN, Yanhuning injection; SUCRA, surface under the cumulative ranking. (A) Clinical effective rate; (B) time for defervescence; (C) disappearance time of cough; (D) disappearance time of pulmonary rales; Highest probability of being the most efficient CHI(With high SUCRA values) and Lowest probability of being the most efficient CHI(With low SUCRA values).







Secondary Outcomes




The Time for Clinical Symptoms to Disappear


With regarding to the time for defervescence, all CHIs, similar to the above outcome, produced a significant efficacy compared with CG. YHN + WM(MD: −2.11, 95%CrI: −3.26 to −0.98), XYP + WM(MD: −2.06, 95%CrI: −3.08 to −1.09), RDN + WM(MD: −1.97, 95%CrI: −3.61 to −0.35), TRQ + WM(MD: −1.69, 95%CrI: −2.27 to −1.04) (See in Supplementary Table S2).

For cough disappearance, only TRQ + WM(MD: −2.56, 95%CrI: −3.38 to −1.54), YHN + WM(MD: −2.36, 95%CrI: −3.86 to −1.00) and XYP + WM(MD: −2.21, 95%CrI: −3.72 to −1.10) were associated with a significant improvement among patients. However, the results didn’t show statistical difference between RDN + WM (MD: −1.96, 95%CrI: −5.89 to 1.89) injection and other groups (See in Supplementary Table S2).

As for the time for disappearance of pulmonary rales, only XYP + WM(MD: −1.78, 95%CrI: −3.29 to −0.27) and TRQ + WM(MD: −1.71, 95%CrI: −2.71 to −0.73) had desirable performance in accelerating the disappearance of pulmonary rales (See in Supplementary Table S2).

Based on the SUCRA values, it seemed that among these CHIs injections, YHN + WM(SUCRA = 70.99%), TRQ + WM(SUCRA = 71.84%) and XYP + WM (SUCRA = 76.30%) became the optimal CHI compared to CG for the outcome of time for defervescence, cough disappearance and pulmonary rales disappearance, respectively. Conversely, TRQ + WM(SUCRA = 47.12%), RDN + WM(SUCRA = 52.45%) and RDN + WM(SUCRA = 18.53%) were most likely to be the least efficacious for defervescence, cough disappearance and pulmonary rales disappearance, respectively (See in Figure 3 and Supplementary Figure S4). According to the four endpoints, forest plot was conducted in order to display the efficacy of each CHI for improving the clinical symptoms among patients (Supplementary Table S2). Relative effect sizes of treatments efficacy according to all outcomes were shown in Figure 3.






DISCUSSION


This NMA has adopted a consecutive Bayesian model which involves 34 parallel randomized controlled trials to appraise 4 CHIs with four outcomes by comparing their effect among elderly patients with pneumonia. Considering the primary outcome, XYP + WM seemed to be most promising CHI in helping the elderly with pneumonia to improve their clinical symptoms whereas YHN + WM and TRQ + WM are suboptimal and can be regarded as complementary therapies.

Pneumonia represents a progressive and prevalent clinical condition due to its relatively high morbidity and mortality, and high incidence was found among elderly adults due to their higher susceptibility (Thomas et al., 2012). As the first-line preferred therapy which is widely used for respiratory disease, antibiotic is a double-edged sword, because though improving the clinical symptom of patients, it, as the same time, causes some adverse effects (AEs) (Mandell et al., 2007). Due to the fault of current treatment and much attention being concentrated on the efficacy of CHIs, our study was attempted to achieve relatively objective evidence in the hope of seeking the optimal CHI among elderly people in order to offer an evidence-base mirror.

From the perspective of Traditional Chinese Medicine (TCM), pneumonia belongs to the category of asthma and cough, and its clinical symptoms such as cough, expectoration, fever and asthma should be treated; Other symptoms caused by exogenous pathogens invading the lung should be focused on the way of allaying fever and soothing the lung (Feng, 2014). Modern pharmacology shows that CHIs have multiple effects on antipyretic and analgesic, antiviral and antibacterial symptoms (Li et al., 2017), such as XYP injection. As a derivative of andrographolid with the characteristics of antipyretic and anti-inflammatory, it holds the most likelihood to be the optimal CHI injection among 4 CHIs, which enhances the immunity of the body. Moreover, XYP can improve the smooth muscle spasm, relax the smooth muscle, control the symptoms of cough and resolve phlegm by reducing the recreation of serous fluid (Zhang, 2011; L, 2017). TRQ classifies Chinese herbal into five categories: Scutellaria, Bear(bile) powder, Cornu gorais, honeysuckle and forsythia, with the efficacy of heat-clearing and detoxicating. It also has a positive effect on fever, cough and sore throat triggered by pulmonary disease (Huang, 2018). Patients with pneumonia would ameliorate their symptom by the usage of YHN injection or RDN injection, which was corroborated by numerous studies. But the two aforementioned CHIs got a relatively poor ranking in our study, possibly due to that they two mainly played a role in inhibiting respiratory viruses and blocking bacterial growth among patients with viral pneumonia rather than with the ability of anti-inflammatory, antipyretic and immunoregulatory effects among CAP patients (Gao et al., 2011; Nie, 2018). Although conclusions drawn by numerous studies showed consistency with our study that most such CHIs were preferable in the clinical treatment for patients with pneumonia when compared with CG (Sun, 2019; Wang, 2018). But there is no significant difference detected in any comparison between CHIs due to the absence of the indirect evidence among them. XYP + WM seem to be the most effective CHI for the outcome of clinical effective rate and the disappearance time of pulmonary rales while based on the results of time for defervescence and the disappearance time of cough that YHN + WM and TRQ + WM got the highest possibility become the most effective for improving these clinical symptoms, respectively. In spite of the evidence regarding the effectiveness of YHN + WM on reducing the fever is limited, some relatively convincing evidence can account for it that YHN + WM is an effective extract of Andrographis paniculate which was recommended by Chinese medicine as one of the most effective herbal with the function of clearing away heat and toxic material (Tian, 2011). Compared with other CHIs, the main function of TRQ is diluting the sputum which makes the sputum thinner and easier to cough up and further improves the patients’ breath, so that the clinical symptoms of cough can disappear in a short time (Ye, 2016). One previous study has compared the effect of various CHIs on CAP for all age groups and our study only shared similar analysis methods with it. Focusing on elderly people and all the types of pneumonia, our study arrived at a conclusion that XYP + WM might be the best CHI for improving elderly people with pneumonia, which was inconsistent with the results of the previous study that YHN + WM was the best CHI for treating pneumonia (Huang et al., 2019). The difference of research subjects may account for the different conclusions between our study and the former one since our study was more specifically targeted at elderly patients rather than patients of all ages. As we mentioned before, although YHN had rapid onset of action, as well as good bioavailability widely used in clinical, but it had a greater incidence of toxicities or AEs (Nie, 2018). One study indicated that YHN injection had the highest incidence of AEs among numerous CHIs (Xiong et al., 2016), and the Food and Drug Administration of China also indicated the usage of YHN was accompanied with substantial AEs especially the systemic damage (China Tfadao, n d). The above findings would diminish metabolizing capacity and excretory functions in the elderly patients since metabolism and excretion are significant parameters to evaluate the transformation and delivery of drugs in the body (Gao, 2017; Gao et al., 2017). As a result, it was more likely to lead to accumulation of drugs in elderly bodies and increased their risk of AEs compared with ordinary adults, and thus decreased the effectiveness of TCM for elderly people in terms of population (Gao, 2017). We may hypothesize that elderly population was probably sensitive and fragile to be affected by the acceptability of TCM especially the drug toxicology of TCMs. Therefore, the XYP + WM is the most effective based on the result of our study while the previous study focus on ordinary adults is in favor of YHN + WM.



Strength and Limitations


Instead of performing a traditional meta-analysis, our study lies in the fact that we structured a Bayesian framework to evaluate the effectiveness of current CHIs simultaneously for pneumonia patients among elderly population based on several endpoints. Moreover, we enriched the way of search strategy in order that more potentially eligible trials would be found for the establishment of the literature basis of our NMA.

The limitations across our study also should not be ignored. First, we have not registered our study either in Cochrane central or PROSPERO, which may indirectly influence the generalization of our results. Due to the fact that the topic of our study is CHI, all trials were simply conducted in China and our NMA therefore might not apply to cases in other countries. We have not collected and analyzed the data regarding AEs, because only two studies mentioned the AEs(One study conducted with XYP + WM found a patient getting a rash during the therapy duration while the other study reported several patients with bloating, nausea, vomiting and facial flushing after taking YHN + WM) and we could not estimate it without sufficient data (Yuan, 2010; Wang, 2014). Quality of several studies would possibly weaken the reliability and robustness of our results. Only two studies mentioned the blind method (Zhang, 2010; Guo, 2019a), and two studies were rated as low risk of bias in selection bias (Li, 2018; Guo, 2019b). Moreover, there were three trials with a high risk of bias with regard to other biases (Huang, 2014; Zhang, 2014; Tian, 2016).





CONCLUSION


In summary, based on the clinical effective rate, our NMA suggested that XYP + WM probably was the better CHI choice among numerous CHIs for elderly patients with pneumonia when compared to WM. Meanwhile, it worth mentioning that this finding should be interpreted with caution due to the limited evidence. Besides, the present study put emphasis on the need of future guidelines to optimize their management and further similar high-quality trials should be carried out to confirm our results.




DATA AVAILABILITY STATEMENT


The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding authors.




AUTHOR CONTRIBUTIONS


YY conducted the database search, screened and extracted data for the meta-analysis, prepared extracted data for the procedures, and had primary responsibility in writing this article. QZ and ZS performed statistical analysis and interpretation of data. JL, ZL. LX, PL and XL contributed to the discussion and editing. CH and JL critically revised the draft manuscript. All authors read and approved the final manuscript.




Supplementary Material


The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2021.610745/full#supplementary-material





REFERENCES



 Academy RBoCM (2006). [Guidelines for the Diagnosis and Treatment of Community-Acquired Pneumonia: Learning and Practicing]. Zhonghua Jie He He Hu Xi Za Zhi 29 (10), 649–650. CNKI:SUN:ZHJH.0.2006-10-001.


 Brooks, S. P., and Gelman, A. (1998). General Methods for Monitoring Convergence of Iterative Simulations. J. Comput. Graphical Stat. 7, 434–455. doi:10.1080/10618600.1998.10474787



 Caldwell, D. M., Ades, A. E., and Higgins, J. P. T. (2005). Simultaneous Comparison of Multiple Treatments: Combining Direct and Indirect Evidence. BMJ 331 (7521), 897–900. doi:10.1136/bmj.331.7521.897 


 China Tfadao (n d). The Safety of Chuanhuning and Yanhuning Injection. Adverse drug reaction information circular. http://wwwcdr-adrorgcn/xxtb_255/ypblfyxxtb/2 00909/t20090902_2841html 2016/5/17.


 Coreteam, D. (2014). A Language and Environment for Statistical Computing



 Dias, S., Sutton, A. J., Ades, A. E., and Welton, N. J. (2012). Evidence Synthesis for Decision Making 2. Med. Decis. Making 33, 607–617. doi:10.1177/0272989X12458724 


 Feng, J. (2014). Research Progress in the Diagnosis and Treatment of Pneumonia with Traditional Chinese Medicine. J. Emerg. Traditional Chin. Med. 23 (4), 670–672. CNKI:SUN:ZYJZ.0.2014-04-047. 


 Gao, W., Wang, S., Cui, Z., Cao, J., and Tian, H. (2011). [Reduning Injection for Community-Acquired Pneumonia: Meta-Analysis]. Zhongguo Zhong Yao Za Zhi 36 (24), 3539–3543. CNKI:SUN:ZGZY.0.2011-24-034.


 Gao, Z. (2017). Adverse Reactions of Yanhuning Injection-A Meta-Analysis. Zhengzhou University.


 Gao, Zhongli., Hou, Guiqin., and Cao, Z. (2017). Adverse Reactions of Yanhuning Injection-Ameta-Analysis. Journala Chin. patent Med. 39 (003), 486–491. CNKI:SUN:ZCYA.0.2017-03-009. 


 GBD 2016 Causes of Death Collaborators (2017). Global, Regional, and National Age-Sex Specific Mortality for 264 Causes of Death, 1980-2016: a Systematic Analysis for the Global Burden of Disease Study 2016. Lancet 390 (10100), 1151–1210. doi:10.1016/S0140-6736(17)32152-9 


 GBD Diarrhoeal Diseases Collaborators (2017). Estimates of the Global, Regional, and National Morbidity, Mortality, and Aetiologies of Lower Respiratory Tract Infections in 195 Countries: a Systematic Analysis for the Global Burden of Disease Study 2015. Lancet Infect. Dis. 17 (11), 1133–1161. doi:10.1016/S1473-3099(17)30396-1 


 Guo, J. (2019a). Effects of Moxifloxacin and Xiyanping on Community Acquired Pneumonia Among Elderly People. Chin. Med. Sci. J. 18, 63–04. CNKI:SUN:GYKX.0.2019-18-017. 


 Guo, Y. (2019b). Clinical Effect of Tanreqing Injection Combined with Shenfu Injection in the Treatment of Senile Severe Pneumonia. Chin. Contemp. Med. 3 (B), 0151–0104. CNKI:SUN:ZGUD-08-047.0.2019. 


 HGGS. Cochrane Handbook for Systematic Reviews of Interventions Version 5.1.0 London: The Cochrane Collaboration; 2011. doi: doi:10.1002/9780470712184



 Higgins, J., and Green, S. E. (2011). Cochrane Handbook for Systematic Reviews of Interventions Version 5.1.0. The Cochrane Collaboration (Eds). Naunyn Schmiedebergs Arch Exp Pathol Pharmakol, S38. doi:10.1002/9780470712184



 Higgins, J. P. T., and Thompson, S. G. (2002). Quantifying Heterogeneity in a Meta-Analysis. Statist. Med. 21, 1539–1558. doi:10.1002/sim.1186 


 Huang, W. (2014). Clinical Effect of Moxifloxacin Injection Combined with Yanhuning Injection on the Treatment of Elderly Acquired Pneumonia Patients. J. Yunnan Chin. traditional Med. 35 (12), 0016–0002. doi:10.16254/j.cnki.53-1120/r.2014.12.050



 Huang, X. (2018). Clinical Evaluation of Tanreqing Injection Combined with Antibiotics in the Treatment of Community Acquired Pneumonia Elderly People-A Meta-Analysis. J. Pharmacoepidemiol. 27 (12), 777–784. CNKI:SUN:YWLX.0.2018-12-001. 


 Huang, X., Duan, X., Zhu, Y., Wang, K., Wu, J., Tian, X., et al. (2019). Comparative Efficacy of Chinese Herbal Injections for the Treatment of Community-Acquired Pneumonia: A Bayesian Network Meta-Analysis of Randomized Controlled Trials. Phytomedicine 63, 153009. doi:10.1016/j.phymed.2019.153009 


 Hutton, B., Salanti, G., Caldwell, D. M., Chaimani, A., Schmid, C. H., Cameron, C., et al. (2015). The PRISMA Extension Statement for Reporting of Systematic Reviews Incorporating Network Meta-Analyses of Health Care Interventions: Checklist and Explanations. Ann. Intern. Med. 162 (11), 777–784. doi:10.7326/M14-2385 


 Jain, S., Self, W. H., Wunderink, R. G., Fakhran, S., Balk, R., Bramley, A. M., et al. (2015). Community-Acquired Pneumonia Requiring Hospitalization Among U.S. Adults. N. Engl. J. Med. 373 (5), 415–427. doi:10.1056/NEJMoa1500245 


 L, X. (2017). Efficacy of Xiyanping Combined with Azithromycin in the Treatment of Community Acquired Pneumonia Among Elderly People-A Meta-Analysis. Traditional Chin. Med. 30 (12), 69–04. CNKI:SUN:ZYYJ.0.2017-12-031. 


 Labeau, S. O., Van de Vyver, K., Brusselaers, N., Vogelaers, D., and Blot, S. I. (2011). Prevention of Ventilator-Associated Pneumonia with Oral Antiseptics: a Systematic Review and Meta-Analysis. Lancet Infect. Dis. 11 (11), 845–854. doi:10.1016/S1473-3099(11)70127-X 


 Li, D. M., Tang, S. H., Liao, Q., Chen, W., and Zhang, H. C. (2017). [Literature Study on Prevention and Treatment of Community Acquired Pneumonia by Traditional Chinese Medicine]. Zhongguo Zhong Yao Za Zhi 42 (8), 1418–1422. doi:10.19540/j.cnki.cjcmm.2017.0037 


 Li, J. (2010). Clinical Observation of Xiyanping in the Treatment of 32 Cases of Senile Pneumonia. Aerosp Med. 21 (12), 063. SUN:HKHT.0.2010-12-064


 Li, P. (2018). Levofloxacin Combined with Reduning Injection in the Treatment of Community Acquired Pneumonia Among Elderly People. J. Hubei Univ. nationalities 35 (3), 0025–0003. doi:10.13501/j.cnki.42-1590/r.2018.03.007



 Li, W., Li, C., Zheng, H., Chen, G., and Hua, B. (2016). Therapeutic Targets of Traditional Chinese Medicine for Colorectal Cancer. J. Tradit Chin. Med. 36 (2), 243–249. doi:10.1016/S0254-6272(16)30034-6 


 Mandell, L. A., Wunderink, R. G., Anzueto, A., Bartlett, J. G., Campbell, G. D., Dean, N. C., et al. (2007). “Infectious Diseases Society of America/American Thoracic Society Consensus Guidelines on the Management of Community-Acquired Pneumonia in Adults,” in Clinical Infectious Diseases ( An official publication of the Infectious Diseases Society of America), 44, S27–S72. doi:10.1086/511159 


 Mavridis, D., and Salanti, G. (2013). A Practical Introduction to Multivariate Meta-Analysis. Stat. Methods Med. Res. 22 (2), 133–158. doi:10.1177/0962280211432219 


 Nie, Z. (2018). Yanhuning in the Treatment of Community Acquired Pneumonia Among Elderly People. Pharm. reasearch 06 (C), 0001–0074. doi:10.16659/j.cnki.1672-5654.2012.18.078



 Ronco, C., Reis, T., and Husain-Syed, F. (2020). Management of Acute Kidney Injury in Patients with COVID-19. Lancet Respir. Med. doi:10.1016/S2213-2600(20)30229-0



 Salanti, G., Higgins, J. P., Ades, A., and Ioannidis, J. P. (2008). Evaluation of Networks of Randomized Trials. Stat. Methods Med. Res. 17 (3), 279–301. doi:10.1177/0962280207080643 


 Seagroatt, V., and Stratton, I. (1998). Bias in Meta-Analysis Detected by a Simple, Graphical Test. Test Had 10% False Positive Rate. BMJ (Clinical research ed) 316 (7129), 470–471. doi:10.1002/sim.1186



 Sun, Y. (2019). Comparative Efficacy of Four Chinese Herbal Injections for Treating Virus Pneumonia: a Network Meta-Analysis of Randomized Controlled Trials Chinese. Arch. traditional Chineses Med. 09 (44), 24. doi:10.13193/j.issn.1673-7717.2020.07.029



 Thomas, C. P., Ryan, M., Chapman, J. D., Stason, W. B., Tompkins, C. P., Suaya, J. A., et al. (2012). Incidence and Cost of Pneumonia in Medicare Beneficiaries. Chest 142 (4), 973–981. doi:10.1378/chest.11-1160 


 Tian, J. (2011). Clinical Analysis of the Therapeutic Effect of Yanhuning Injection on the Elderly Patients with Community Acquired Pneumonia and its Influence on H S-CRP and IL-6. Chin. traditional Med. Community 36, 190. CNKI:SUN:ZGSQ.0.2011-36-191


 Tian, Y. (2016). Effect of Moxifloxacin Combined with Xiyanping on Serum Inflammatory Factors and T Lymphocyte Subsets in Elderly Patients with Community Acquired Pneumonia. Chin. J. Hosp. Infect. 26 (15), 3389–3303. doi:10.11816/cn.ni.2016-160103



 Valkenhoef, G., Dias, S., Ades, A. E., and Welton, N. J. (2016). Automated Generation of Node‐splitting Models for Assessment of Inconsistency in Network Meta‐analysis. Res. Syn. Meth. 7 (1), 80–93. doi:10.1002/jrsm.1167



 Valkenhoef, G. V., and Kuiper, J. (2016). Gemtc: Network Meta-Analysis Using Bayesian Methods. John Wiley & Sons. http://mirrors.nic.cz/R/web/packages/gemtc/index.html.


 Wang, B. (2018). Network Meta-Analysis of Heat-Clearing and Detoxifying Chinese Herbal Injections in the Treatment for Pediatric Viral Pneumonia. Chin. traditional patent Med. 40 (122), 2644–2649. CNKI:SUN:ZCYA.0.2018-12-007


 Wang, R. (2014). Clinical Observation of Yanhuning Injection in the Treatment of Severe Pneumonia Among Elderly People. Chin. Community doctors 34, 61. doi:10.3969/j.issn.1007-614x.2016.34.61



 WHO (2017). WHO Guidelines on Integrated Care for Older People (ICOPE) [EB/OL]. Available at: http://wwwwhoint/ageing/publications/guidelines-icope/en/2017.


 Xia, L. (2017). Early Application of Shenfu Injection Combined with Yanhuning for Injection in the Treatment of Severe Community-Acquired Pneumonia Among Old People. J. Hebei Chineses traditional Med. 39 (12), 1801–1806. doi:10.3969/j.issn.1002-2619.2017.12.009



 Xiong, Z., Tu, F., and Yu, D. (2016). Adverse Reactions for 65 Types of Traditional Chinese Medicine and its Preparations. Contemp. Med. 22 (35), 184–186. CNKI:SUN:DDYI.0.2016-35-120


 Yao, Z. (2017). Impact of Xiyanping Injection Combined with Cefoperazone and Sulbactam Sodium on Elderly Patients with Community ? Acquired Pneumonia. Pract. J. Card. Cereb. Pneumal Vasc. Dis. Prev. 25 (10), 155–157. CNKI:SUN:SYXL.0.2017-10-050


 Ye, M. (2016). Clinical Effect of Tanreqing Injection on Community Acquired Pneumonia. Med. recapitulate 22 (12), 2463–2404. CNKI:SUN:YXZS.0.2016-12-055


 Yuan, J. (2010). Meropenem Combined with Xiyanping in the Treatment of 62 Elderly Stroke Patients with Hospital Acquired Pneumonia. Chin. J. Difficult Complicated Cases 09 (06), 441–442. CNKI:SUN:YNBZ.0.2010-06-026. 


 Zampieri, F. G., Nassar Jr, A. P., Gusmao-Flores, D., Taniguchi, L. U., Torres, A., and Ranzani, O. T. (2015). Nebulized Antibiotics for Ventilator-Associated Pneumonia: a Systematic Review and Meta-Analysis. Crit. Care 19, 150. doi:10.1186/s13054-015-0868-y 


 Zhang, B. (2010). Clinical Observation of Tanreqing Injection in the Treatment of Community Acquired Pneumonia Among Elderly People. Clin. Med. Res. 19 (09B), 1155–1102. CNKI:SUN:SXLC.0.2010-18-003. 


 Zhang, F. (2014). Analysis of the Clinical Effect of Reduning Injection on the Elderly Community Acquired Pneumonia with Fever. J. Mod. Drug Appl. 8 (22), 89–90. doi:10.14164/j.cnki.cn11-5581/r.2014.22.264



 Zhang, L. (2011). Clinical Observation on Xiyanping Injection in the Treatment of Severe Pneumonia Among Elderly People. J. Emerg. Traditional Chin. Med. 24 (12), 2289–2290. CNKI:SUN:ZYJZ.0.2015-12-082. 


 Zhao, Z. Q., Mao, J. Y., Wang, X. L., and Hou, Y. Z. (2013). [Application and Evaluation of Chinese Medicine in Treatment of Chronic Heart Failure]. Zhongguo Zhong Xi Yi Jie He Za Zhi 33 (12), 1701–1704. CNKI:SUN:ZZXJ.0.2013-12-032.


 Zhou, J. (2017). Clinical Observation of Reduning Injection in the Treatment of Senile Severe Pneumonia. Mod. Diagn. Treat. 06, 1013–1002. CNKI:SUN:XDZD.0.2017-06-017. 


 Zhou, Y. (2019). Clinical Study of Yanhuning Injection Combined with Etimicin in the Treatment of Community Acquired Pneumonia in the Elderly Adults. Drugs&Clinic 34 (11), 3271–3204. CNKI:SUN:GWZW.0.2019-11-016. 


 Zhou, Z., Gao, N., Wang, Y., Chang, P., Tong, Y., and Fu, S. (2000). Clinical Research for Elderly People with Pneumonia Based on the Treatment of Traditional Chinese Medicine. Henan traditional Chin. Med. 20 (5), 70–72. CNKI:SUN:HNZY.0.2000-05-078. 



Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Copyright © 2021 Yuan, Zheng, Si, Liu, Li, Xiong, Liu, Li, He and Liang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



		CLINICAL TRIAL
published: 25 May 2021
doi: 10.3389/fphar.2021.679588


[image: image2]
Traditional Chinese Medicine Qingre Huoxue Treatment vs. the Combination of Methotrexate and Hydroxychloroquine for Active Rheumatoid Arthritis: A Multicenter, Double-Blind, Randomized Controlled Trial
Xun Gong1†, Wei-Xiang Liu1†, Xiao-Po Tang1, Jian Wang1, Jian Liu2, Qing-Chun Huang3, Wei Liu4, Yong-Fei Fang5, Dong-Yi He6, Ying Liu7, Ming-Li Gao8, Qing-Jun Wu9, Shi Chen10, Zhen-Bin Li11, Yue Wang12, Yan-Ming Xie13, Jun-Li Zhang14, Cai-Yun Zhou15, Li Ma16, Xin-Chang Wang17, Chi Zhang18* and Quan Jiang1*
1Guang’anmen Hospital China Academy of Chinese Medical Sciences, Beijing, China
2The First Affiliated Hospital of Anhui University of Chinese Medicine, Hefei, China
3Guangdong Provincial Hospital of Traditional Chinese Medicine, Guangzhou, China
4The First Affiliated Hospital of Tianjin University of Traditional Chinese Medicine, Tianjin, China
5Affiliated Hospital of the Third Military Medical University of the Chinese People’s Liberation Army, Chongqing, China
6Shanghai Guanghua Hospital of Integrated Traditional Chinese and Western Medicine, Shanghai, China
7The Affiliated Hospital of Shandong University of Traditional Chinese Medicine, Jinan, China
8The Affiliated Hospital of Liaoning University of Traditional Chinese Medicine, Shandong, China
9Peking Union Medical College Hospital, Beijing, China
10Peking University People’s Hospital, Beijing, China
11Bethune International Peace Hospital, Shijiazhuang, China
12Jiangsu Provincial Hospital of Traditional Chinese Medicine, Beijing, China
13Institute of Basic Research in Clinical Medicine, China Academy of Chinese Medical Sciences, Beijing, China
14The Fifth Hospital of Xi’an, Xi’an, China
15Xiyuan Hospital China Academy of Chinese Medical Sciences, Beijing, China
16China-Japan Friendship Hospital, Beijing, China
17The Second Affiliated Hospital of Zhejiang University of Chinese Medicine, Hangzhou, China
18Dongzhimen Hospital Beijing University of Chinese Medicine, Beijing, China
Edited by:
Yanqiong Zhang, China Academy of Chinese Medical Sciences, China
Reviewed by:
Liwei Lu, The University of Hong Kong, China
Hua Zhou, The University of Hong Kong, Hong Kong
* Correspondence: Quan Jiang, jiang.quan@hotmail.com; Chi Zhang, sage618@126.com
†These authors have contributed equally to this work
Specialty section: This article was submitted to Ethnopharmacology, a section of the journal Frontiers in Pharmacology
Received: 12 March 2021
Accepted: 10 May 2021
Published: 25 May 2021
Citation: Gong X, Liu W-X, Tang X-P, Wang J, Liu J, Huang Q-C, Liu W, Fang Y-F, He D-Y, Liu Y, Gao M-L, Wu Q-J, Chen S, Li Z-B, Wang Y, Xie Y-M, Zhang J-L, Zhou C-Y, Ma L, Wang X-C, Zhang C and Jiang Q (2021) Traditional Chinese Medicine Qingre Huoxue Treatment vs. the Combination of Methotrexate and Hydroxychloroquine for Active Rheumatoid Arthritis: A Multicenter, Double-Blind, Randomized Controlled Trial. Front. Pharmacol. 12:679588. doi: 10.3389/fphar.2021.679588

Traditional Chinese medicine (TCM) has been used successfully to treat rheumatoid arthritis (RA). Qingre Huoxue treatment (Qingre Huoxue decoction (QRHXD)/Qingre Huoxue external preparation (QRHXEP)) is a therapeutic scheme of TCM for RA. To date, there have been few studies comparing the efficacy and safety of QRHXD and conventional synthetic disease-modifying antirheumatic drugs (csDMARDs) for the treatment of active RA. This was investigated in a multicenter, double-blind, randomized controlled trial involving 468 Chinese patients with active RA [disease activity score (DAS)-28 > 3.2] treated with QRHXD/QRHXEP (TCM group), methotrexate plus hydroxychloroquine [Western medicine (WM) group], or both [integrative medicine (IM) group]. Patients were followed up for 24 weeks. The primary outcome measure was the change in DAS-28 from baseline to 24 weeks. The secondary outcome measures were treatment response rate according to American College of Rheumatology 20, 50, and 70% improvement criteria (ACR-20/50/70) and the rate of treatment-related adverse events (TRAEs). The trial was registered at ClinicalTrials.gov (NCT02551575). DAS-28 decreased in all three groups after treatment (p < 0.0001); the score was lowest in the TCM group (p < 0.05), while no difference was observed between the WM and IM groups (p > 0.05). At week 24, ACR-20 response was 73.04% with TCM, 80.17% with WM, and 73.95% with IM (based on the full analysis set [FAS], p > 0.05); ACR-50 responses were 40.87, 47.93, and 51.26%, respectively, (FAS, p > 0.05); and ACR-70 responses were 20.87, 22.31, and 25.21%, respectively, (FAS, p > 0.05). Thus, treatment efficacy was similar across groups based on ACR criteria. On the other hand, the rate of TRAEs was significantly lower in the TCM group compared to the other groups (p < 0.05). Thus, QRHXD/QRHXEP was effective in alleviating the symptoms of active RA—albeit to a lesser degree than csDMARDs—with fewer side effects. Importantly, combination with QRHXD enhanced the efficacy of csDMARDs. These results provide evidence that QRHXD can be used as an adjunct to csDMARDs for the management of RA, especially in patients who experience TRAEs with standard drugs.
Clinical Trial Registration: ClinicalTrials.gov, identifier NCTNCT025515.
Keywords: qingre huoxue decoction, damp-heat-stasis syndrome, active rheumatoid arthritis, comprehensive treatment., randomized controlled trial
INTRODUCTION
Rheumatoid arthritis (RA) is the most common autoimmune inflammatory arthritis in adults. RA has significant negative impacts on the ability of patients to perform daily activities—including work and home tasks—and health-related quality of life, and increases the risk of mortality (Singh et al., 2016). The incidence of RA is about 1% globally (van der Woude and van der Helm-van Mil, 2018) and 0.28–0.40% in China (Chinese Rheumatology Association, 2018), with no fewer than five million people in China living with the disease. In traditional Chinese medicine (TCM), clinical manifestations of active RA such as joint swelling and tenderness, morning stiffness, and local skin redness constitute a “damp-heat-stasis syndrome” that is similar to the active period of RA [i.e., disease activity score (DAS)-28 > 3.2]. TCM has been used successfully to treat RA. Specifically, Qingre Huoxue decoction (QRHXD) may prevent bone destruction by modulating inflammation, and short-term application of a cream prepared from Tripterygium wilfordii—the source of a QRHXEP component—was shown to be an effective and safe adjunctive treatment (Jiang et al., 2012; China Association of Chinese Medicine, 2017; Jiao et al., 2019). Oral Chinese medicines were found to relieve joint symptoms with minimal adverse reactions in combination with topical formulations for improved disease control (Xing et al., 2020).
The goals of RA treatment are to achieve disease remission or low disease activity and ultimately control the disease, reduce the disability rate, and improve patients’ quality of life (Smolen et al., 2020). Conventional synthetic disease-modifying antirheumatic drugs (csDMARDs) are the first-line treatment for RA in China and elsewhere (Singh et al., 2016; Chinese Rheumatology Association, 2018; Lau et al., 2019; Smolen et al., 2020). Methotrexate (MTX) is the anchor drug (Pincus et al., 2003) while hydroxychloroquine (HCQ) is mainly used in combination treatment regimens (95%) (Zhang et al., 2013); the utilization rates of these drugs are 55.9 and 30.4%, respectively, (Jin et al., 2017). However, MTX and HCQ have adverse effects such as gastrointestinal discomfort (e.g., nausea and diarrhea) (Giraud et al., 2020), hepatitis, interstitial pneumonitis, cytopenias, and retinopathy (Abbasi et al., 2019); as such, the vast majority of RA patients in China are willing to receive TCM treatment (Lu et al., 2019).
Qingre Huoxue treatment (QRHXD plus QRHXEP) is a therapeutic scheme of TCM for RA that have been routinely used in clinical practice for at least 40 years at Guang’anmen Hospital, China Academy of Chinese Medical Sciences. However, there have been few blinded trials systematically comparing the efficacy and safety of Qingre Huoxue treatment and csDMARDs in RA treatment. Thus, the aim of this investigation was to evaluate the effects of Qingre Huoxue treatment vs. MTX plus HCQ in patients with active RA.
MATERIALS AND METHODS
Trial Design
This multicenter, double-blind, randomized controlled clinical trial has been registered at ClinicalTrials.gov (NCTNCT02551575). The study was conducted in accordance with the principles outlined in the Declaration of Helsinki, Good Clinical Practice Guidelines of the International Conference on Harmonization, and local regulatory requirements. This study followed CONSORT. The protocol was approved by the ethics committee at Guang’anmen Hospital, China Academy of Chinese Medical Sciences (no. 2013EC122). A study period of 24 weeks was selected based on pilot clinical trials.
Participants
Men and women aged 18–65 years were considered for enrollment if they met the American College of Rheumatology (ACR) criteria for RA (Arnett et al., 1988; Lu and Jiao, 1996; Aletaha et al., 2010) as well as TCM criteria for the diagnosis of RA “damp-heat-stasis syndrome” (Zheng, 2002) (Supplementary Material). The trial was conducted at 16 hospitals. An independent committee monitored the trial for safety and scientific integrity. The inclusion criteria were as follows: 1) DAS-28 score > 3.2; 2) patients were taking csDMARDs for at least 3 months at a stable dose, and continued the same treatment for the duration of the present study; and 3) patients voluntarily participated in the study and signed an informed consent form. Exclusion criteria were as follows: 1) patients with skin burst or allergies; 2) patients with cancer or other malignant diseases such as cardiovascular, hematopoietic, liver, or kidney disease or psychopathy; 3) patients with active or chronic infection, including HIV, hepatitis C virus, hepatitis B virus, or tuberculosis; 4) treatment with Tripterygii, glucocorticoid, or biologic DMARDs in the prior 3 months; 5) previous treatment with MTX or HCQ; and 6) patients with retinopathy. Patients who met the following criteria were not allowed to continue receiving the therapy as part of the study, but were followed up until the end of the trial: 1) patients who experienced intolerable adverse events (AEs), complications, or physiologic changes, and had discontinued the study drug for more than 14 days; 2) patients who demonstrated poor compliance (the number and course of medication were not between 80 and 120%); 3) patients who were unwilling to continue participating in the study or were lost to follow-up; and 4) patients who used a nonprescribed range of combined medications that could affect the efficacy and safety assessments.
Treatment
Eligible patients obtained sequence numbers from the trial coordinator and were allocated to 1 of the 3 following groups by computer-generated sequence randomization: 1) TCM group (TCM plus MTX and HCQ placebos); 2) Western medicine (WM) group (12.5 mg MTX once weekly plus 200 mg HCQ twice daily combined with TCM placebo); and 3) integrative medicine (IM) group (TCM combined with 12.5 mg MTX once weekly plus 200 mg HCQ twice daily). MTX and HCQ tablets were obtained from Shanghai Xinyi Pharmaceutical Co. (Shanghai, China) and Shanghai Zhongxi Pharmaceutical Co. (Shanghai, China), respectively, and were taken orally. TCM Qingre Huoxue treatment for RA “damp-heat-stasis syndrome” with QRHXD and QRHXEP optimized by the Guang’anmen Hospital China Academy of Chinese Medical Sciences were used in this study. QRHXD was processed into granules that were packaged in a tin foil bag by Sichuan New Green Pharmaceutical Technology Development Co. (Chengdu, China). QRHXEP was processed into a gel formulation and packaged in a plastic tube at Guang’anmen Hospital China Academy of Chinese Medical Sciences (batch no. 15011303). QRHXD was taken twice daily—at breakfast and 0.5 h after dinner—for 24 weeks (1 bag boiled in water for each dose). QRHXEP was applied topically once daily 1 h after dinner for 12 weeks [20 g (1 stick) daily in weeks 1–4 and 10 g (half a stick) daily in weeks 5–12] to the skin surface of affected joints, while avoiding the face and temporomandibular joint.
QRHXD has 12 components including animal drug wugong (Centipede [4 g]) and the botanical drugs species or TCM plant preparations tufuling (Smilax glabra Roxb [30 g]), yinhua (Lonicera japonica Thunb [30 g]), huangqi (Astragalus mongholicus [30 g]), chaocangzhu (bran-fried Atractylodes chinensis [15 g]), huangbo (Phellodendron amurense [9 g]), chishao (Paeonia lactiflora [15 g]), bixie (Dioscoreae hypoglaucae rhizoma [15 g]), danshen (Salvia miltiorrhiza [15 g]), ezhu (Curcuma zedoaria [9 g]), qingfengteng (Sinomenium acutum (Thunb.) [15 g]), and fengfang (Nidus vespae [5 g]). The granules were packaged as 10-g bags, with each bag containing 96 g of crude product. QRHXEP is composed of six botanical drugs including leigongteng (T. wilfordii [120 g]), chuanxiong (Ligusticum wallichii [60 g]), baizhi (Angelica dahurica [60 g]), dahuang (Rheum officinale [30 g]), ruxiang (Boswellia carterii [30 g]), and bohe (Fructus forsythiae [30 g]), as well as the resin moyao (Myrrh [30 g]) and mineral mangxiao (Mirabilite [120 g]). T. wilfordii, R. officinale, and A. dahurica were refluxed in a volume of 75% ethanol eight times the combined weight of the three components for 1 h. The extracts were combined and filtered, and the ethanol was separated from the filtrate and set aside with the residue stored in another container. L. wallichii, B. carterii, and myrrh were added to a volume of water 6 times the combined weight of the three components and the volatile oils were extracted for 8 h, and the liquid was filtered and set aside. The residues of L. wallichii, B. carterii, and Myrrh were combined with those of T. wilfordii, R. officinale, and A. dahurica; Mirabilite was added along with a 6 × volume of water. The mixture was decocted for 1 h and filtered; the filtrate was combined with the extract liquids that had been set aside, concentrated to a relative density of 1.055–1.075 (75°C), and filtered through a 100-mesh sieve and set aside. F. forsythiae was steam-distilled and frozen, and partially decapitated to obtain 0.3 ml peppermint oil. The volatile oils extracted from L. wallichii, B. carterii, and Myrrh were combined with the peppermint oil and ethyl benzoate and dissolved in ethanol. Carboxymethyl cellulose sodium and glycerol were added with stirring. Water was then added to the concentrated extract liquid up to a weight of 1,000 g with continuous stirring until a gel was obtained. The names of the TCM ingredients in Chinese and English are listed in Supplementary Material.
QRHXD placebo granules were composed of lactose, starch, edible colorant, and bitter taste agents packaged in a tin foil bag identical to the one containing QRHXD granules and had the same color, texture, taste, and smell as the actual medicine. The QRHXEP placebo gel was prepared from viscous agent with cane sugar color added so that it had the same color, texture, and smell as the actual QRHXEP gel. The MTX and HCQ placebo tablets were composed of lactose, starch, carboxymethyl starch sodium, and magnesium stearate and had the same color, texture, taste, and smell as the actual drugs.
The quality of the TCM granules and gel was evaluated according to the 2005 Chinese pharmacopoeia (Chinese Pharmacopoeia Commission, 2005). Before the start of the trial, the TCM granules and gel were tested for heavy metals, microbial contamination, and residual pesticides, and were determined to meet the safety standards in China. Laboratory personnel were blinded to the identity of the TCM granules and gel. QRHXD and QRHXEP and their placebos were prepared by the same manufacturer. The medicines were distributed to the 16 study sites from the same source.
Measurements
The patients were observed for 24 weeks. The primary outcome measure was the change in DAS-28 from baseline to week 24, and the secondary outcome measures were ACR-20, ACR-50, and ACR-70 (ACR criteria for 20, 50, and 70% improvement, respectively), which were evaluated at week 24. DAS-28 was based on erythrocyte sedimentation rate (ESR), 28 tender and swollen joint counts (TJC and SJC, respectively), general health (GH; patient assessment of disease activity according to a 100-mm visual analogue scale with 0 = best and 100 = worst), and levels of acute phase reactant (ESR [mm/h]), and was calculated as 0.56 × √(TJC28) + 0.28 × √(SJC28) + 0.014×GH + 0.70 × ln(ESR) (Wells et al., 2009). The ACR-20/50/70 response was defined as ≥ 20%/50%/70% improvement in both the TJC and SJC and ≥ 20%/50%/70% improvement in three of the five other core measures (resting pain, patient’s global assessment, physician’s global assessment, Health Assessment Questionnaire [HAQ] score, and ESR/C-reactive protein ratio) (Felson et al., 1995). Physical function was assessed at baseline and at week 24 with the HAQ (Bruce and Fries, 2005). Safety was assessed based on routine blood and urine tests, liver (alanine aminotransferase and aspartate aminotransferase) and renal (blood urea nitrogen and creatinine) function, electrocardiogram, and treatment-related (TR)AEs at week 24.
Sample Size
The sample size was determined by the primary outcome. Assume that the ratio of the three groups is 1:1:1, using a two-sided test with a significance level (α) of 0.05 and a power (1-β) of 0.90, and the required sample size is estimated by SAS 9.4 software for 129 cases in each group. Allowing for a dropout of about 20%, and the TCM group, WM group and the IM group each required 156 cases, a total of 468 cases.
Statistical Analysis
Intention-to-treat (ITT) approach was performed using in all of analyses. Continuous data was presented as mean (SD), and categorical data was presented as numbers and/or percentages. A one-way ANOVA or Kruskal–Wallis rank test combined with the t or Wilcoxon rank test for post hoc testing was used in analyzing the continuous data. The chi-square or Fisher exact test was used in analyzing the categorical data. The Kruskal–Wallis test combined with the Wilcoxon rank test for post hoc testing was used in analyzing the ordinal data. A one-way ANOVA or Kruskal–Wallis rank test combined with the t or Wilcoxon rank test for post hoc testing was used in analyzing difference value (change before and after the treatment) among three groups. For this three-arm clinical study (groups TCM, WM, and IM), we care about whether there are differences in the efficacy of the three groups. Therefore, after completing the difference test for the three groups, it is necessary to further conduct multiple comparisons between the three groups. In order to avoid false positive results, it is necessary to adjust the test level in the multiple comparison. The Bonferroni method is one of the classic methods for the test level adjustment. The processing method is as follows: the accepted test level is divided by the times of multiple comparisons, and then used as the adjusted test level for multiple comparisons. In this paper, it is necessary to complete the pairwise comparison between the three groups, TCM-WM, TCM-IM, and WM-IM, the test level is adjusted to 0.0167 (0.05/3). That is, the analysis method for two independent samples is used to test the differences between the TCM-WM, TCM-IM, and WM-IM groups. At this time, only when p < 0.0167, the difference is considered to be statistically significant. This method can effectively control the generation of false positive results. Statistical analyses were performed using SAS v9.4 software (SAS Institute, Cary, NC, United States).
RESULTS
Phytochemical Analysis
Preparation and assay methods of QRHXD and QRHXEP are based on the Pharmaceutical standards of the Ministry of Health of the People’s Republic of China (Pharmacopoeia of the people’s Republic of China [2010]). The chemical profiling of QRHXD and QRHXEP was detected using LC/MS/MS method, and the details were provided in Supplementary Material.
Study Participants
Subjects were recruited at 16 medical research centers nationwide (Supplementary Material) from November 2013 to November 2015; the 24-week clinical observation period for all patients was completed in May 2016. A total of 522 patients were screened and 468 were enrolled (156 per group); treatment was discontinued for 109 patients (TCM group, n = 40; WM group, n = 33; IM group, n = 36) and 8 cases were excluded (TCM group, n = 3; WM group, n = 2; IM group n = 3) (Figure 1). There were no significant differences in baseline characteristics between the three groups (Table 1).
[image: Figure 1]FIGURE 1 | Flowchart of patient selection and treatment group allocation.
TABLE 1 | Baseline characteristics of the study population (analysis based on full analysis set or safety set).
[image: Table 1]Primary Outcome Measure (Disease Activity Score-28)
There was no significant difference in DAS-28—the primary outcome measure—among the three groups at baseline (Tables 2, 3). At week 24, DAS-28 was decreased in all three groups compared to the baseline score (p < 0.0001). The rank order of DAS-28 at week 24 was IM < WM < TCM (p < 0.05) (Tables 4, 5); the score was decreased to 4.20 ± 1.56 in the TCM group, 3.58 ± 1.28 in the WM group, and 3.39 ± 1.27 in the IM group (all p < 0.0001 vs. baseline). The difference value of DAS-28 (i.e., change in score from baseline to week 24) was greater in the IM (2.10 ± 1.12) and WM (2.24 ± 1.40) groups than in the TCM group (1.60 ± 1.17) (p < 0.05), while no difference was observed between the former two groups (p > 0.05) (Figure 2).
TABLE 2 | Distribution of DAS-28 scores and their decline in patients (analysis based on full analysis set).
[image: Table 2]TABLE 3 | Distribution of DAS-28 scores and their decline in patients (analysis based on per protocol set).
[image: Table 3]TABLE 4 | Comparisons of the decline in DAS-28 score between treatment groups (analysis based on full analysis set).
[image: Table 4]TABLE 5 | Comparisons of the decline in DAS-28 score between treatment groups (analysis based on per protocol set).
[image: Table 5][image: Figure 2]FIGURE 2 | Change in DAS-28 score (full analysis set). TCM, TCM group; MTX+HCQ, WM group; TCM+MTX+HCQ, IM group.
Secondary Outcome Measures
American College of Rheumatology-20/50/70
There was no significant difference in ACR-20, ACR-50, and ACR-70 between the three groups at 24 weeks (p > 0.05) based on the full analysis set (FAS) (Tables 6, 7). ACR-20 and ACR-70 responses at 12 weeks were lower in the TCM group than in the WM and IM groups (p < 0.05). There was no significant difference in ACR-50 between the WM and IM groups at 12 weeks (p > 0.05). At 24 weeks, there were no differences in ACR responses among the TCM, WM, and IM groups (ACR-20: 73.04, 80.17, and 73.95%, respectively, p = 0.3764; ACR-50: 40.87, 47.93, and 51.26%, respectively, p = 0.2674; ACR-70: 20.87, 22.31, and 25.21%, respectively, p = 0.7218).
TABLE 6 | ACR-20, ACR-50, and ACR-70 measurements (analysis based on full analysis set).
[image: Table 6]TABLE 7 | ACR-20, ACR-50, and ACR-70 measurements (analysis based on per protocol set).
[image: Table 7]Based on the per protocol set (PPS), ACR-20 response at 12 weeks was significantly lower in the TCM group than in the WM and IM groups (p < 0.05) (Tables 8, 9). There was no significant difference in ACR-50 and ACR-70 between the latter two groups at 12 weeks (p > 0.05). Similarly, at 24 weeks there were no differences in ACR responses among the TCM, WM, and IM groups (ACR-20: 73.45, 80.00, and 74.36%, respectively, p = 0.4431; ACR-50: 40.71, 48.33, and 51.28%, respectively, p = 0.2540; ACR-70: 20.35, 22.50, and 24.79%, respectively, p = 0.7237).
TABLE 8 | Comparisons of ACR-20, ACR-50, and ACR-70 standard remission between treatment groups (analysis based on full analysis set).
[image: Table 8]TABLE 9 | Comparisons of ACR-20, ACR-50, and ACR-70 standard remission between treatment groups (analysis based on per protocol set).
[image: Table 9]Safety
No patients died during the study period. More patients in the WM group (n = 12) discontinued treatment because of TRAEs than in the IM (n = 3) and TCM (n = 2) groups (p < 0.05) (Tables 10, 11). Fewer patients in the TCM group reported gastrointestinal discomfort (n = 4) compared to the WM group (n = 18) and IM group (n = 16) (p < 0.05). Nausea occurred in one patient treated with TCM compared to eight patients in the WM group and 10 in IM the group (p < 0.05). Bacteriuria was also reported at a lower rate in patients treated with TCM (n = 8 vs. 20 with WM and 19 with IM) (p < 0.05). There was no significant difference in the frequency of other TRAEs among the groups. The overall rate of TRAEs was lower in the TCM group than in the other two groups (p < 0.05).
TABLE 10 | Adverse events (analysis based on safety set).
[image: Table 10]TABLE 11 | Laboratory parameters (analysis based on safety set).
[image: Table 11]DISCUSSION
The pathogenesis of RA is unknown. The aims of currently recommended treatments are mainly to reduce inflammation, suppress disease activity and delay progression, and prevent bone deformity. RA is classified as “Bi syndrome” in TCM, which refers to a group of diseases involving joint and muscle pain such as RA, osteoarthritis, soft tissue damage, etc. The philosophy of TCM is to maintain overall health and intervene at early stages of disease to prevent progression. However, there is no professional term of “active RA” in TCM. Joint swelling and pain caused by inflammation in RA is considered to be related to dampness, heat, and stasis, which are similar to the active (inflammatory) period of RA (Liu and Jiang, 2020). Therefore, we take the internationally recognized disease activity evaluation standard DAS-28 > 3.2 as the objective identification of RA “damp-heat-stasis syndrome”.
The results of this study demonstrate that TCM treatment is both effective and safe for the treatment of active RA compared to csDMARDs. DAS-28 at 24 weeks was lower in patients treated with QRHXD alone than in those treated with MTX plus HCQ; thus, Qingre Huoxue treatment did not have the expected therapeutic advantage over standard RA treatments. However, it is worth noting that the score was lower in the IM group than in the WM group at the end of the treatment period, suggesting that QRHXD can enhance the efficacy of csDMARDs. It was previously reported that QRHXD is suitable for the treatment of “damp-heat-stasis” as it delayed disease activity by reducing inflammation and potentially conferred bone protection (Jiang et al., 2012). In line with the comprehensive treatment approaches used in TCM, patients received QRHXD and QRHXEP during the active period of RA. QRHXEP should not be ignored in efficacy assessments; however, as a topical formulation, its effects begin to decline after about 4 weeks and last only 12 weeks; thus, by the end of the 24-week study period, QRHXD was likely responsible for the observed therapeutic effects of TCM.
In order to standardize the evaluation of “damp-heat-stasis syndrome”, we used DAS-28 > 3.2 to define the active period of RA. DAS-28 (Prevoo et al., 1995), which is based on a count of 28 swollen and tender joints and ranges from 0 to 9.4, can be used to objectively evaluate a patient’s response to treatment (Fransen and van Riel, 2009). The European League Against Rheumatism response criteria combine the DAS-28 score at the time of evaluation with the change in DAS-28 score between two time points, which is a more useful measure of treatment response (van Gestel et al., 1998). Combining DAS-28 score and ACR-20/50/70 can provide more information on the therapeutic benefit of TCM for the treatment of RA beyond its effect on joints (He et al., 2007; He et al., 2008; He et al., 2014).
This is the first registered randomized controlled trial investigating the efficacy and safety of TCM Qingre Huoxue treatment compared to csDMARDs in active RA. Given the large sample size and the involvement of numerous medical centers, the results are representative of the Chinese population. We found that the TCM Qingre Huoxue treatment improved DAS-28 from baseline to week 24, whether it was administered alone or in combination with MTX and HCQ. In the FAS, ACR-20 was 73.04%, ACR-50 was 40.87%, and ACR-70 was 20.87% with TCM Qingre Huoxue treatment at 24 weeks; the TCM efficacy at the end of the study was only slightly lower than that observed in the WM and IM groups. In this study, we found that Qingre Huoxue treatment can improve DAS-28 score and ACR-20/50/70 by improving joint tenderness, joint swelling, ESR and CRP. According to other studies (He et al., 2007; He et al., 2014), ACR-20 and ACR-50 responses with WM treatment were higher at 24 weeks than in the TCM group. Whether a therapeutic advantage of TCM over MTX and HCQ will be revealed with a longer follow-up period remains to be determined. At 24 weeks, ACR-20/50/70 was similar in patients treated with QRHXD alone to in those treated with MTX plus HCQ. In clinical practice, we often use QRHXD as a prescription for RA patients from active stage to remission stage, whether a longer follow-up might show further benefit for QRHXD treatment can only be answered with such a longer study.
In our study, subjects in the WM group received a combination the csDMARDs MTX and HCQ (Singh et al., 2016). In China, most rheumatologists choose to use two kinds of csDMARDs combined with drugs in the treatment of active RA patients, and MTX alone is only used for RA patients with mild condition. The combination of MTX and HCQ is the most commonly used prescription. Therefore, MTX + HCQ is more representative in China. With this treatment, DAS-28 score in the FAS decreased and ACR-20/50/70 responses were 80.17, 47.93, and 22.31%, respectively, at 24 weeks, which is in line with results obtained in other studies (O’Dell et al., 2002; Hua et al., 2020; Zhang et al., 2020). In one study, an ACR-20 of 71.4% was reported after 24 weeks with MTX treatment alone, which was lower than the response achieved with the combination of MTX and HCQ (Westhovens et al., 2021). In our study, there were no differences in ACR-20/50/70 among the three groups at 24 weeks.
The TCM group had the lowest rate of TRAEs. Patients in the WM group were more likely to discontinue treatment due to TRAEs, and reported significantly higher rates of gastrointestinal discomfort (e.g., nausea) and bacteriuria along with the IM group compared to patients treated with TCM. These data suggest that TCM is more suitable for RA patients with poor gastrointestinal function or urinary tract bacterial infection, especially as the use of TCM did not increase the risk of infections (Table 10).
CONCLUSION
The results of this study provide evidence that Qingre Huoxue treatment (QRHXD plus QRHXEP) is effective for the treatment of patients with active RA, with a better safety profile than MTX and HCQ. While the efficacy of QRHXD alone was lower than that of the two csDMARDs, combining QRHXD with MTX and HCQ yielded the greatest improvement in disease activity. The efficacy of QRHXD alone was similar to that of MTX + HCQ in achieving ACR-20/50/70. Thus, QRHXD is a useful adjunct that should be considered as a viable option in the management of RA.
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Wang Bi tablet (WBT) is used to treat rheumatoid arthritis (RA) in China. We employed integrative pharmacology, including rapid analysis of chemical composition, pharmacological experiment, and network pharmacology analysis, to elucidate the active components and mechanism underlying the effect of WBT against RA. The chemical fingerprint of WBT was revealed by UPLC-QTOF-MS/MS, and the chemical composition was identified. The anti-inflammatory effect of WBT was evaluated in TNF-α-stimulated RAW264.7 cells by ELISA and transcriptome sequencing. Network pharmacology analysis, functional enrichment analysis, and network visualization were performed. A total of 293 chemical constituents were preliminarily identified or tentatively characterized in WBT extract, and they effectively inhibited inflammatory response in TNF-α-stimulated RAW264.7 cells. Forty-eight key active constituents were identified based on high-frequency binding to hub targets and their corresponding targets number. Next, 135 corresponding hub genes, which may be the putative targets of WBT in treating RA, were selected. Functionally, the putative targets were significantly associated with the inflammatory immune response regulation module, energy metabolism regulation module, and cell function regulation module, corresponding to the traditional efficacy of WBT. In summary, this study revealed, for the first time using integrative pharmacology, that WBT may attenuate RA through the inflammation-immune regulation system.
Keywords: TCMIP, integrative pharmacology strategy, UPLC-QTOF-MS/MS, rheumatoid arthritis, Wang Bi Tablet
INTRODUCTION
Rheumatoid arthritis (RA) is a chronic autoimmune disease characterized by synovial hyperplasia, inflammatory cell infiltration, pannus formation, and destruction of articular cartilage and bone matrix, and this disease develops symmetrically and destructively, eventually leading to articular deformity and loss of function (Smolen et al., 2016; Burmester and Pope, 2017; McInnes and Schett, 2017; Aletaha and Smolen, 2018). RA has a worldwide prevalence of approximately 0.5–1%, affects women 2–3 times more often than men, and occurs in adolescents, adults, and the elderly, with a high incidence in people aged 40–60 years (Saraux et al., 2006; Myasoedova et al., 2010). Globally, the overall age-standardized prevalence and incidence rates of RA have been increasing since 1990 (Safiri et al., 2019). Between 2005–2014, the overall incidence of RA was stable compared with that in the previous decade, possibly owing to the changing prevalence of lifestyle factors, such as smoking and obesity (Myasoedova et al., 2020). As RA is a chronic, progressive disease, patients with RA have serious comorbid conditions, such as infection (Au et al., 2011), osteoporosis (Jin et al., 2018), cardiovascular disease (England et al., 2018), respiratory disease (Chatzidionisyou and Catrina, 2016), and cancer (Askling, 2007). Early diagnosis and treatment could slow down the progression of arthritic damage in 90% of RA patients, thereby preventing irreversible disability (Goekoop-Ruiterman et al., 2005). However, only a few patients can achieve long-term remission without long-term medical treatment (Matcham et al., 2014). At present, the western drugs for RA can be divided into five generations according to the development time and principles: nonsteroidal anti-inflammatory drugs, glucocorticoids, disease-modifying antirheumatic drugs, early biological agents mainly composed of TNF-α inhibitors, and new biological agents directly targeting T cells. In recent years, the development of effective biologics and small-molecule kinase inhibitors has markedly improved both the management and long-term prognosis of RA. However, these treatments are mainly used to relieve symptoms, and they cause adverse side effects including vomiting, rash, leukopenia, and liver and kidney damage. Therefore, it is urgent to find a safe and effective treatment strategy to improve both the management and long-term prognosis of RA.
Traditional Chinese medicine (TCM) is a medical and pharmaceutical system with unique theories and techniques that reflect the Chinese nations understanding of life, health, and disease. Wang Bi was first proposed by Mr. Shude Jiao in 1981 in China, mainly refers to RA and other diseases with joint deformation and bone damage, such as ankylosing spondylitis, tuberculous arthritis, and Kashin-Beck disease (Jiao and Wang, 2009). Owing to its minor side effects and reasonable treatment expenditure, TCM has become a significant strategy for treating chronic, complex, and geriatric diseases, such as RA, diabetes, emphysema, and chronic nephritis. Herbal TCMs, such as Danggui Sini decoction (Cheng et al., 2017), Guizhi Fuzi decoction (Peng et al., 2013), Huangqi Guizhi Wuwu decoction (Wang et al., 2010), and Wang Bi tablet (WBT) (Yang et al., 2009; Kang et al., 2011; Wu and Shen, 2011; Liu et al., 2012), have a long history of use in the treatment of RA. WBT is a Chinese patent medicine produced exclusively by Liaoning Haohushi Pharmaceutical (Group) Co., Ltd., and it has been recorded in the Pharmacopeia of the People’s Republic of China from the 2010 edition. WBT is composed of 17 herbal medicines, including Rehmannia glutinosa (Gaertn.) DC (Sheng Dihuang, SDH) 15.4g, processed R. glutinosa (Shu Dihuang, SD) 15.4g, Dipsacus asper Wall. ex DC (Xu Duan, XD) 11.5g, Aconitum carmichaelii Debeaux (Fu Zi, FZ) 11.5g, Angelica pubescens Maxim (Du Huo, DH) 7.7g, Drynaria fortunei (Kunze ex Mett.) J. Sm (Gu Suibu, GSB) 11.5 g, Cinnamomum cassia (L.). J. Presl (Gui Zhi, GZ) 7.7g, Epimedium brevicornu Maxim (Yin Yanghuo, YYH) 11.5g, Saposhnikovia divaricata (Turcz.) Schischk (Fang Feng, FF) 7.7g, Clematis chinensis Osbeck (Wei Lingxian, WLX) 11.5 g, Gleditsia sinensis Lam (Zao Jiaoci, ZJC) 7.7g, Paeonia lactiflora Pall (Bai Shao, BS) 9.2 g, Cibotium barometz (L.). J. Sm (Gou Ji, GJ) 11.5g, Anemarrhena asphodeloides Bunge (Zhi Mu, ZM) 11.5 g, Lycopodium japonicum Thunb (Shen Jincao, SJC) 7.7g, Carthamus tinctorius L. (Hong Hua, HH) 7.7g, and goat or sheep bones 15.4g.
Accumulating evidence from clinical practices has proved the efficacy of WBT against RA (Yang et al., 2009; Wu and Shen, 2011) and its ability to enhance the therapeutic efficacy of western medicines, such as methotrexate (Li, 2013; Zhang, 2016; Fan, 2019), in the treatment of RA. Until now, WBT research has been focused on the clinical practice. Thus, at present, basic research on WBT is still lacking in China. There is only one report on analysis of the chemical composition of WBT, in which 138 compounds were characterized by UPLC-Q-TOF-MS (Wang et al., 2019). Research on the pharmacological mechanism of WBT is limited to the NF-κB and JAK-STAT3 signaling pathways (Guan et al., 2018; Shen et al., 2019) as well as the balance between Th1 and Th2 cells (Wang et al., 2020). As a consequence, the pharmacological mechanism of WBT is largely unclear.
Integrative pharmacology, first proposed in 2014 (Xu and Yang 2014), is an interdisciplinary science that comprehensively explores the interactions between multiple constituents of TCM and the body at multiple levels, such as molecules, cells, tissues, organs, and animals (Wang et al., 2018). Integrative Pharmacology-based Network Computational Research Platform of Traditional Chinese Medicine (TCMIP v2.0, http://www.tcmip.cn/), which is composed of five databases (Xu et al., 2019) and seven functional modules (Xu et al., 2017), could assist the identification of chemical constituents and the elucidation of the molecular mechanisms of TCM (Mao et al., 2019; Feng et al., 2020; Ma et al., 2020). In the Database of TCM ingredients, we have introduced a characteristic parameter, namely “quantitative estimate of drug-likeness” (QED) to evaluate the druggability of our herbal components. QED includes ADME, water solubility, plasma protein binding rate, blood brain barrier permeability, inhibition of hepatic drug enzymes, hepatotoxicity, and intestinal absorption rate (Bickerton et al., 2012; Doak et al., 2014; Doak et al., 2016).
Therefore, we aimed to systematically analyze the chemical compositions of WBT and explore its molecular mechanisms against RA through the following scheme, as shown in Figure 1: 1) analyzing the chemical components of WBT via UPLC-QTOF-MS/MS and identifying the main chemical components by using the UNIFI 1.8 software; 2) evaluating the anti-inflammatory activity of WBT in TNF-α-stimulated RAW264.7 cells via transcriptome sequencing; 3) predicting the putative targets of the identified chemical components of WBT and collecting the putative targets of RA using TCMIP; 4) constructing a network of “Anti-inflammatory Core Genes-Putative Targets-RA genes” to identify the hub genes; 5) selecting key active constituents according to the binding frequency between hub targets and WBT components, and 6) conducting a functional enrichment analysis to investigate whether the molecular mechanisms of WBT against RA is mediated via regulation of its candidate targets. The findings of this study would advance our understanding of the pharmacological mechanism of WBT against RA.
[image: Figure 1]FIGURE 1 | The scheme of the present study based on the “integrative pharmacology strategy” to elucidate the main active components and mechanism of WBT in treating RA.
MATERIALS AND METHODS
Chemicals and Reagents
HPLC-grade methanol and acetonitrile were purchased from Fisher Scientific Co. (Loughborough, United Kingdom). HPLC-grade formic acid was purchased from Sigma-Aldrich (St. Louis, MO, United States of America). Distilled water was purchased from Watsons Water Co., Ltd. (Shenzhen, China). SDH, SD, XD, FZ, DH, GSB, GZ, YYH, FF, WLX, ZJC, BS, GJ, ZM, SJC, HH, and goat or sheep bones were purchased from Shanghai Traditional Chinese Medicine Co., Ltd. (Shanghai, China). The herbal medicines were identified by Mrs. Xirong He, a research assistant at the China Academy of Chinese Medical Sciences (Beijing), and the voucher specimens were deposited at the Institute of Chinese Materia Medica, China Academy of Chinese Medical Sciences.
Recombinant human TNF-α (catalog #300-01A) was purchased from PeproTech, Inc (Rocky Hill, NJ, United States of America). An MTT assay kit (ab211091) as well as IL-1β (ab46052) and IL-6 (ab178013) ELISA kits were purchased from Abcam (Burlingame, CA, United States). Dulbecco's modified eagle medium (DMEM) (LOT26019006), 0.25% trypsin (LOT10519010), penicillin streptomycin solution (LOT30002341), and phosphate buffer saline (PBS) (LOT18919010) were purchased from Corning, Inc (NY, United States). Fetal bovine serum (LOT10099-141) was purchased from Gibco BRL Co. (Boise, Idaho, United States). Methotrexate was purchased from Sigma-Aldrich (St. Louis, MO, United States of America).
Preparation of Herbal Extracts
WBT preparation was conducted in complete compliance with that recorded in the Chinese Pharmacopeia (P985-986, 2015 edition). The procedure was as follows. Briefly, SDH 15.4 g, SD 15.4 g, GSB 11.5 g, GJ 11.5 g, and goat or sheep bones 15.4 g were decocted twice in eight and six volumes of water for 1.5 h. The decoctions were filtered and then combined to obtain extract S1. The remaining 12 herbal medicines were decocted as before to obtain extract S2. Next, S2 was evaporated under reduced pressure to the weight of the original herbal medicines in a rotary evaporator and then mixed with three volumes of EtOH. The mixture was allowed to stand for 16.0 h, and then the EtOH in the supernatant was recovered under reduced pressure to obtain extract S3. S1 and S3 were combined and concentrated under reduced pressure to obtain a thick paste (S4) with a relative density of 1.27–1.30 (50°C). BS 46 g and ZM 57.5 g were ground into powder and then filtered through a 100-mesh sieve. The fine powder was mixed thoroughly with S4 before freeze drying, and the lyophilized powder was screened through a 40-mesh sieve. Six batches of herbal medicines were extracted in parallel.
The fine lyophilized powder of WBT was ultrasonically extracted using 20 volumes of 70% MeOH for 0.5 h before centrifugation at 12,000 ×g for 10 min in an Eppendorf 5415D centrifuge (Eppendorf Co., Hamburger, Germany). After the supernatant was filtered through a 0.22 μm filter (Pall Corporation, Beijing, China), 2 μl aliquots were transferred to the UPLC-QTOF-MS/MS system for analysis. The quality control (QC) samples of WBT were prepared by mixing the six batches of herbal medicines.
Instrumentation and UPLC-QTOF-MS/MS Conditions
The UPLC separation was performed using a Waters Acquity UPLC HSS T3 column (100 mm × 2.1 mm, i. d. 1.8 μm) on a Waters Acquity UPLC I-Class system (Waters Corp., Milford, United States of America). The column was maintained at 40°C. The mobile phases consisted of eluent A (0.1% formic acid in deionized water, v/v) and eluent B (0.1% formic acid in acetonitrile, v/v), and the linear gradient program was as follows: 0–1 min, 1% B; 1–10 min, 1–20% B; 10–20 min, 20–40% B; 20–25 min, 40–50% B; 25–28 min, 50–100% B; 28–33 min, 100% B; 33–33.1 min, 1% B; 33.1–35 min, 1% B. The flow rate was 0.5 ml/min, and the injection volume was 2 μl.
The MS experiment was performed on a Waters Xevo G2-S Q-TOF Mass System (Manchester, United Kingdom) equipped with electrospray ionization (ESI). The data acquisition modes were MSE centroid for all samples and the extra continuum mode for QC samples in both the ESI+ and ESI− ionization modes. The operating parameters were set as follows: mass range, 50–1,500 Da; source temperature, 100°C; desolvation temperature, 400°C; desolvation gas flow, 800 L/h; sampling cone, 40 V; capillary voltage, 2.5 KV for ESI−, 0.5 KV for ESI+. At low CE scan, the auto MS collision energy was 6 eV. At high CE scan, the collision energy was 15–45 eV ramp for ESI+ and ESI−.
Leucine enkephalin was selected as the lock-mass at a concentration of 200pg/ml in acetonitrile (0.1% formic acid): H2O (0.1% formic acid) (50:50, v/v) for the positive ion mode ([M + H]+ = 556.2771) and negative ion mode ([M−H]− = 554.2615) via a lock spray interface.
Cell Culture
RAW264.7 murine macrophage-like cells were obtained from Cell Resource Center, IBMS, CAMS/PUMC (Beijing, China) and cultured in DMEM supplemented with 10% heat-inactivated fetal bovine serum and antibiotics (100 U/ml penicillin and 100 U/ml streptomycin) at 37°C in a biochemical incubator (LRH-150, Shanghai, China) with humidified atmosphere containing 95% O2 and 5% CO2.
MTT Assay
The cytotoxicity of WBT was analyzed via MTT assay. RAW264.7 cells (1 × 105 cells/well) were plated in 96-well plates (p = 6) and incubated for 24 h. After washing with PBS, WBT (12.8, 25.6, 128, 640, 3200, 1.6 × 104, 8.0 × 104, 4.0 × 105, 2.0 × 106, 1.0 × 107 ng/ml) or PBS was added to the cells, which were then incubated for another 24 h. Cell viability was evaluated using an MTT assay kit (#ab211091; Abcam) according to the manufacturer’s protocol, and the absorbance was detected by a PerkinElmer EnVision multimode plate reader (2104, Wellesley, MA).
Drug Treatment
RAW264.7 cells were seeded on 96-well plates (p = 6) at a density of 1 × 105 cells per well and incubated for 24 h. Next, the medium was discarded, and the cells were washed with PBS. The cells were subsequently incubated with PBS, TNF-α (20 ng/ml), TNF-α (20 ng/ml) + WBT (0.001, 0.01, 0.1, 1.0, or 10 μg/ml), or TNF-α (20 ng/ml) + methotrexate (MTX, 0.2 μg/ml) for another 24 h. Finally, the supernatant was collected for measurement of IL-1β and IL-6 using ELISA kits according to the manufacturer’s instructions.
RNA Extraction and Quality Control
Total RNA was isolated using a RNeasy mini kit (Qiagen, Germany) according to the manufacturer’s protocol. RNA integrity was evaluated using an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, United States of America). The quantity of total RNA in the samples was measured using a Qubit®3.0 Fluorometer (Thermo Fisher Scientific, United States of America) and NanoDrop One (Wilmington, DE, United States of America).
mRNA-Seq
Paired-end libraries were synthesized using a TruSeq™ RNA Sample Preparation Kit (Illumina, United States of America) following the TruSeq™ RNA Sample Preparation Guide. Briefly, poly A-containing mRNA molecules were purified using poly T oligo-attached magnetic beads. Following purification, the mRNA was fragmented into small pieces using divalent cations at 94°C for 8min. The cleaved RNA fragments were copied into first-strand cDNA using reverse transcriptase and random primers. This was followed by second-strand cDNA synthesis using DNA Polymerase I and RNase H. These cDNA fragments then went through an end-repair process, the addition of a single ‘A’ base, and then ligation of the adapters. The products were then purified and amplified via PCR to create the final cDNA library. Purified libraries were quantified using a Qubit® 2.0 Fluorometer (Life Technologies, United States of America) and validated using an Agilent 2100 Bioanalyzer (Agilent Technologies) to confirm the insert size and calculate the mole concentration. Clusters were generated by cBot with the library diluted to 10 pM and then sequenced on an Illumina NovaSeq 6000 (Illumina, United States of America). The sequencing work was performed by Beijing Zhimei Yinuo Biotechnology Co., Ltd. (Beijing, China). The sequencing data has been uploaded to GEO website with Series record GSE165272.
Bioinformatic Analysis
Bioinformatic analysis was also undertaken by Zhimei Yinuo Biotechnology Co., Ltd. The whole procedure is shown in Figure 2.
[image: Figure 2]FIGURE 2 | The whole procedure of bioinformatic analysis of transcriptomics.
Prediction the Putative Targets of the Chemical Constituents of WBT
The TCM target prediction and function analysis module (TTFM) of TCMIP was employed to predict the putative targets of the compounds preliminarily identified in WBT. The prediction accuracy was set at 0.80 (moderate to high similarity) to select constitute-putative target pairs, and these genes were saved in the customer center. Simultaneously, the QED value was set at 0.49, and constituents with QED <0.49 will be filtered out.
Collection of RA-Related Genes From TCMIP
The disease name “rheumatoid arthritis” and symptom nouns, such as “joint swelling”, “morning stiffness”, and “arthralgia” were selected to search in TCMIP in order to obtain RA-related genes among those saved in the personal user center.
Network Visualization and Functional Enrichment Analysis
NaviGator v3.0 was employed to establish a network, and the Database for Annotation, Visualization and Integrated Discovery (DAVID) v6.8 (https://david.ncifcrf.gov) was used to elucidate the biological functions of the core efficacy gene set.
Data Analysis
The UPLC-QTOF-MS/MS system was controlled by the Masslynx 4.1 software (Waters Corp.). The MSE continuum data were processed by UNIFI 1.8 (Waters Corp.). The processes included data acquisition, data mining, library searching, and report generation. The chemical information of the 16 herbal medicines (except for goat or sheep bones) was collected in a list consisting of molecular name/formulae/weights and chemical structures (mol. format) from the literature and the Encyclopedia of Traditional Chinese Medicine (http://www.nrc.ac.cn:9090/ETCM/) (Xu et al., 2019). The list, as a customized library that could facilitate chemical identification, is shown in Supplementary Excel S1 [M+H]+, [M+K]+, [M+Na]+, [2M+H]+, and [M-e]+ were selected as additive ions in the positive ion mode. [M+COOH]-, [M-H]−, and [2M-H]− were selected in the negative ion mode. The allowable maximum error range was 5 mDa/10 ppm, and the matched constituents were given the predicted fragments from the structure. The functional module of the mass fragment could facilitate the chemical identification of unmatched constituents based on the isotopic abundance, elemental composition, and i-FIT score.
RESULTS
Characterization and Identification of Chemical Constituents in WBT
A total of 293 compounds were identified or tentatively characterized in both the positive (165) and negative 229) ion modes, including flavonoids, alkaloids, glycosides, coumarins, saponins, phenolic acid, and iridoids. The base peak intensity (BPI) chromatograms of WBT in two ion modes are depicted in Figures 3A,B. Among the 293 constituents characterized, 45 were identified in SDH or SD, 28 in XD, 23 in FZ, 23 in DH, 15 in GSB, 14 in GZ, 36 in YYH, 22 in FF, 7 in WLX, 8 in ZJC, 28 in BS, 8 in GJ, 26 in ZM, 16 in SJC, and 31 in HH. Detailed information of the 293 compounds is listed in Supplementary Excels S2, S3, including RT, M/Z, error, response, adducts, formula, name, fragments, category, and origin.
[image: Figure 3]FIGURE 3 | BPI chromatograms of WBT extracts (A) ESI+; (B) ESI−), and spectrum information of baohuoside VI (C) and akebiasaponin D (D) automatically provided by UNIFI™.
The BPI chromatograms of the water extract of WBT corresponding to the positive and negative ion modes are shown in Figures 3A,B. The mass spectra of two compounds are shown below. The ion at RT = 15.37 and [M + H]+ = 823.3022 was primarily identified as baohuoside VI (C39H50O19) in ESI+ after matching with data from the customized database (Supplementary Excel S4) of UNIFI. The main fragments were m/z 677.2438 [M + H-rha]+, 531.1860 [M + H-2rha]+, 369.1328 [M + H-Glc-2rha]+, and 313.0703 [M + H-Glc-2rha-C4H7]+, which were consistent with those in literature (Yu et al., 2016). In the same way, the ion at RT = 17.27 and [M-H]− = 927.4931 was primarily identified as akebiasaponin D (C47H76O18) in ESI−. The main fragments were m/z 603.3904 [M-H-2Glc]−, 323.0984 [M-H-Glc-C4H8O4]−, and 179.0563 [M-H-Glc-C3H6O3]−, which were consistent with those in literature (Yang et al., 2016). The mass spectra and structures of the two compounds are displayed in Figures 3C,D.
WBT Reduces the Release of IL-1β and IL-6 in TNF-α Stimulated RAW264.7 Cells
The MTT assay showed that WBT exerted no significant cytotoxicity to RAW264.7 cells even at a concentration as high as 1.6 × 104 ng/ml (Figure 4A). Therefore, WBT concentrations ranging from 0.001 to 10 μg/ml were selected for the examination of the anti-inflammatory activity of WBT in TNF-α-stimulated RAW264.7 cells. In RAW264.7 cells stimulated with TNF-α (20 ng/ml) for 24 h, IL-1β and IL-6 levels in the culture medium were significantly increased (p < 0.01) compared with that in the control group. MTX, as a positive drug, exhibited an excellent effect against inflammatory responses, suggesting a good pharmacodynamic evaluation system. In RAW264.7 cells co-cultured with TNF-α and WBT at 0.1, 1, and 10 μg/ml, IL-1β and IL-6 levels were significantly reduced (p < 0.01) in a dose-dependent manner. WBT at a low dose (0.001, 0.01 μg/ml) did not exhibit any anti-inflammatory effects (Figures 4B,C).
[image: Figure 4]FIGURE 4 | WBT prevents inflammatory response induced by TNF-α in RAW264.7 cells in a dose-dependent manner. Cell viability was determined by MTT assay (A). The levels of IL-1β (B) and IL-6 (C) in cell culture supernatant were detected by ELISA kits (Mean ± SD, p < 0.05*, p < 0.01**).
RNA-Seq Transcriptional Comparison Between Different Groups and Functional Enrichment Analysis of Core Genes
To elucidate the mechanism by which WBT altered the transcriptomic profile of RAW264.7 cells simulated by TNF-α, RNA-seq experiments were performed. The control, TNF-α, and TNF-α + WBT (1.0 μg/ml) groups were selected as the biological samples according to the level of inflammatory factors. To ensure the accuracy of the analysis, we set three biological replicates for RNA-seq, a fold change of more than 2, and a p value of less than 0.05. Principal component analysis showed good separation between different groups and good consistency in the same group (Figure 5A). After treatment, 593 and 177 genes were differentially regulated between TNF-α vs. Con and between TNF-α+WBT vs. TNF-α, respectively (Supplementary Excel S5, S6). Between TNF-α vs. Con, 376 genes were upregulated, and 217 genes were downregulated; these genes were regarded as “Inflammatory Immune Dysregulation Genes.” Between TNF-α+WBT vs. TNF-α, 92 genes were upregulated, and 85 genes were downregulated; these genes were regarded as “Anti-inflammatory Effect Genes.” Heat maps were generated to visualize the gene expression patterns in the three groups (Figures 5B,C). Interestingly, 45 genes that were differentially expressed between TNF-α vs. Con were significantly counter-regulated by WBT; thus, these genes may be the potential gene set responsible for the efficacy of WBT in reducing inflammatory responses. The 593 and 177 different genes were imported into the STRING database for construction of a PPI network including 264 nodes and 599 edges (Supplementary Excel S7). Thirty-three core nodes of the network were obtained by calculating the topological feature values, including degree, betweenness, and closeness. Generally, the node with a degree value of two-fold the median as well as betweenness and closeness values of one-fold the median is selected as the hub node. The 33 hub nodes included ABL1, ACTG2, ALDH1A7, B2M, C3, CCL2, CCL20, CCL5, CCL9, CES2C, CSF1, CXCL1, CXCL10, CXCR3, EPHA3, EPHA5, H2-K1, HVCN1, IRF7, JUN, MFI2, MMP3, MMP9, NMUR1, OLFM4, PLXNB3, RAB27A, RHBDF2, SEMA3G, THY1, TLR2, TRF, and VCAM1. Based on functional enrichment analysis, these 33 genes were mainly involved in the inflammation-immune regulation module, and the purple box indicates that the pathway information was closely related to the occurrence and development of RA (Figure 5D), such as cytokine-cytokine receptor interaction, chemokine signaling pathway, TNF signaling pathway, NOD-like receptor signaling pathway, and Toll-like receptor signaling pathway.
[image: Figure 5]FIGURE 5 | RNA-seq transcriptional comparison between different groups, and functional enrichment analysis based on network pharmacology. Principal component analysis of transcriptome sequencing results (A). Differential gene expression profiles of TNF-α vs. Con (B) and TNF-α+WBT vs. TNF-α (C) were visualized in heat maps (fold change ≥2, p < 0.05). Pathway enrichment analysis of the hub genes responsible for the anti-inflammatory effect of WBT. The purple box indicated the pathways closely related to the occurrence and development of RA (D).
Underlying Mechanism and Key Active Components of WBT in Treating RA
By using the TTFM of TCMIP, we predicted a total of 1,210 putative targets based on the chemical structures of the 293 identified compounds (Supplementary Excel S8). Moreover, a total of 1681 RA-related genes were collected from the Disease-related Gene Database of TCMIP, as shown in Supplementary Excel S9. To illustrate the underlying mechanisms of WBT against RA, an interaction network of “Anti-inflammatory Hub Genes-Putative Targets- Disease Genes” was constructed using the TCM Association Network Mining Module of TCMIP. The interaction network included 2,251 nodes and 53,254 edges, with a network density of 0.011. A total of 566 core nodes of the network were obtained by calculating the topological feature values. In addition, a PPI network of the 566 core nodes was constructed, which included 566 nodes and 23,558 edges and had a network density of 0.074, which was significantly higher than that of the initial network (density 0.011) and in accordance with network centrality of hub nodes. Finally, 135 hub nodes were obtained by calculating the topological feature values, of which 81 were putative targets of WBT corresponding to 225 chemical constituents.
To explore the biological function of these 135 hub genes, DAVID v6.8 was employed for KEGG analysis. As shown in Figure 6, the pathway information could be divided into five function modules: 1) the synovial inflammation-immune imbalance regulation module. It was the most significant functional module that included NOD-like receptor signaling pathway, B cell receptor signaling pathway, T cell receptor signaling pathway, Fc epsilon RI signaling pathway, Toll-like receptor signaling pathway, primary immunodeficiency, leukocyte transendothelial migration, chemokine signaling pathway, complement and coagulation cascades, natural killer cell-mediated cytotoxicity, regulation of actin cytoskeleton, Fc gamma R-mediated phagocytosis, and cytokine-cytokine receptor interaction; 2) energy metabolism regulation module, including citrate cycle (TCA cycle), oxidative phosphorylation, adipocytokine signaling pathway, neurotrophin signaling pathway, insulin signaling pathway, valine, leucine and isoleucine biosynthesis, glycolysis/gluconeogenesis, and pyrimidine metabolism; 3) cell function regulation module, including focal adhesion, mTOR signaling pathway, ECM-receptor interaction, apoptosis, TGF-beta signaling pathway, and MAPK signaling pathway; 4) synovial pannus formation module, including VEGF signaling pathway and vascular smooth muscle contraction; 5) bone destruction regulation module, including osteoclast differentiation.
[image: Figure 6]FIGURE 6 | Top 30 enriched pathways for the 135 hub genes in the effect of WBT against RA.
The constituents that showed high-frequency binding to hub targets and had high content were selected as the key constituents (the target frequency and content were higher than the corresponding medians). A total of 48 key active constituents were selected, which corresponded to 13 herbal medicines. The detailed information is shown in Supplementary Excel S10. A multidimensional association network of “Herbal Medicines of WBT-Key Active Components-Core Targets-Functional Modules-Traditional efficacy” was visualized using NaviGator v3.0, as shown in Figure 7. Among the hub targets, 13 red triangles and 13 blue triangles represented the genes upregulated or downregulated, respectively, by WBP in the transcriptome data. These hub targets involved in different pathways were divided into four functional models corresponding to different traditional efficacies. The insulin signaling pathway; valine, leucine, and isoleucine biosynthesis; and glycolysis/gluconeogenesis were related to the tonifying of the liver and kidney as well as warming of the kidney to invigorate yang. The focal adhesion mTOR signaling pathway, ECM-receptor interaction apoptosis, TGF-beta signaling pathway, and MAPK signaling pathway were consistent with the elimination of malpractice, relief of pain, and strengthening of tendons and bones. The TCA cycle, oxidative phosphorylation, and adipocytokine signaling pathway were related to tonifying of the liver and kidney as well as warming and transforming of phlegm-damp. The other pathways were consistent with the boosting of blood essence, strengthening of tendons and bones, clearing and activation of the channels and collaterals, and promotion of blood circulation to remove stasis.
[image: Figure 7]FIGURE 7 | Network of “Herbal Medicines of WBT-Key Active Components-Core Modules-Traditional efficacy” was visualized using NaviGator v3.0.
DISCUSSION
In the present study, we analyzed the chemical compositions of WBT and explore its molecular mechanisms against RA using integrative pharmacology. This is the first study to explore the active constituents and underlying mechanism of WBT in treating RA using integrative pharmacology, including rapid analysis of chemical composition, transcriptome sequencing, and network pharmacology analysis. In this study, the BPI chromatogram of WBT extracts was obtained by UPLC-QTOF-MS/MS, and 293 chemical compounds were preliminarily identified or tentatively characterized by matching the MSE raw data to in-house library data using the UNIFI 1.8 software. WBT at 0.1, 1.0, and 10 μg/ml significantly reduced IL-1β and IL-6 levels in RAW264.7 cells stimulated by TNF-α. Moreover, 593 and 177 differential genes were screened between TNF-α vs. Con and between TNF-α+WBT vs. TNF-α based on transcriptome sequencing analysis. An interaction network of “Inflammatory Immune Dysregulation Genes” and “Anti-inflammatory Effect Genes” was constructed, and the hub nodes, as calculated by the topological feature values, were mainly involved in the inflammation-immune regulation module, which is closely related to the occurrence and development of RA. To explore the underlying mechanism of WBT against RA and identify its key pharmaceutically active substances, a multidimensional association network of Real-World Medicines of WBT-Key Active Components-Core Targets-Functional Modules-RA Pathology” was visualized using NaviGator v3.0. A total of 48 key active constituents were obtained based on their high-frequency binding to hub targets and contents in WBT, and 135 hub corresponding genes were selected, which may be the putative targets of WBT in treating RA. Functionally, the 135 putative targets were significantly associated with the inflammatory immune response regulation module, energy metabolism regulation module, and cell function regulation module, corresponding to their traditional efficacy.
WBT is composed of 17 herbal medicines that fit the compatibility principle of Monarch, Minister, Assistant, and Guide. We herein discuss the mechanism of WBT in treating RA according to this principle, as the 48 key active constituents were mainly involved in 13 herbal medicines: SDH and SD are Monarch drugs; YYH, XD, GJ, FZ, DH, FF, WLX, ZC, HH, and BS are Minister drugs; and ZM and BS are Assistant and Guide drugs. The other three herbal medicines and one animal drug may exert therapeutic effects through other pathways or systems than the inflammation-immune regulation system. 21 of the 48 key active constituents belong to flavonoids, 7 alkaloid, 7 steroidal saponin, 3 monoterpenoid, 3 iridoid, 2 coumarins, 1 ribonucleoside, 1 sterol, and 1 tannin. According to our experience, flavonoids may have greater potential against RA. RAW 264.7 cell which we all know is one of the media for RA testing. Inflammation is an important pathological process of RA, so we selected TNF-α as inflammatory inducer.
Interestingly, the enrichment pathways are consistent with the traditional efficacy of the corresponding herbal medicines (Figure 7.). For example, 20 hub genes corresponding to 5 chemical constituents of SDH and DH, are correlated with the regulation of glucose and lipid metabolism and blood circulation, which are consistent with the traditional effect of SDH and SD in “tonifying the liver and kidney, benefiting essence and blood”. 32 hub genes corresponding to 9 chemical constituents of FZ, FF and WLX, are mainly involved in signal transduction and inflammatory response of the nervous system, which are consistent with the traditional effect of the three herbs in “clearing and activating the channels and collaterals”. 24 hub genes corresponding to 8 chemical constituents of YYH, XD, GSB and GJ, are correlated with various regulation pathways and energy metabolism in the body, such as the citrate cycle; oxidative phosphorylation; adipocytokine signaling pathway; neurotrophin signaling pathway; insulin signaling pathway, which consistent with the “warming the kidney and strengthening yang” efficacy of Minister drugs. 44 hub genes corresponding to 19 chemical constituents of ZC and BS, are mainly involved in inflammatory immune regulation pathways, signal transduction, and neuroinflammatory response, which are related to the effects of warm channels and freeing of vessels, invigorating blood circulation and dispersing stasis. 48 hub genes corresponding to 14 chemical constituents of ZM and BS, were mainly involved in the regulatory pathways of nutrients and energy metabolism, blood circulation regulation pathway, which were related to the overall regulation of physical fitness and the enhancement of the effects of other drugs.
In the transcriptome sequencing experiment, we found that IL-13Rα2, Tnfaip3, Tnfrsf14, and Tnfrsf9 were upregulated in TNF-α-stimulated RAW264.7 cells, which was related with the development of inflammation (Wilson et al., 2011). The expression of Il1rn was upregulated in WBT + TNF-α-stimulated RAW264.7 cells, suggesting WBT could ameliorate inflammatory conditions stimulated by TNF-α (Matsuki et al., 2005; Hada et al., 2020). These findings were consistent with ELISA results about IL-1β and IL-6. Moreover, IL-1β and IL-6 were involved in 4 prediction pathways, including cytokine-cytokine receptor interaction, TNF signaling pathway, NOD-like receptor signaling pathway, and Toll-like receptor signaling pathway.
There were two putative genes among the hub targets of WBT, which were also the drug effect genes identified by sequencing, namely hematopoietic cell kinase (HCK) and bone morphogenetic protein 2 (BMP2). The expression level of HCK was significantly downregulated, whereas that of BMP2 was remarkably upregulated after the treatment of RAW264.8 cells with WBT. HCK, a member of the Src family of non-receptor tyrosine kinases, is primarily expressed in myeloid cells and B lymphocytes. Moreover, HCK participates in the regulation of immune function by binding to the FC terminal of immunoglobulin (Ernst et al., 2002). HCK is highly expressed in macrophages, and its expression is further augmented during macrophage activation. HCK has been reported to be involved in various inflammatory reactions (English et al., 1993). The results of transcriptome sequencing showed that after inflammation was induced by TNF-α, cellular immunity was enhanced, and the expression level of was significantly increased. After WBT intervention, however, HCK expression level was effectively inhibited. BMP2, a member of the transforming growth factor-β (TGF-β) superfamily (Koseki et al., 2002), plays an important role in the recruitment and differentiation of undifferentiated mesenchymal cells and osteoblasts (Lyons et al., 1995; Deng et al., 2008). In the early stage of bone formation, BMP2 not only induced undifferentiated stromal cells to accumulate into bone-forming centers and differentiate into osteogenic cells but also reversed the differentiation of fibroblasts, myoblasts, and bone marrow basal cells into osteoblasts. For osteoblasts, BMP2 maintains its unique cell phenotype, induces an increase in osteoblast markers, and promotes extracellular matrix calcification. In the late stage of bone formation, BMP2, as an osteoclast differentiation factor, directly or indirectly stimulates osteoclast differentiation together with other osteoclast differentiation supporting factors, and participates in bone reconstruction. It has been reported that the expression of BMP-2 decreases upon bone and cartilage destruction in the pathogenesis of RA (Sun et al., 2019). After intervention with anchoring agents or other cytokine inhibitors, the expression of BMP-2 increased significantly as the of the disease progressed, which was consistent with the transcriptome sequencing results of WBT in this study.
Although the current study reveals these important findings, there are still several potential limitations. Firstly, it is difficult to determine whether the correlation between herbs and their corresponding targets is direct or indirect. Secondly, it is difficult to confirm whether the interaction between herbs and their corresponding targets is positive or negative. Therefore, further experiments are needed to verify the results of this preliminary study.
CONCLUSION
In summary, the 48 key active constituents contained in WBT may attenuate the major pathological changes in RA through their 135 candidate targets, which were involved the inflammation-immune regulation system, energy metabolism regulation module, and cell function regulation module. TCMIP v2.0 undoubtedly accelerates the process of chemical composition identification and network analysis, and transcriptome sequencing increases the accuracy of network prediction. This research strategy provides an efficient way to analyze chemical constituents and explore the pharmacological mechanism of TCM.
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Protection against hypoxia injury is an important therapeutic strategy for treating hypertensive nephropathy. In this study, the effects of Qian Yang Yu Yin granule (QYYY) on spontaneously hypertensive rats fed with high salt diet and HEK293T cells exposed to hypoxia were investigated. After eight weeks’ treatment of QYYY, blood pressure, serum creatinine, serum cystatin C, blood urea nitrogen, urinary β2-microglobulin, urinary N-acetyl-β-glucosaminidase, and urinary microalbumin were assessed. The changes of hypoxia-inducible factor-1α (HIF-1α), pyruvate kinase M2 (PKM2), glucose transport 1 (GLUT1), lactate dehydrogenase A (LDH-A), connective tissue growth factor (CTGF), transforming growth factor-β1 (TGF-β1), ATP, lactate, pyruvate, and pathology were also assessed in vivo. HEK293T cells pre-treated with QYYY and/or HIF-1α over expressing cells were cultured in a three gas hypoxic incubator chamber (5% CO2, 1% O2, 94% N2) for 12 h and then the expressions of HIF-1α, PKM2, GLUT1, LDH-A, CTGF, TGF-β1, ATP, lactate, and pyruvate were detected. Our results showed that QYYY promoted the indicators of renal inflammation and fibrosis mediated by HIF-1α/PKM2 positive feedback loop in vivo and vitro. Our findings indicated that QYYY treated hypertensive nephropathy by regulating metabolic reprogramming mediated by HIF-1α/PKM2 positive feedback loop.
Keywords: hypertensive nephropathy, metabolic reprogramming, HIF-1α, PKM2, Qian Yang Yu Yin granule
INTRODUCTION
Hypertension is a commonly observed cardiovascular disease and kidney damage is one of the major complications found in patients with hypertension. Hypertension is one of the important causes of chronic kidney disease. Statistics from the American Nephrology Association in 2009 showed that about 28% of patients with end-stage kidney disease were induced by hypertension (Mahmoodi et al., 2012). Traditional Chinese medicine (TCM) has its unique curative effects in the treatment of hypertensive renal damage, but the mechanism of TCM in the treatment of hypertensive renal damage is insufficient (Guo et al., 2019). Under the guidance of the theory of “blood stasis and heat” in TCM, Qian Yang Yu Yin granule (QYYY) was created and applied as hospital preparation and has been widely used in clinical practice for more than 20 years in Jiangsu Province Hospital of Chinese Medicine. It is safe and effective in treating hypertensive kidney injury. Previous studies of our project group showed that QYYY had antioxidant, anti-inflammatory and anti fibrosis effects (Chen et al., 2013; Wang et al., 2014; Yan D et al., 2014; Ding et al., 2015; Yan et al., 2018; Liu et al., 2019; Zhang et al., 2020).
Metabolic reprogramming refers to the change of cell metabolic mode. In normal cells, when oxygen is sufficient, cells primarily obtain energy through the process of oxidative phosphorylation. However, under hypoxia, cells obtain energy through glycolysis, pentose phosphate and other pathways. This switch of cell energy acquisition mode has been termed as metabolic reprogramming (Vander et al., 2009; Krisher and Prather, 2012). Kidney is an organ that requires high-energy consumption. Therefore, the normal and optimal energy metabolism system serves as an important biochemical basis to maintain the specific structure and physiological functions of the kidney. A number of previous studies have reported that alteration in renal cell metabolism from oxidative phosphorylation to glycolysis is the main feature of cell activation during renal fibrosis and inhibition of renal cell glycolysis can significantly reduce renal fibrosis (Ding et al., 2017). Moreover, gene and protein analyses have showed that the expression of glycolytic enzyme was significantly up-regulated in renal interstitial fibroblasts treated with unilateral ureteral obstruction (UUO) or transforming growth factor-β1 (TGF-β1). In nephropathy caused by UUO or renal interstitial fibroblasts treated with TGF-β1, the aerobic glycolysis flux was increased with glucose uptake and lactate production and it was reported to be positively correlated with the fibrosis process. Glycolysis inhibitors can be used as a potential anti fibrosis strategy.
Protection against hypoxia injury is an important therapeutic strategy for treating hypertensive nephropathy (Watson et al., 2019). Hypoxia inducible factor-1α (HIF-1α) is a special protein distributed in mammalian cells. Knockout or inhibition of HIF-1α effectively improved hypertensive renal injury (Huang et al., 2019). In renal injury model, HIF-1α mediated gene expression in renal medulla such as glucose transporter 1 (GLUT1), pyruvate kinase M2 (PKM2), connective tissue growth factor (CTGF), TGF-β1, and other related genes were increased. A related study showed that long-term over-expression of HIF-1α was a pathogenic factor leading to chronic kidney injury and stimulating the expression of HIF-1α in cells induced renal injury, hypertension and disease progression (Armutcu et al., 2019). Moreover, a related study found that the level of serum HIF-1α may reflect the degree of damage of chronic glomerulonephritis and actively participate in the occurrence and development of chronic glomerulonephritis (Dallatu et al., 2014). It has been reported that an increase of HIF-1α level could participate in the formation of proteinuria, promote metabolic reprogramming and renal fibrosis, and thereby aggravate the progressive deterioration of renal function. Our previous study found that HIF-1α was highly expressed in hypertensive renal injury model (Wu, 2020). Therefore, we speculated that HIF-1α is a key target of metabolic reprogramming of renal cell in hypertensive renal injury model.
A large number of studies have confirmed that HIF-1α is closely related to PKM2 (Luo et al., 2011). For instance, Hasan D found that the antisense chain of the first intron of PKM gene contained hypoxia response element (HRE), and proved that HIF-1α significantly promoted the expression of PKM2, which also formed a positive feedback mechanism at the gene level and played a key role in cell metabolic reprogramming (Hasan et al., 2018). In another study, Chai Xin Xin used shikonin, a specific inhibitor of PKM2, to down-regulate the expression of PKM2. They found that the down-regulation of PKM2 in breast cancer cells caused the down-regulation of HIF-1α (Chai et al., 2019). Therefore, we speculated that HIF-1α/PKM2 positive feedback is the key pathway of metabolic reprogramming of renal cell in hypertension.
MATERIALS AND METHODS
Preparation of Qian Yang Yu Yin
QYYY (Batch No. Z20100007) was obtained from Jiangsu Province of Chinese Medicine. It is made up of Cyathula officinalis K. C. Kuan [Amaranthaceae; cyathulae radix], Scrophularia ningpoensis Hemsl [Scrophulariaceae; scrophulariae radix], Bidens pilosa L. [Asteraceae; Bidens bipinnata L.], Cornus officinalis Siebold and Zucc [Cornaceae; corni fructus], Alisma plantago-aquatica subsp. orientale (Sam.) Sam. [Alismataceae; alismatis rhizoma] and Reynoutria multiflora (Thunb.) Moldenke [Polygonaceae; polygoni multiflori radix] (Rivera et al., 2014). Detailed information on the components of QYYY is listed in Table 1. The preparing process of QYYY was as below: six ingredients were mixed together. Then the mixture was decocted with 12 times of the amount of water twice, for 1 h each time. The supernatant obtained by high-speed centrifugation was concentrated to a relative density of 1.2 g/ml at 60°C. After stevioside was added to a concentration of 1% (weight/volume), the concentrated supernatant was mixed with dextrin and granulated in a fluidized bed granulator. The obtained particles were dried at 60°C for 1 h and then stored at 4°C (Ding et al., 2015). High performance liquid chromatogram (HPLC) was established to determine the active components in QYYY and 2,3,5,4′-tetra-hydroxystilbene-2-O-β-Dglucopyranoside (2,3,5,4-TDG), morroniside, harpgide, ecdysterone, and hyperin were detected. The quality evaluation of QYYY is shown in Table 2 (Zhang et al., 2020).
TABLE 1 | The components of Qian Yang Yu Yin.
[image: Table 1]TABLE 2 | Quality evaluation of Qian Yang Yu Yin.
[image: Table 2]Animals and Treatment
50 spontaneously hypertensive rats (SHR), 10 Wistar-Kyoto rats (WKY), 8 weeks old, male, weighing 200 ± 30 g, were purchased from Beijing Weitong Lihua Experimental Animal Technology Co., Ltd. After four weeks of adaptive feeding, the rats were weighed and administrated. SHR were randomly divided into five groups: model group, QYYY (low, medium and high dose) group and valsartan group. Wistar-Kyoto rats (WKY) of the same age were used as the control group. WKY were fed with normal salt diet (0.4% NaCl) while SHR were fed with high salt diet (4% NaCl) for 8 weeks to establish hypertensive nephropathy model and then be treated with QYYY or valsartan for another 8 weeks. QYYY group: QYYY granule (low dose 3.2 g/kg/d, medium dose 6.4 g/kg/d, high dose 12.8 g/kg/d) was given by gavage; valsartan group: valsartan (17 mg/kg/d) was given by gavage. This dose was 10 folds of clinic dosage according to the pharmacology experimental methodology of TCM which had obvious curative effect based on the results of the previous studies (Wang, 2020). After 8 weeks’ treatment of QYYY or valsartan, serum creatinine (S-Cr), serum cystatin C (CysC), blood urea nitrogen (BUN), urinary β2-microglobulin (β2-MG), urinary N-acetyl-β-glucosaminidase (NAG), and urinary microalbumin (mALB) were assessed. The changes of HIF-1α, GLUT1, CTGF, IL-6, TGF-β1, ATP, lactate, pyruvate, and pathology were also assessed in vivo. The Experimental Animal Ethics Committee of Affiliated Hospital of Nanjing University of Chinese Medicine approved all animal experiments.
Cell Culture
HEK293T cell was purchased from Cell Bank of the Chinese Academy of Sciences (Shanghai, China) and cultured with Dulbecco’s modified Eagle’s medium (DMEM; Gibco, United States of America) containing 10% fetal bovine serum (FBS; Gibco, United States of America) in a humidified 5% CO2 atmosphere at 37°C.
Preparation of Qian Yang Yu Yin-Containing Serum
Thirty 8 week-old Sprague Dawley rats (SD), male, weighing 200 ± 30 g, were purchased from Beijing Weitong Lihua Experimental Animal Technology Co., Ltd. After four weeks of adaptive feeding, the rats were weighed and administrated. SD were randomly divided into five groups: blank group (n = 10), positive control group (n = 5) and QYYY group (n = 15). Blank group: pure water was given with 1 ml/100 g by gavage; positive control group: valsartan was given according to 17 mg/kg/d; QYYY group: QYYY granule was given by gavage according to 12.8 g/kg/d. Each group was given drug intervention for seven consecutive days. Thereafter, the rats were anesthetized and their blood was drawn from abdominal aorta. 5–8 ml blood was collected from each rat and kept in the blood collection tube at room temperature for 2 h. After centrifugation at 3,000 rpm for 10 min, the upper serum was aspirated, and the serum of the same group was mixed, filtered with 0.22 μM filter, placed into 1.5 ml sterile centrifuge tube and stored at -20°C.
Hypoxia Treatment
We determined the optimal anoxia time according to the expression of HIF-1α. HEK 293T cells were placed in a hypoxia cultivator containing a gaseous mixture of 5% CO2, 1% O2, and 94% N2 at 37°C for durations of 0, 6, 12, 24, and 36 h respectively. Subsequently, the proteins from HEK 293T cells were extracted with RIPA lysis buffer (Beyotime, China) and subjected to western blot analysis to analyze HIF-1a expression. We considered the time with the highest HIF-1α expression as our optimal anoxic exposure time. In our study, we found that HIF-1α expression peaked at 12 h of hypoxia, so we performed our experiments at 12 h of hypoxia in this study. Hypoxia was induced using a three-gas hypoxia incubator chamber (5% CO2, 1% O2, and 94% N2). For drug intervention, cultured HEK 293T cells were pre-treated with QYYY for 1 h before hypoxia. Cells were randomly divided into following groups: Model group (Hypoxia + 10% blank serum); QYYY group (Hypoxia + 5% QYYY-containing serum + 5% blank serum) and valsartan group (Hypoxia + 10% Valsartan-containing serum). The control group was maintained in a humidified atmosphere of 5% CO2 at 37°C till end of study.
MTT Assay
The proliferation abilities of HEK 293T cells for 0, 6, 12, 24, and 36 h in the anoxic incubator were assessed by MTT assay. HEK293T cells were cultured in 96-well plates with 10% FBS in a three-gas hypoxia incubator chamber (5% CO2, 1% O2, and 94% N2) for 0, 6, 12, 24, and 36 h, respectively. Then 20 µl MTT was added and then cultured for another 4 h. Finally, 150 µl DMSO was added. Plates were shaken for 10 min at room temperature. We used microplate reader to measure absorbance at 570 nm.
Western Blot
The protein was extracted by RIPA lysis buffer (Beyotime Biotechnology, Shanghai, China) mixed with phenylmethanesulfonyl fluoride (PMSF). The quantity of proteins was measured using the BCA assay (Beyotime Biotechnology, Shanghai, China). 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis were used to separate different molecular weight proteins. Gels were then transferred onto PVDF membranes. Nonfat milk was used of for 1 h then and the membranes were incubated with the primary antibody against HIF-1α, PKM2, GLUT1, LDH-A, IL-6, and GAPDH at 4°C overnight. Peroxidase-conjugated second antibody were uesd for 1 h on the shaking table at room temperature. Protein bands were detected by ChemiDoc XRS imaging system (Bio-Rad, United States of America) after using ECL reagents.
Real-Time Quantitative PCR Analysis
The total RNA was extracted by using Trizol (Ambion, United States). The High Capacity cDNA Reverse Transcription Kit (Vazyme, Nanjing, China) was used to conduct the reverse transcription. SYBR Green chemistry (Vazyme, Nanjing, China) on a 7,500 fast RT-PCR system was used to perform amplified reaction. The primers (Invitrogen Co, Shanghai, China) were listed in Supplementary Table S1. The ratio of the mRNA expression of the target gene vs that of β-actin was defined as 2−△△Ct.
Lentiviral Transduction to Establish Stable Cell Lines
HIF-1α-overexpression, PKM2-overexpression, HIF-1α-knockdown, and PKM2-knockdown lentiviruses were generated by Genechem Co.,Ltd (Shanghai, China). Thereafter, over-expression and silencing lentiviral vectors of HIF-1α were transfected into 293T cells when multiplicity of infection was 10. Green fluorescent protein was then expressed in all the lentiviral vectors. We also collected other lentiviral vectors without carrying HIF-1α or PKM2 for excluding the influence of lentivirus itself on transfection. The stable cell lines were selected by using 2 μg/ml puromycin (VWR, America) in medium. The levels of HIF-1α and PKM2 were detected by using qPCR and western blotting.
Kits for ATP, Lactate and Pyruvate
Levels of ATP, lactate and pyruvate were measured using an the assay kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) according to the instruction of manufacturer.
HE Staining
The kidney tissues were fixed with 4% paraformaldehyde for 24 h, dehydrated gradiently in turn, and embedded in the paraffin wax blocks. The blocks were labelled based on the different treatment groups. The wax block was thereafter sliced, dewaxed and washed. Hematoxylin staining and eosin staining were used in a sequence.
Masson Staining
The kidney tissues were fixed and sectioned as described above under HE staining. Weigert’s iron hematoxylin staining was used to stain the nucleus, and ponceau S was used thereafter for 5–10 min. After rinsing with distilled water, they were treated with molybdophosphoric acid for 3–5 min. The samples were then stained using Aniline blue again for 5 min and treated with 1% glacial acetic acid for 1 min. The slides were then dried, mounted. The samples were finally observed by microscope and the images were analyzed.
Immunofluorescence Staining
For immunocytochemistry, cells were seeded on poly-D-lysine precoated cell climbing films (Shanghai wohong Biotechnology Co., Ltd) in 12-well culture plate. The medium was removed and the cells were washed with PBS three times for 5 min each and then fixed with 4% paraformaldehyde for 15 min at room temperature. After washing with PBS three times for 5 min each, the fixed cells were blocked by using 0.3% Triton X-100/PBS for 1 h. Cells were incubated with the primary antibody, HIF-1α (Proteintech: 20960-1-AP), PKM2 (Proteintech: 60268-1-Ig), GLUT-1 (Proteintech: 66290-1-Ig), LDH-A (Proteintech: 19987-1-AP) diluted in 1% BSA in PBS overnight at 4°C. After washing three times with PBS, cells were incubated for 1.5 h with CoraLite488-conjugated Affinipure Goat Anti-Rabbit IgG (H + L) (Proteintech: SA00013-2) or CoraLite594-conjugated Goat Anti-Mouse IgG (H + L) (Proteintech: SA00013-3) secondary antibodies. The unbound secondary antibody was removed with three washes of PBS for 5 min each. Next, the samples were counterstained with DAPI (Beyotime Biotechnology). Samples were visualized on fluorescence microscopes (Nikon, Japan). The intensity was quantified using ImageJ software.
Immunohistochemistry
The rat kidney tissues were fixed and processed as described above for HE staining. The tissue sections were then placed in EDTA antigen repair buffer (pH = 9.0) for 15 min. After cooling, the slides were placed in PBS (pH = 7.4). The slides were shaken and washed for three times on the shaking table for 5 min each time. The slides were then placed in 3% hydrogen peroxide solution and incubated for 25 min at room temperature in the dark. The slides were shaken and washed for three times as before. The tissues were incubated with the primary antibody overnight at 4°C in a wet box. After washing three times with PBS, the tissues were incubated with secondary antibodies for 50 min at room temperature. The secondary antibody was removed by washing three times with PBS for 5 min each. After the slides have dried, DAB solution was added to observe the color, and then stained with hematoxylin for 3 min. Thereafter, dehydration was carried out, and the slides were observed under microscope, and the images were collected and analyzed. The optical density of immunohistochemical images was analyzed by ImageJ software.
Bioinformatics Analysis and Network Pharmacology of Qian Yang Yu Yin
All of the compound data of the six botanical drugs contained in QYYY were retrieved from TCMSP and Chemistry database, and their corresponding ADME indices, including oral bioavailability (OB) and drug likeness (DL), were collected. The screening conditions were OB ≥ 30% and DL ≥ 0.18. The putative target proteins of these active compounds were searched through TCMSP. The putative target proteins names were converted into gene names through UniProt database. With the help of Cytoscape 3.7.0 software, a network was constructed to connect the candidate compounds of QYYY with the putative targets. All of the hypertensive nephropathy-associated genes were obtained from the OMIM and GeneCards databases. The acquired genes were overlapped with the putative target proteins from QYYY. Upload the intersection target genes to the STRING platform to perform KEGG enrichment analysis and structure protein-protein interaction network.
Statistical Analysis
SPSS 20 software was used to statistical analysis. The differences were considered statistically significant when p < 0.05.
RESULTS
Qian Yang Yu Yin Promoted Blood Pressure, Pathology, Fibrosis, Renal Functions In Vivo
Firstly, we successfully established the model by 12-week-old SHR which were fed with high salt diet (4% NaCl) for 8 weeks. We observed the effects of QYYY on BP, pathology, fibrosis and renal function in vivo to identify the effects of QYYY on hypertensive nephropathy. Effects of QYYY on renal histomorphology in rats were shown in Figure 1A. In model group, the arrangement of renal tubules was observed to be loose and the volume of epithelial cells was relatively smaller. In QYYYH and valsartan group, the atrophy of glomeruli was not obvious and the vacuoles in renal small cysts were improved (Figure 1A). After observing the effects of QYYY on masson staining method for staining renal fibrosis, it was found QYYY and valsartan effectively improved the renal fibrosis (Figure 1B). The effects of QYYY on indicators of BP and renal function including S-Cr, CysC, BUN, β2-MG, NAG, and mALB in rats were shown in Supplementary Tables S2 and S3; Figure 1C. The resluts showed that QYYY significantly decreased the levels of S-cr, CysC, BUN, mALB, NAG, and β2-MG in SHR. These data suggest that QYYY can treat hypertensive nephropathy effectively.
[image: Figure 1]FIGURE 1 | QYYY promoted pathology, fibrosis and renal function in vivo. SHR were randomly divided into five groups: Model group, QYYYL (low dose 3.2 g/kg/d), QYYYM (middle dose 6.4 g/kg/d), QYYYH (high dose 12.8 g/kg/d) group and valsartan group (17 mg/kg/d). WKY of the same age were used as the control group. WKY were fed with normal salt diet (0.4% NaCl) while SHR were fed with high salt diet (4% NaCl) for 8 weeks to establish hypertensive nephropathy model and then be treated with QYYY or valsartan for another 8 weeks. (A) Effects of QYYY on renal histomorphology in rats. (B) Effects of QYYY on masson staining method for staining renal fibrosis. (C) Effects of QYYY on renal function in SHR. *p < 0.05 and **p < 0.01 as compared with the control group. #p < 0.05 and ##p < 0.01 as compared with the model group.
Network Pharmacology Prediction of the Potential Active Compounds in Qian Yang Yu Yin and Corresponding Pathways Related to Hypertensive Nephropathy
After identifying that QYYY can effectively treat hypertensive nephropathy, we performed a network pharmacology investigation of QYYY to determine its candidate active compounds and the corresponding pathways underlying the progression of hypertensive nephropathy. Firstly, a library for active compounds of the six botanical drugs in QYYY was constructed based on online databases and literature mining. Only compounds with favorable pharmacokinetic parameters of oral bioavailability (OB ≥ 30%) and drug-likeness (DL ≥ 0.18) were included (Figure 2A) and their chemical information are listed (Supplementary Table S4). Secondly, we screened 181 putative target proteins from the 46 active compounds in QYYY and 30 candidate compounds were identified. To elucidate the multiple interactions of these target proteins, we constructed a Drug–Compound–Target (D–C–T) network (Figure 2B). To further identify the effects of QYYY on hypertensive nephropathy, 2,456 hypertensive nephropathy-associated genes were extracted from databases and 120 of these genes were overlapped with putative target proteins of QYYY (Figure 2C). KEGG analysis of the 120 gene targets (Figure 2D) showed that pathways involved in HIF-1 signaling pathway. PPI network (Figure 2E) was established to understand the possible regulatory mechanism and its relationship.
[image: Figure 2]FIGURE 2 | Network pharmacology prediction of the potential active compounds in QYYY and corresponding pathways related to hypertensive nephropathy. (A) Active compounds in QYYY with oral bioavailability (OB) ≥ 30% and drug-likeness (DL) ≥ 0.18. (B) Drug–Compound–Target Network: the nodes represent drug (red diamond), candidate compounds (green ellipse), and the targets proteins (purple rectangle). (C) Venn diagram of 2,456 hypertension nephropathy-associated genes and 181 putative target proteins screened from candidate compounds of QYYY. (D) KEGG analysis of the 120 gene targets. (E) PPI network of the 120 gene targets.
Qian Yang Yu Yin Promoted HIF-1α, PMK2, Metabolic Markers, Renal Inflammation and Fibrosis In Vivo
According to the results of the above network pharmacology prediction and some related studies. We speculated that QYYY can improve HIF-1α, PKM2 and related metabolism, inflammation, and fibrosis indexes. Therefore, we observed the effects of QYYY on HIF-1α, PMK2, metabolic markers, renal inflammation, and fibrosis in vivo. Western blot results indicated that QYYY significantly decreased the expression of HIF-1α, PKM2, GLUT1, LDH-A, and IL-6 in SHR (Figure 3A). The nucleoprotein expression of HIF-1α, PKM2 were significantly increased and cytoplasmic protein of HIF-1α, PKM2 were significantly decreased in model group. It triggered the nuclear translocation and increased the transcriptional activity of HIF-1α and PKM2 in model group. QYYY significantly increased the cytoplasmic level of HIF-1α compared to model group and blocked HIF-1α nuclear accumulation significantly (Figure 3F). The resluts by using kits for ATP, lactate and pyruvate indicated that QYYY significantly increased the production of ATP and decreased the production of pyruvate and lactate in SHR (Figure 3B). QPCR results showed that QYYY significantly decreased the expression of HIF-1α, PKM2, CTGF, TGF-β1, and TNF-α in SHR (Figure 3C). Immunohistochemistry showed that QYYY significantly decreased the expression of HIF-1α and PKM2 in SHR (Figures 3D,E). These data suggest that QYYY can improve metabolic markers, renal inflammation and fibrosis in vivo to treat hypertensive nephropathy.
[image: Figure 3]FIGURE 3 | QYYY promoted HIF-1α, PKM2, metabolic markers, renal inflammation and fibrosis in vivo. (A) Effects of QYYY on protein expression of HIF-1α, PKM2, GLUT1, LDH-A, and IL-6 in SHR were examined using western blotting. (B) Effects of QYYY on changes of ATP, pyruvate and lactate using kits. (C) Effects of QYYY on mRNA levels of HIF-1α, PKM2, CTGF, TGF-β1 and TNF-α in SHR were examined using qPCR. (D) Effects of QYYY on protein level of HIF-1α in SHR were examined by immunohistochemistry. (E) Effects of QYYY on protein level of PKM2 in SHR were examined by immunohistochemistry. (F) Effects of QYYY on nuclear and cytoplasmic protein expression of HIF-1α, PKM2 in SHR were examined using western blotting. *p < 0.05 and **p < 0.01 as compared with the control group. #p < 0.05 and ##p < 0.01 as compared with the model group.
Qian Yang Yu Yin Promoted HIF-1α, PMK2, Metabolic Markers, Renal Inflammation and Fibrosis In Vitro
To further determine the effects of QYYY on HIF-1α, PMK2, metabolic markers, renal inflammation, and fibrosis in hypertensive nephropathy. We also observed the curative effect in vitro. Hypoxia can stimulate the proliferation of mesangial and epithelial cells, thereby modulating the glomerular hemodynamics and leading to glomerular sclerosis and stimulation of tubular epithelial cells and renal interstitial fibroblasts to synthesize a large number of extracellular matrix components and reduce their degradation. HEK293T cells, human renal epithelial cells, was chosen to be the model of renal damage of the hypertension in the current study. The effects of different anoxia time on the viability of HEK293T cells were detected via MTT assay. We found there was no significant change in HEK293T cell viability at 6 h, but the cell viability was significantly decreased when treated for 12, 24, and 36 h (Figure 4A). We investigated the effect of anoxia time on HEK293T cells, which were exposed to the incremental durations of anoxia time of 0, 6, 12, 24, 36 h. The results showed that HIF-1α and PKM2 reached its peak level at 12 h of anoxia which suggested a steady anoxic condition (Figure 4B). Hence, we selected 12 h as an optimal anoxia time-point in the following study. QPCR and western blot results indicated that QYYY significantly decreased the expression of HIF-1α, PKM2, GLUT1, LDH-A, CTGF, TGF-β1, TNF-α, and IL-6 in hypoxic HEK293T cells (Figures 4C,E).The nucleoprotein expression of HIF-1α, PKM2 were significantly increased and cytoplasmic protein of HIF-1α, PKM2 were significantly decreased in model group. Hypoxia also triggered the nuclear translocation and increased the transcriptional activity of HIF-1α and PKM2 in vitro. The cytoplasmic level of HIF-1α were significantly increased compared to model group and HIF-1α nuclear accumulation was significantly blocked by using QYYY (Figures 4D,G). The resluts by using kits for ATP, lactate and pyruvate indicated that QYYY significantly increased the production of ATP and decreased the production of pyruvate and lactate in vitro (Figure 4F). These data suggest that QYYY can also improve HIF-1α, PKM2, metabolic markers, renal inflammation and fibrosis in vitro.
[image: Figure 4]FIGURE 4 | QYYY promoted HIF-1α, PMK2, metabolic markers, renal inflammation and fibrosis in vitro. Cells were divided into following groups: Model group (Hypoxia + 10% blank serum); QYYY group (Hypoxia + 5% QYYY-containing serum + 5% blank serum) and valsartan group (Hypoxia + 10% Valsartan-containing serum). The control group was maintained in a humidified atmosphere of 5% CO2 at 37°C till end of study. (A) Effects of anoxia time on the cell viability of HEK293T were examined by using MTT. (B) Effects of anoxia time on the protein expression of HIF-1α and PKM2 of hypoxic HEK293T cells were examined by using western blotting. (C) Effects of QYYY on protein expression of HIF-1α, PKM2, GLUT1, LDH-A, and IL-6 in hypoxic HEK293T cells were examined by using western blotting. (D) Effects of QYYY on immunofluorescence staining of HIF-1α and PKM2 in hypoxic HEK293T cells. (E) Effects of QYYY on mRNA levels of HIF-1α, PKM2, CTGF, TGF-β1, and TNF-α in hypoxic HEK293T cells were examined by using qPCR. (F) Effects of QYYY on changes of ATP, pyruvate and lactate using kits. (G) Effects of QYYY on nuclear and cytoplasmic protein expression of HIF-1α and PKM2 in hypoxic HEK293T cells were examined by using western blotting. *p < 0.05 and **p < 0.01 as compared with the control group. #p < 0.05 and ##p < 0.01 as compared with the model group.
Effects of Over-Expression and Knockdown of HIF-1α on Relative Markers in HEK293T Cells
To further study the role of HIF-1α in the metabolic reprogramming, HIF-1α-overexpression and HIF-1α-knockdown lentiviruses were constructed (Supplementary Figure S1). We analyzed the changes of the expression of HIF-1α, PKM2, GLUT1, LDH-A, CTGF, TGF-β1, TNF-α, and IL-6 when HIF-1α was over expressed or knockdowned respectively. The results showed that the expressions of HIF-1α, PKM2, GLUT1, LDH-A, CTGF, TGF-β1, TNF-α, and IL-6 were increased significantly following the HIF-1α over-expression (Figures 5A–C). Over-expression of HIF-1α triggered the nuclear translocation and increased the transcriptional activity of PKM2 (Figure 5B). After knockdowning HIF-1α, the expression of HIF-1α, PKM2, GLUT1, LDH-A, CTGF, TGF-β1, TNF-α, and IL-6 was significantly decreased (Figures 5D,E). The results suggest that HIF-1α is the up-stream in the metabolic reprogramming and plays a very important role in hypertensive nephropathy.
[image: Figure 5]FIGURE 5 | Effects of over-expression and knockdown of HIF-1α on relative markers in HEK293T cells. Cells were divided into following groups: conrtol, negative control (NC), HIF-1α-overexpression group (OE) and HIF-1α-knockdown group (KD). (A) Effects of over-expression of HIF-1α on mRNA levels of HIF-1α, PKM2, CTGF, TGF-β1, and TNF-α were examined by using qPCR. (B) Effects of over-expression of HIF-1α on immunofluorescence staining of HIF-1α and PKM2. (C) Effects of over-expression of HIF-1α on proteins of HIF-1α, PKM2, GLUT1, LDH-A, and IL6 in HEK293T cells were examined by using western blotting. (D) Effects of knockdown of HIF-1α on proteins of HIF-1α, PKM2, GLUT1, LDH-A, and IL6 in HEK293T cells were examined by using western blotting. (E) Effects of knockdown of HIF-1α on mRNA levels of HIF-1α, PKM2, CTGF, TGF-β1, and TNF-α in HEK293T cells were examined by using qPCR. *p < 0.05 and **p < 0.01.
Effects of Over-Expression and Knockdown of PKM2 on Relative Markers in HEK293T Cells
A large number of studies have confirmed that HIF-1α is closely related to PKM2 and there is a strong mutual influence between them. Therefore, we speculated that HIF-1α/PKM2 positive feedback is the key pathway of metabolic reprogramming of renal cell in hypertension (Luo et al., 2011). As is shown above, the results showed that the expressions of PKM2 was increased significantly following the HIF-1α over-expression. After knockdowning HIF-1α, the expression of PKM2 was significantly decreased. To further study the influence of PKM2 on HIF-1α and the role of PKM2 in the metabolic reprogramming, PKM2-overexpression and PKM2-knockdown lentiviruses were constructed (Supplementary Figure S2). We analyzed the changes of the expression of HIF-1α, PKM2, ATP, pyruvate and lactate when PKM2 was over expressed or knockdowned respectively. The results showed that the expressions of HIF-1α, PKM2, pyruvate and lactate were increased and ATP was decreased significantly following the PKM2 over-expression (Figures 6A–D). Over-expression of PKM2 triggered the nuclear translocation and increased the transcriptional activity of HIF-1α (Figure 6C). After knockdowning PKM2, the expressions of HIF-1α, PKM2, pyruvate, and lactate were significantly decreased and ATP was significantly increased (Figures 6E–G). The results suggest that the relationship of HIF-1α and PKM2 was positive feedback.
[image: Figure 6]FIGURE 6 | Effects of over-expression and knockdown of PKM2 on relative markers in HEK293T cells. Cells were divided into following groups: conrtol, negative control (NC), PKM2-overexpression group (OE) and PKM2-knockdown group (KD). (A) Effects of over-expression of PKM2 on mRNA levels of HIF-1α and PKM2 were examined by using qPCR. (B) Effects of over-expression of PKM2 on proteins of HIF-1α and PKM2 in HEK293T cells were examined by using western blotting. (C) Effects of over-expression of PKM2 on immunofluorescence staining of HIF-1α and PKM2. (D) Effects of over-expression of PKM2 on changes of ATP, pyruvate and lactate using kits. (E) Effects of knockdown of PKM2 on mRNA levels of HIF-1α and PKM2 in HEK293T cells were examined by using qPCR. (F) Effects of knockdown of PKM2 on proteins of HIF-1α and PKM2 in HEK293T cells were examined by using western blotting. (G) Effects of knockdown of PKM2 on changes of ATP, pyruvate and lactate using kits. *p < 0.05 and **p < 0.01.
Rescue Assays Certify HIF-1α as a Target of Qian Yang Yu Yin in Hypertensive Nephropathy
As is shown above, the relationship of HIF-1α and PKM2 was positive feedback. To further verify that HIF-1α was a target of QYYY in hypertensive nephropathy and study the role of HIF-1α and PKM2 in the metabolic reprogramming, we observed the effect of QYYY on HIF-1α and its downstream PKM2, GLUT1, LDH-A, and IL-6 in hypoxic HEK 293T cells in which HIF-1α was over expressed and found that over-expression of HIF-1α partially abolished the effects of QYYY on hypertensive nephropathy. The results showed that the protein expressions of HIF-1α, PKM2, GLUT1, LDH-A, IL-6, and levels of pyruvate and lactate in Hypoxia + QYYY were significantly lower than those in HIF-1α-OE + Hypoxia + QYYY. The level of ATP in Hypoxia + QYYY were significantly higher than those in HIF-1α-OE + Hypoxia + QYYY (Figure 7). These data suggest that HIF-1α is a target of QYYY and HIF-1α/PKM2 positive feedback palys an important role in improving renal injury of hypertension by regulating metabolic reprogramming.
[image: Figure 7]FIGURE 7 | Rescue assays certify HIF-1α as a target of QYYY in hypertensive nephropathy. Over-expression of HIF-1α partially abolished the effects of QYYY on hypertensive nephropathy. *p < 0.05 and **p < 0.01.
DISSCUSSION
Our experimental data demonstrated that QYYY improved renal injury of hypertension by regulating metabolic reprogramming mediated by HIF-1α/PKM2 positive feedback in vivo and in vitro.
In TCM, hypertension mostly belongs to “vertigo” and “headache” category. Based on clinical and epidemiological studies of TCM, QYYY has been reported to exert the effect of tonifying the liver and kidney, promoting blood circulation and dredging collaterals. It has been awarded the national invention patent (Patent No: ZL 201010205024.2) and the Preparation Certificate of Jiangsu food and drug administration. Clinical research showed that QYYY significantly improved the early renal damage of hypertension. QYYY contains six Chinese medical botanical drugs. HPLC was established to determine the active components in QYYY and 2,3,5,4-TDG, morroniside, harpgide, ecdysterone, and hyperin were detected (Zhang et al., 2020). In recent years, a number of previous studies have reported that 2,3,5,4-TDG can protect the kidney by reducing the expression of TGF-β1 mRNA (Li et al., 2010; Stanton, 2011). 2,3,5,4-TDG is also closely related to HIF-1 and a related study (Yang and Liu, 2016) has found that it can significantly reduce the production of HIF-1, thus delaying the progression of the disease. Morroniside also has been reported to be useful in protecting the kidney (Liu et al., 2018; Jin et al., 2019). Moreover, disorder of glucose metabolism is still a difficult problem in medical field. Ecdysterone can significantly enhance glucose metabolism, improve the excretion of urinary albumin, inhibit the expression of CTGF and collagen Ⅳ, and has the potential effect of improving renal fibrosis. It acts as a potential fibrosis antagonist for the renal proximal tubule cells. It might also act through suppressing post-receptor signaling of TGF-β1 and restoring the tubule epithelial character (Zou et al., 2010; Hung et al., 2012; Chen et al., 2017). Hyperin can inhibit renal fibrosis in the rats effectively. It can reduce a-smooth muscle actin and fibronectin and improve the renal fibrosis (Yan et al., 2014). Therefore, we assume that improvement of metabolic disorder and anti-fibrosis of these compounds may be involved in the inhibitory effect of QYYY on treating renal injury of hypertension. Firstly, we successfully established the model by 12-week-old SHR which were fed with high salt diet (4% NaCl) for 8 weeks and we found QYYY improved BP, pathology, fibrosis, and renal function in vivo. In the present study, QYYYL (low dose 3.2 g/kg/d), QYYYM (middle dose 6.4 g/kg/d) and QYYYH (high dose 12.8 g/kg/d) were used and we found that the curative effects were statistically significant when administered in low dosage in vivo. In recent years, more and more authoritative studies have emphasized that the metabolic rate of rodents is higher and the results may be meaningless when the starting dose of rodents is too high. The evaluation of doses that are much higher than what can be achieved in humans may have no translational value from a therapeutic point of view. The importance of reasonable initial dosage for experiment was highlighted by relevant authoritative experts (Zou et al., 2012; White and Kearney, 2014; Nair and Jacob, 2016; Heinrich et al., 2020), therefore it is very necessary for us to use a lower starting dose in future experiments. From the existing experimental results, it was identified QYYY had good effects on hypertensive nephropathy. As a TCM, the components present in QYYY are complex and there are many related targets in QYYY, so it is difficult to decipher the mechanism of actions of QYYY as a whole. In recent years, the advent of network pharmacology has provided a novel method to identify the various active components of TCM, predict its related targets, and decipher its molecular mechanisms, which could be helpful to understand the different complex interactions between the biological systems, drugs and complex diseases from the perspective of network (Li and Zhang, 2013; Boezio et al., 2017; Guo et al., 2019; Zhang et al., 2019; Zhang et al., 2019; Luo et al., 2020). So we then performed a network pharmacology investigation of QYYY to determine its candidate active compounds and the corresponding pathways underlying the progression of hypertensive nephropathy. And the results showed that HIF-1 signaling pathway is a key pathway of QYYY. Moreover, our previous study also found that QYYY improved the early renal damage of hypertension by inhibiting inflammatory reaction and reducing the expression of HIF-1α, some inflammatory factors and fibrosis indexes (Ding et al., 2015; Yan et al., 2018; Wu, 2020). Many literatures also have shown the strong mutual influence between HIF-1α and PKM2 and positive feedback of HIF-1α and PKM2. HIF-1α/PKM2 positive feedback may be involved in the regulation of hypertensive renal damage by enhancing cell glycolysis (Zhu et al., 2012; Prigione et al., 2014; Wang et al., 2014; Zhu et al., 2014; Luo et al., 2015). Therefore, we speculated that QYYY may affect hypertensive nephropathy via metabolic reprogramming mediated by HIF-1α/PKM2 positive feedback. As expected, our resluts showed QYYY significantly improved the metabolic indexes, inflammatory fibrosis factors related to HIF-1α/PKM2 positive feedback in votro and vivo.
Metabolic reprogramming refers to the change of cell metabolism, which has been extensively studied and an in-depth understanding of this process has been achieved in tumor biology and other fields (Biswas, 2015; Georgoudaki et al., 2016; Li and Zhang, 2016; Schito and Semenza, 2016; Vaupel et al., 2019; Jin et al., 2020). However, it is still in its infancy in the field of research related to the kidney diseases, some evidences have shown that metabolic reprogramming plays an important role in the development of kidney diseases. As a result, novel studies elucidating the possible role of metabolic reprogramming in hypertensive nephropathy is of great significance for the treatment of renal damage of hypertension. Kidney is a high-energy consuming organ and optimal energy metabolism system is the biochemical basis for maintaining the specific structure and physiological function of kidney. During the early stage of chronic kidney disease, the glomerulus is generally characterized by high filtration and high perfusion. The glomerulus needs more energy. Fibroblasts are often activated and can proliferate rapidly in the renal interstitium. The local area of glomerular hypertrophy represents an anoxic state. In addition, when the glomerulus is in a state of hyperfiltration, the proton pump, which plays the role of renal tubular reabsorption, can also effectively reabsorb a large number of different ions in the urine and thereby increase the consumption of ATP in kidney. Under pathological conditions, the normal oxidative phosphorylation of glucose cannot provide sufficient energy or carbon groups to enable cell proliferation, so the ratio of glycolysis pathway increases. Although the increased ratio of glycolysis pathway can provide sufficient energy and necessary materials for maintaining cell proliferation and division, a few studies have reported that glycolysis pathway can increase renal fibrosis. Additionally, Some studies have also verified the potential relationship between glycolysis and renal fibrosis both in vivo and in vitro. These reports used mice with UUO as the model of renal fibrosis and found that with an increase of the degree of renal fibrosis, the levels of glucose metabolism related enzymes in the renal tissue increased synchronously. Additionally, the findings in vitro experiments have suggested that TGF-β1 could potentially induce renal fibroblast fibrosis and metabolic reprogramming thus increasing glycolysis pathway (Yin et al., 2018). It has been suggested that metabolic reprogramming occurs in the process of renal fibrosis and the enhancement of glycolysis can increase renal fibrosis. Therefore, inhibition of renal glycolysis may function as a new target for the treatment of chronic kidney disease. For instance, Hui Peng found that the renal injury and fibrosis could be significantly improved by improving renal energy metabolism (Peng et al., 2017). PKM2 is a key rate-limiting enzyme involved in the process of glycolysis, which could directly regulate the occurrence of glycolysis and has been reported to be closely related to embryonic development, tissue fibrosis, tumor, and glucose metabolism (Luo et al., 2011). Our data suggested that the total protein expression of PKM2 in vivo and vitro was upregulated and nuclear translocation of PKM2 was enhanced, thereby affecting glycolysis, decreasing ATP, increasing pyruvic acid and lactic acid and aggravated inflammation and fibrosis. QYYY effectively improved hypertensive renal damage through metabolic reprogramming. Glycolysis inhibitors can be used as a potential anti fibrosis strategy. Thus, the process of metabolic reprogramming has a significant potential in the study of hypertensive renal damage.
HIF is a special protein discovered by Semenza in 1992 (Semenza, 1999). HIF-1α is ubiquitously found in the mammalian cells and plays a role in multiple signaling pathways (Liu et al., 2020). In recent years, the role of HIF-1α in hypertensive renal damage has attracted more and more attention. Many factors present in the disease microenvironment, such as hypoxia, reactive oxygen species, nitric oxide, and some metabolites can increase the protein level of HIF-1α and thus enhance cellular erobic glycolysis, which is a significant feature of renal injury (Gerald et al., 2004; Hsu and Sabatini, 2008; Semenza, 2013; Briggs et al., 2016; Oh et al., 2016; Magistroni and Boletta, 2017). The activation of HIF-1α signaling pathway may be involved in the regulation of hypertensive renal damage by enhancing cell glycolysis. A large number of studies have confirmed that HIF-1α is closely related to PKM2. A few studies have suggested that HIF-1α can potentially regulate reprogramming through early translocation of glycolysis and up regulation of PKM2. For instance, Luo W upregulated the expression of PKM2 through viral transfection and found that the fluorescence level of HIF-1α was significantly enhanced but the transcriptional activity of HIF-1α was significantly reduced by knockout of PKM2. Proline hydroxylase 3 can hydroxylate the proline at position 403 and 408 of PKM2, which can facilitate the binding of PKM2 with HIF-1α, and thereby promote the binding of HIF-1α with HRE, thus regulating the transcription of downstream genes such as lactate dehydrogenase and glucose transporter. The relationship between HIF and PKM is positive feedback (Prigione et al., 2014). Our data identified the role of HIF-1α and PKM2 in the metabolic reprogramming in hypertensive renal damage. QYYY played an important role in the treatment of hypertensive renal damage by regulating metabolic reprogramming mediated by HIF-1α/PKM2 positive feedback loop and HIF-1α is a key target in the treatment of renal damage of hypertension by QYYY. We found that QYYY inhibited total protein expression of HIF-1α as well as PKM2 and caused a significant increase in the accumulation of nuclear protein of HIF-1α and PKM2, thereby improving their downstream target genes by regulating metabolic reprogramming such as erobic glycolysis induced by HIF-1α and PKM2 and inhibited inflammation and fibrosis of kidney tissue. And the schematic diagram of metabolic reprogramming of hypertensive kidney injury promoted by HIF-1α/PKM2 positive feedback is shown in Figure 8.
[image: Figure 8]FIGURE 8 | Schematic diagram of metabolic reprogramming of hypertensive kidney injury promoted by HIF-1α/PKM2 positive feedback.
CONCLUSIONS
The present study demonstrated the effects of QYYY on the progress of hypertensive nephropathy and we investigated the underlying mechanisms involved in HIF-1α/PKM2 positive feedback. Our present findings clearly indicated that QYYY inhibited the positive feedback of HIF-1α and PKM2, reduced the nuclear accumulation of HIF-1α and PKM2, regulated metabolic reprogramming, and then suppressed renal inflammatory fibrosis and improved hypertensive renal injury. In total, our study provides the basis for the treatment of hypertensive renal injury with TCM by regulating metabolic reprogramming mediated by HIF-1α/PKM2 positive feedback.
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Background: Icariin, a traditional Chinese medicine, plays a protective role in the treatment of exercise fatigue. Zinc, a trace element, plays an important role in the reproductive system. Therefore, we aimed to synthesize an Icariin-Zinc complex (by chemical means) and verify its protective effect on exercise fatigue and the reproductive system using animal experiments.
Methods: The icariin-zinc complex was prepared by the reaction of icariin carbonyl and zinc ions (molar ratio 1:3). The molecular formula and structural formula of the complex were identified and tested. Fifty-six rats selected by swimming training were randomly divided into six groups: static control, exercise control, icariin, gluconate zinc (G-Zn group), icariin glucose zinc and icariin-zinc exercise ( low, high dose/L-E group, H-E group) groups. These groups respectively received the following doses: 1 ml/100 g, daily gavage with NS (for the first two groups), 45 mg/kg icariin, 110 mg/kg Gluconate Zinc, Icariin glucose zinc (45 mg/kg Icariin and 110 mg/kg Gluconate Zinc), 60 mg/kg icariin zinc and 180 mg/kg icariin zinc. After 3 weeks of gavage, we conducted 6 weeks of exhaustive swimming training. Test indices such as exhaustive swimming time of rats and body weight were evaluated after the last training exercise. The seminal vesicles, testes, and prostate gland were weighed, and their indices were calculated. The levels of testosterone (in the plasma) and glycogen (in the liver and muscle homogenates) were also evaluated using ELISA.
Results: Compared with the static control group, the exhaustive swimming time of the rats in each group was prolonged. Compared with the other groups, the exhaustive swimming time of the L-E and H-E groups was significantly longer (p < 0.01); the Icariin-Zinc complex significantly increased the exhaustive swimming time of the rats. Compared with the static control group, the plasma testosterone content of the L-E and H-E groups increased significantly (p < 0.05). Compared with the exercise control group and G-Zn group, the plasma testosterone content of the H-E group also increased significantly (p < 0.01). The Icariin-Zinc complex significantly increased the serum levels of testosterone in rats. Compared with the control group, the muscle glycogen reserves of each group decreased, indicating that the muscle glycogen reserves of the rats decreased after swimming. Compared with other groups, the Icariin-Zinc complex can reduce the level of glycogen in the muscles, indicating that it can increase the utilization efficiency of glycogen in muscles. Compared with the static control and exercise control groups, the testicular weight of rats in the administration groups increased slightly. The Icariin-Zinc complex increased the testicular weight, indicating that the function of the reproductive system was improved to some extent.
Conclusion: Icariin-Zinc can significantly prolong the exhaustive swimming time, improve exercise ability, and increase the plasma testosterone level (which is beneficial for improving the reproductive ability of male rats). Moreover, the beneficial effect of Icariin-Zinc on the glycogen content, testis index, and other reproductive system glands is dose-dependent.
Keywords: icariin-zinc, synthesis, protective effect, exercise fatigue, reproductive system
BACKGROUND
Fatigue is a complex physiological and pathological that seriously affects human health. Epimedium is a perennial herb belonging to the family Berberidaceae. It has been used for thousands of years to promote male potency. Traditional Chinese medicines are believed to help in tonifying the kidneys and invigorating the Yang, and they have been used to treat impotence, premature ejaculation, lumbago and leg pain, neurasthenia, forgetfulness, and other diseases. Icariin (ICA) is the main active component extracted from Herba Epimedii (herbal medicine made from dried aerial parts of Epimedium). ICA has many functions such as neuroprotection, antitumoral activity, antioxidative activities, immunomodulation, and promotion of reproductive functions (especially in male mice). It has become a research hotspot at home and abroad (Liu et al., 2004; Tan et al., 2016).
Many in vivo studies have shown the beneficial effect of ICA on reproductive functions (Kang et al., 2012; Chen et al., 2014). ICA increases the epididymal sperm count and testosterone level in male rats (Chen et al., 2014). Mechanistically, the improved sexual function of male mice mediated by ICA might be associated with the hypothalamic-pituitary-gonadal axis and the PI3K/AKT/eNOS/NO signaling pathway (Ding et al., 2017). In addition, ICA could protect human sperm from being damaged by FeSO4/H2O2 (Zhan et al., 2014). It can maintain the “Raman fingerprint” of human sperm, suggesting that ICA may serve as a tonifying and replenishing agent of herbal origin that enhances reproductive functions. These show that ICA can promote the function of human and animal reproductive systems and provide a basis for animal experiments.
Zinc is a component of more than 300 types of metal enzymes in the human body (Hennigar and Kelleher, 2012). Zinc is reported to be an essential element for the normal function of the male reproductive system and sperm. It plays an important role in the production, storage, secretion, and function of male sex hormones (Chu et al., 2016). Studies have shown that there is a relationship between sexual dysfunction and physical fatigue (Young et al., 2017; Fairbanks et al., 2017).
Based on the protective effect of Icariin and Zinc on the reproductive system, we hypothesized that an Icariin-Zinc combination might have a synergistic protective effect on the reproductive system and exercise fatigue.
METHODS
Experimental Animals and Drugs
All procedures were performed in accordance with the NIH guidelines for the Care and Use of Laboratory Animals (NIH Publications No. 80–23, revised 1996), and the research protocol was approved by the Ethics Committee of Tianjin University of Traditional Chinese Medicine (TCM-LAEC2019069). Sixty-six Wistar male rats weighing 200–220 g were obtained from the Academy of Military Medical Science in Beijing and housed in special cages in a specific-pathogen-free (SPF) environment, allowing free movement and ad libitum access to food and drink. Icariin (purity ≥ 98%, Lot No. 181209, Shanghai Mochi Biotechnology Co., Ltd.), zinc chloride (GR, lot No. G1820107, Shanghai Alading Biochemical Technology Co., Ltd.), zinc reagent (AR, H08F9S54539, Shanghai Yuanye Biotechnology Co., Ltd.), distilled water, anhydrous ethanol (Shandong lierkang Medical Technology Co., Ltd.), 75% ethanol (Shandong lierkang Medical Technology Co., Ltd.), and 0.9% sodium chloride (NS, batch number 19012523, China Otsuka Pharmaceutical Co., Ltd.) were the main chemicals used in the experiment.
Experimental Instruments
The main instruments used in the experiment were a constant temperature magnetic stirrer (78HW-1, Hangzhou instrument and motor company), a rotary vaporizer (re-2000e, Gongyi Yuhua Instrument Co., Ltd.), a circulating water multi-purpose vacuum pump (SHB-3, Gongyi Yuhua Instrument Co., Ltd.), an electronic analysis balance (BS210s, Beijing Saiduolis Balance Co., Ltd.), mobile phone timer (COR-Al10, honor), swimming sink (L×W×H=100 × 50 × 60 cm), and a water pump (Jiabao “AP1500” type).
Preparation and Detection of the Icariin-Zinc Complex
Preparation and Extraction of Icariin-Zinc
Three thousand milligrams of icariin and 1200 mg of zinc chloride were mixed (presumably the molar ratio of icariin to zinc chloride is 2:1 or 1:1 in theory). To make icariin fully react, 1:2.5 mixture ratio was selected and dissolved in 500 ml (volume fraction is 45%) of ethanol solution, and a constant temperature magnetic stirrer was used (the parameters were set at 400 rpm, 70°C [range 60–80°C] oil bath) to stir the mixture for at least 24 h. The reacting solution was then placed in a water bath at 45°C. The final icariin-zinc product was obtained by centrifugation and was repeatedly washed with pure water to remove unreacted icariin.
Preparation of the Zinc Reagent Solution
Zinc reagent (0.1 mg) was weighed and dissolved in 125 ml anhydrous ethanol. After it had completely dissolved, it was stored in a brown bottle.
Identification of Compounds (Colorimetry)
The reaction between the zinc reagent solution and zinc ion was used for identification. The reactant (that is, final icariin-zinc product) was completely dissolved in anhydrous ethanol after the last washing. Adding the zinc reagent solution to it turned the color of the mixture blue; meanwhile, adding the zinc reagent solution to the last washing solution did not change its color to blue. As such, it could be concluded that the reactant was the icariin-zinc complex and that there was no zinc chloride residue in the reactant.
Molecular Formula and Structural Formula of the Icariin-Zinc Complex
Sample Pretreatment
A 0.05-g sample of the compound was placed in a microwave digestion tank made up of polytetrafluorethylene. The sample was soaked for 2 h in mixture of 6 ml of nitric acid and 1 ml of hydrogen peroxide. Subsequently, it was digested for 20 min at 190°C. Acid removal, constant volume to 100 ml. This needs to be determined. ICP-OES on-line measurement: A VISTA-MPX inductively coupled plasma spectrometer (Varian Company, United States), referred to as ICP-OES was used to determine the formula (see Table 1).
TABLE 1 | ICP-OES Instrument Operating Conditions.
[image: Table 1]The measured wavelength was 213 nm. The average of three results were taken.
The Zn2+ content was 4.6%. Combining the structural formula and molecular weight of icariin, we found that icariin and Zn are 2-coordinated (that is, two carbonyls (C=O) and one Zn2+ coordinate). The molecular formula is (C33H40015)2Zn2+, with a relative molecular weight of 1417 (Figure 1).
[image: Figure 1]FIGURE 1 | Chemical Synthesis Route of the Icariin-Zinc complex.
Experimental Groups
After 3 days of adaptive feeding and 3 days of swimming training (the rats were trained 20 min/d), the rats were randomly divided into 7 groups with 8 rats in each group. Each group received a basic feeding and distilled water, and was fed freely every day. Each group was treated with different doses of 1 ml/100 g by gavage for 3 weeks (see Table 2, Experimental grouping and intervention).
TABLE 2 | Experimental grouping and intervention.
[image: Table 2]Anti-Fatigue Experimental Method (Surhio et al., 2017)
The control group did not undergo any training. In the other groups, a swimming trough of 100 × 50 × 60 cm was used as the swimming training device for the rats, and the water depth was set at 50 cm. The water temperature was 31 ± 2°C, and a water pump was installed at the bottom of the water tank to cause the water to flow (the aim was to prevent rats from floating on the water surface). Swimming training to exhaustion was performed every week for a total of 6 weeks. The parameters were changed every week. The first week, the rats exercised without weight, the second week with 2% weight, the third week with 4% weight, and the fourth to the sixth week with 5% weight. Each time, the swimming training was performed to exhaustion. The last time, all groups performed exhaustion swimming training without weight, and the time of swimming before exhaustion was measured. The time from the beginning of swimming to exhaustion which is a measure of the exhaustion exercise ability, was used as an index of anti-exercise fatigue ability. The standard used to determine exhaustion was the inability of the rats to show up on the water surface 10 seconds after sinking.
Test Indices and Methods of Measurement (Xi et al., 2018)
Each group was weighed 24 h after the last training. Blood samples were taken from the inner canthi of the rats and sodium citrate solution added to prevent coagulation. The samples were incubated in a 37°C water bath for 30 min, centrifuged at 3000 R/min for 10 min, and plasma was separated. The plasma testosterone levels were measured.
All rats were administered with an overdose of 2,2,2-tribromoethanol (640 mg/kg, intraperitoneal injection) for anesthesia. The seminal vesicles, testes, prostate, liver, and the deep quadriceps femoris muscles (without the fascia) were removed. These organs were washed in precooled normal saline to remove the blood stains, dried with filter paper, and stored in a refrigerator at −20°C. The seminal vesicle, testis, and prostate glands were weighed, and their indices (the ratio of seminal vesicle gland, testis, and prostate gland weights to body weight) were calculated.
To prepare the liver and muscle tissue homogenate, appropriate amounts of tissues (0.2−1 g) and precooled normal saline (NS) were added into a beaker in a tissue mass (g) to liquid volume (ml) homogenate medium proportion of 1/9. The tissue was then quickly cut into pieces (the above operations were carried out in an iced water bath). The supernatant was separated and extracted by centrifugation at 4°C, 3000 rpm for 15 min and then refrigerated at 4°C or frozen at −20°C for standard. The supernatant was used to measure the glycogen content of the liver or muscle homogenate.The remaining mice were killed (anesthetized and euthanized in a CO2 chamber).
RESULTS
Observation of the Feeding and Swimming Behavior
The rats in each group were fed for 6 weeks. At the third week, the rats in each group were more excited, the amount of activity in the cages increased, the fighting phenomenon appeared, the number of squeaks increased, their voices became louder, and they struggled more strongly when grasped and during weighing. The amount of food and drinking water given to the icariin-zinc group and the exercise control group was slightly more than that in the static control group. The swimming abilities of the rats in each group were observed, and the rats in the icariin-zinc group were found to be more active, to jump out of the water and squeak more frequently, and their relative swimming distances were longer.
Effect of Icariin-Zinc on Body Weight of Rats
Before the beginning of the experiment, the average body weight of the rats in each group was approximately 250 g. After continuous feeding for 3 weeks, the average body weight of rats increased steadily to approximately 320 g, and there was no significant difference in body weight between the three groups. After 6 weeks of weight-bearing swimming training, the body weight was taken before the last exhaustive swimming. The average body weight of the static control group had increased by about 4% meanwhile that of the exercise control group had reduced. After the administration of the different concentrations of icariin-zinc, the average body weight of rats in the L-E and H-E groups decreased compared with the exercise control group (Figure 2).
[image: Figure 2]FIGURE 2 | Effect of icariin-zinc on body weight of rats (n = 8, mean ± SD).
The Effect of Icariin-Zinc on Anti-Fatigue in Rats
Compared with the static control, the exhaustive swimming time of rats in each group was prolonged. After administration of the icariin-zinc, the exhaustive swimming times of the L-E and H-E groups were significantly prolonged (p <0.01), just as that of the ICA group (Figure 3). It is suggested that icariin-zinc has the same function as ICA in improving the exercise ability of rats. The swimming abilities of rats in each group were observed, and the rats in the icariin-zinc group were more active, jumped out of the water more frequently during swimming, had a longer relative swimming distance, and had a more prolonged exhaustive swimming time. These showed that the physical functional reserves of the rats were better and their exercise ability was enhanced.
[image: Figure 3]FIGURE 3 | Effect of icariin-zinc on anti-fatigue of rats (n = 8, mean ± SD). *p ＜ 0.01, ***p ＜ 0.001 vs. Control；#p ＜ 0.05 vs. Exercise.
The Effect of Exercise and Icariin-Zinc on Glycogen Storage in the Liver and Muscle of Rats
The content of liver glycogen was the same in all the groups but for the H-E group there was an increasing trend (Figure 4). Compared with the control group, the muscle glycogen reserves of each group decreased after swimming (Figure 5). A comparative evaluation showed that icariin-zinc had no significant effect on liver glycogen and muscle glycogen storage in rats.
[image: Figure 4]FIGURE 4 | Effect of icariin-zinc on liver glycogen level in rats (n = 8, mean ± SD).
[image: Figure 5]FIGURE 5 | Effect of icariin-zinc on muscle glycogen level in rats (n = 8, mean ± SD).
There was no significant difference between the testicular weights of the different groups when compared with the control (Figure 6). Hematoxylin and eosin (HE) staining showed normal morphologies of Leydig and Sertoli cells, continuous and complete membrane of the seminiferous tubules, and a regular arrangement of germ cells. These findings suggest that icariin-zinc does not affect testes histopathology (Figure 7).
[image: Figure 6]FIGURE 6 | Effect of icariin-zinc on testis weight in rats (n = 8, mean ± SD).
[image: Figure 7]FIGURE 7 | HE staining of testes in rats (200x).
The Effect of Icariin-Zinc on the Testicular Weight and Index of Rats 
Compared with the static control group and exercise control group, the testicular index of rats in the treatment group increased slightly (Figure 8). Testicular index = testis/weight x 1000. Testicular index measurement helps to eliminate the influence of animal weight, and can be used to evaluate the function of the rat’s reproductive system. The results showed that after intragastric administration of ICA, G-Zn, icariin glucose, zinc, and icariin-zinc, the testicular index increased, indicating that icariin-zinc could improve reproductive function in male rats.
[image: Figure 8]FIGURE 8 | Effect of icariin-zinc on testicular index of rats (n = 8, mean ± SD).
The Effect of Exercise and Icariin-Zinc on the Weights of the Seminal Vesicle and Prostate Gland in Rats
Compared with the exercise control group, the average weight of the seminal vesicles of rats in the L-E group increased significantly, indicating that the sperm reserve of the rats in the L-E group was larger. This phenomenon was not observed in the HE group (Figure 9). However, icariin-zinc had no significant effect on prostate weight in rats (Figure 10).
[image: Figure 9]FIGURE 9 | Effect of icariin-zinc on the weight of the seminal vesicle weight in rats (n = 8, mean ± SD).
[image: Figure 10]FIGURE 10 | Effect of icariin zinc on the weight of the prostate gland in rats (n = 8, mean ± SD).
The Effect of Exercise and Icariin-Zinc on the Plasma Testosterone Level in Rats 
The concentration of testosterone in the plasma of rats was measured by ELISA, and the standard curve was obtained with good correlation (r = 0.9985) (Figure 11). Compared with the static control group, the plasma testosterone content of the L-E and H-E groups increased significantly (p< 0.05). Compared with the exercise control group and G-Zn group, the plasma testosterone content of the H-E group also increased significantly (p< 0.01). The above experimental results show that icariin-zinc can significantly improve the plasma testosterone level in rats, largely than icariin alone and zinc agents such as zinc gluconate (Figure 12).
[image: Figure 11]FIGURE 11 | Testosterone standard curve.
[image: Figure 12]FIGURE 12 | Effect of exercise and icariin-zinc on the plasma testosterone content of rats (n = 8, mean ± SD). *p < 0.05 vs. Control; #p < 0.05, ##p < 0.01 vs. exercise; &p < 0.05, &&p < 0.01 vs. G-Zn.
DISCUSSION
Icariin is the main extract and active component of the herbaceous plant epimedium which among others, plays a role in tonifying the kidney, strengthening the yang, and slowing down aging. Longh et al. (2018) found that icariin improved erectile function of SHR (Long et al., 2018). Zinc is a part of the structural composition of many proteins. It helps in the recovery of the nervous system. Zinc also plays an important biological role in male reproductive physiology and endocrine system (Santos and Teixeira, 2019). In this study, icariin and zinc were combined to produce a synergistic effect. Icariin-zinc was prepared by chemical synthesis. It was formed by the combination of two molecules of icariin with one molecule of divalent zinc ion through ionic and coordination bonds (Figure 13). The hydroxyl group provides an electron pair and forms a coordination bond with zinc, giving the compound a good chemical stability. After chemical synthesis, the structure of each particle is the same, uniform, and easy to absorb. Physical mixing has different rules, and makes it difficult to achieve a uniform mixing proportion thus impacting the experimental data. Through the study of its effects on body weight, exercise exhaustive time, testicular and seminal vesicle weight, and glycogen storage, we were able to put into evidence preliminary improvements in anti-fatigue and sexual function in rats.
[image: Figure 13]FIGURE 13 | Molecular structure of Icariin-Zinc.
Body weight is an important indicator of the skeletal, muscular, and functional states, and overall development of the body. A change in body weight can reflect the adaptation of the body to sports training and the degree of its influence on the body. It is one of the most important indicators of animal growth and nutritional state. Our results showed that there was no significant difference between the body weights of the rats in the different groups during the first three weeks. It was considered that the normal development of the body weight had occurred. At the end of the 6th week, the body weight of rats in the L-E and H-E groups decreased, which was due to the increase in excitability and activity. In the process of feeding, the rats in the icariin-zinc group began to show hyperactivities (increased activity, fighting, and frequent squeaking) compared with the exercise control group and the static control group during the third week. This indicates that icariin-zinc can improve the excitability and exercise ability of male rats. The rats' body weight change, and daily amounts of food and water consumed were similar in both the icariin-zinc and exercise control groups. The change in body weight was slightly higher in the control group. This was because the compound promotes the development of the body, increases the basal metabolic rate, appetite, and amount of exercise.
Exercise fatigue is the physiological decline in working ability, activity ability, and range of activity after a strenuous exercise (Narkhede et al., 2016; Górski et al., 2017). The recovery time of exercise fatigue is relatively long and this has an impact on human life and work. Exercise exhaustive time is an important sign reflecting the body’s exercise ability. It can be used as an index to measure the anti-exercise fatigue ability of animals.
The exhaustion training resulted in the maintenance of the rats in both the icariin-zinc and exercise control groups in a state of exercise fatigue, and so, the exercise function could not be effectively recovered. Theoretically, in a short period of time, the exhaustion time would be shorter than that of the control group. The results of the anti-fatigue experiment showed that the exhaustive swimming time of rats in the exercise control group was shortened as expected. However, after the administration of icariin-zinc, the exhaustive swimming time of the L-E group was prolonged. Considering the hyperexcited state of the H-E group, the rats in the exercise control group struggled more violently during the exhaustion swimming training, jumped out of the water more frequently incurring great energy losses, and failed to rest for a long period of time. Because they could not store enough energy for exhaustive training, the both H-E and L-E groups exhaustive times were not prolonged. Our results showed that the concentration of the icariin-zinc was very important, and high concentrations would cause high excitability, which was not conducive for physical recovery. Low concentration can enhance the anti-exercise fatigue abilities, a consequence of the improvement of the exercise level in skeletal muscles.
Glycogen is a form of energy storage in organisms. Glycogen in the skeletal muscle is an important form of energy storage. In long-term aerobic exercise, muscle glycogen consumption often occurs and is related to the inability to maintain muscle contractility (Britto et al., 2018). In long-term and high-intensity sports, the storage of muscle glycogen before exercise determines the time of exhaustion, which directly affects endurance training and competition. The importance of glycogen in exercise ability is reflected in endurance exercise. During exercise, glycogen decomposition is accelerated, and glucose is released into blood by the liver to maintain blood glucose balance. Our results showed that after swimming, the glycogen reserves in the liver and muscle of rats in the exercise control group decreased to the lowest level. However, the glycogen reserves increased in each group after the administration of different concentrations of icariin-zinc, especially in the H-E group.
These results indicate that icariin-zinc can promote glycogen synthesis in rats undergoing training. The possible mechanism is that icariin-zinc can enhance the oxidation and absorption of glucose, thus promoting the synthesis of muscle glycogen and liver glycogen.
The testis is a male internal reproductive organ and plays a role in the development of male secondary sexual characteristics and physiological function. The seminal vesicle is an important accessory gland of men, and is involved in the process of semen accumulation and release. Seminal vesicle secretion accounts for about 50–80% of the volume of semen, and thus closely influences the quality and quantity of sperm (Zhao et al., 2019). Our results showed that the testicular weights and indices of the L-E and H-E groups were increased. This could be because icariin-zinc promotes testicular development and spermatogenesis. We found that, compared with other administration groups, the weight of the seminal vesicle of rats in the L-E group increased significantly. This was probably due to the increase in seminal vesicle secretion caused by Icariin-Zinc.
Testosterone is one of the main components of androgen. It promotes spermatogenesis, stimulates the growth and development of reproductive organs, maintains normal sexual desire, and promote protein synthesis. From this experiment, we found that icariin-zinc can significantly improve the plasma testosterone level of rats, and this effect is significantly better than when icariin and zinc agents, such as zinc gluconate, are administered separately. It is suggested that ICA can promote the secretion of testosterone. ICA is a flavonoid that can protect the synthesis of testosterone in mouse Leydig cells (by the effects of 2-ethylhexyl phthalate). It protects mouse testes from the damage induced by DEHP by blocking ROS and promoting the secretion of testosterone (Sun et al., 2019). It can be concluded that icariin-zinc may promote testosterone secretion by protecting rat testicular cells from damage.
To sum up, sports fatigue and men’s health problems are of great concern, and they often affect each other. Male sexual dysfunction can cause other functional abnormalities in the body and thus, influence mental and physical health. Hence, it is a problem that requires an urgent solution. Therefore, it will be of great significance if a fast and effective drug that improves anti-fatigue and sexual abilities was found. Based on the behavior of animals in this study, and the analyses of specific experimental data, we believe that the combination of icariin and zinc ion can improve the motor and anti-fatigue abilities of male rats (through the improvement of the functions of skeletal muscles and joint). In addition, it can promote the index and function of the glands of the reproductive system (especially increase in testicular and seminal vesicle weights, increase the glycogen reserve in rats, and improve exercise ability). The mechanisms of action may be related to zinc induced oxidative stress mechanism, or improvement of sexual function by the regulation of the hypothalamic pituitary gonadal axis and the PI3K/Akt/eNOS/ NO signal pathway by ICA (Ding et al., 2018). In the future, these mechanisms will be further studied in terms of enhancing testicular function, including steroid production, sperm count, sperm motility, and spermatogenesis in male rats. Therefore, the preparation and application of icariin-zinc provides a new idea to explore for increasing anti-fatigue ability, enhancing exercise ability, and solving male reproductive health problems.
CONCLUSION
In this experiment, icariin-zinc was successfully prepared, and the reaction rate was positively related to the reaction temperature, reactant concentration, and reaction time. An appropriate amount of icariin-zinc compounds can promote development in male rats, improve their excitability, promote their recovery from the fatigue state, and enhance their anti-fatigue ability.
Icariin-zinc can significantly prolong the exhaustive swimming time, improve the exercise ability, and increase the content of testosterone in the plasma of male rats. However, there was no significant effect on glycogen content, testicular index, and other reproductive glands (such as the prostate gland and seminal vesicle). Moreover, icariin-zinc was better than zinc gluconate in prolonging exhaustive swimming time, and increasing plasma testosterone content. Compared with icariin, the effect of high-dose zinc is more significant. It is suggested that in the application of the icariin-zinc complex, the dosage should be strictly controlled to obtain the best drug effect without affecting the reproductive system organs.
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Background: The successful application of randomized, double-blind placebo-controlled studies requires maximum blinding. Organoleptic properties of the placebo should be similar to the drug, making it difficult to distinguish between the two. The uniqueness of traditional Chinese medicine (TCM) preparations makes it challenging to prepare placebo. Evaluation of the TCM placebo simulation effect can determine whether the preparation of placebo can be genuinely blind in clinical trials. There is still a lack of well-established methods to evaluate TCM placebos. Hence, this study aimed to explore the evaluation methodology of TCM placebo simulation.
Methods: An independent evaluation method and three comparative evaluation methods were proposed, and three dosage forms (oral liquid, capsule, and granule) were tested. The independent evaluation, in which each person was given an experimental drug or a placebo, gave an overall assessment of organoleptic properties in a blind state. We comparatively evaluated the similarity in organoleptic properties between the experimental drug and placebo. According to different distribution methods, we divided comparative evaluation methods into three. In method 1, the evaluator was given the experimental drug and placebo and was told that there must be a placebo among them. In method 2, each evaluator was randomly assigned to the combination group or two investigational drugs group. In method 3, the evaluator was assigned to a set of three coded samples, numbered by random three-digit numbers, each different, two of which were identical, and the two samples were equally frequent.
Results: In the independent evaluation, there was no difference between TCM placebo and experimental drugs in a blind state at the level of p = 0.05. Even though the comparative evaluation methods enabled identification of potential differences between the two samples, methods 2 and 3 were better than method 1 in eliminating psychological factors. Also, in method 3, the completely random method combined with the blind method eliminated the subjectivity and objectivity bias and improved the experiment’s credibility compared with the previous two methods.
Conclusion: Regardless of the methods that could evaluate the placebo’s simulated effect in actual clinical trials, we suggest that independent evaluation and comparative evaluation (method 3) should be combined to reflect better whether the placebo is truly blind.
Keywords: traditional Chinese medicine, placebo, simulation effect, evaluation, organoleptic properties
INTRODUCTION
Masking of participants and researchers has long been used in randomized clinical trials (RCTs) to eliminate the potential impacts of nondrug effects, including the natural course of the disease; the evaluator and researchers; and subjective factors in treatment, diagnosis, and clinical assessment (Jamshidian et al., 2014; Dube et al., 2007). In the past 40 years, at least 17,000 RCTs have been conducted in China to assess the efficacy and safety of traditional Chinese medicine (TCM), including Chinese herbal medicine, acupuncture, massage, moxibustion, Qigong, and other therapies, most of which are related to Chinese herbal medicine (Wang et al., 2007). Regardless of the increasing number of TCM studies, their reliability has been challenged because of the lack of rigorous evidence (Wang et al., 2007; Teschke et al., 2015; Liu et al., 2015). Inadequate randomization, insufficient sample sizes, and the lack of proper blinding make the research results vulnerable to the selection, reporting, and assessor bias.
A more recent review of TCM uncovered that many studies often lacked true blindness (Teschke et al., 2015). To meet the requirements for blinding, it is necessary to prepare a convincing TCM placebo, and these must be similar to the investigational drug in terms of visual attributes, dosage form features, and smell/taste attributes. Compared with western medicine placebo drugs, the unique odor, taste, and color of TCM preparations make it challenging to prepare placebo. At present, there are two forms of placebo preparation: no pharmacodynamic components and low-dose pharmacodynamic components. The placebo prepared by the simple excipient method placebo does not contain pharmacodynamic components. Generally, it uses flavorants (edible additives), colorants (edible pigments), and volatiles (agents to simulate a placebo) (Lu et al., 2018). The other is to use the drug with excipients in a low proportion. It is feasible to dilute the drug substance by 10 or 20 times, use it as a placebo, or use materials with certain pharmacological activities unrelated to the investigational drug’s effect to prepare the placebo (Nakaya et al., 2003). To explore whether the organoleptic properties of the placebo are exactly the same as those of experimental drugs, it is imperative to evaluate the TCM placebo’s simulation effect. Nevertheless, there is a lack of recognized evaluation methods and standards for TCM placebos (Wang et al., 2014).
At present, there are mainly two clinical evaluation methods: artificial and objective evaluation. For artificial evaluation, some researchers have proposed a placebo quality checklist (Brinkhaus et al., 2008), but this has never been appropriately validated. Some Chinese researchers have proposed to allow healthcare professionals, pharmaceutical companies, and patients to score placebos, and the results should be used to determine whether the placebo simulation is successful (Tang et al., 2009; Wang et al., 2011; Jin et al., 2014a; Song et al., 2014; Yang, 2014; Sun et al., 2019; Yan and Zhang, 2020). For objective evaluation, some researchers have begun to use intelligent sensory analysis to evaluate placebo quality, including visual sensors, electronic tongue sensors, and other technologies. These are used to assess placebo consistency with the investigational drug in organoleptic properties, and they can transform subjective evaluation reports into objective data to standardize evaluations (Luo, 2012; Jin et al., 2014b; Liu et al., 2014; Fan, 2018).
Manual placebo evaluation can maximize the simulation of the patient judgment of drugs in the real clinical environment. Here, we proposed four methods for evaluating the simulated effect of placebo in TCM, including an independent evaluation method and three comparative evaluation methods. In the independent evaluation, only one of the two drugs, including experimental drug and placebo, was given to the evaluator. In contrast, in the comparative evaluation, the evaluator was given multiple boxes of drugs, including various possibilities. To fully explore whether the four evaluation methods identified and evaluated the simulation effect of TCM preparations stably, we took three commonly used TCM preparations (oral liquid, granule, and capsule) as an example to conduct the simulation effect evaluation test. We provided our insights and considerations for evaluating the manufacture and simulated effects of TCM placebos.
MATERIALS AND METHODS
Evaluation of Different Dosage Forms of Traditional Chinese Medicine Placebo
This study was intended to evaluate three different dosage forms of TCM placebo used in clinical studies and the following were in each: 1) Fufang Ejiao Syrup (FFEJJ) oral solution (batch number: Z37021371); this product is a brown to dark brown liquid, sweet in taste, and comes in 20 ml vials. The ingredients and contents in placebo FFEJJ oral solution (20 ml) are listed in Table 1. Shandong Dong-e E-Jiao Co., Ltd., produced both the investigational drug and placebo. 2) Zhizhu Kuanzhong (ZZKZ) capsules (batch number: Z20020003); this product is light grayish brown, slightly bitter, salty and comes in 0.43 g/grains. The ingredients and contents in placebo ZZKZ capsules (0.43 g) are listed in Table 2. The investigational drug and placebo were produced by Langzhi Group Shuangren Pharmaceutical Co., Ltd., 3) Billing Weitong (BLWT) granules (batch number: Z19990069); this product is brown to tan granules with a bitter taste and comes in 5 g/bags. Ingredients and content contained in each placebo sachet (5 g) of BLWT granules are listed in Table 3. Both the investigational drug and placebo were prepared by Yangtze River Pharmaceutical Group Jiangsu Pharmaceutical Co., Ltd.
TABLE 1 | Ingredients and their contents of FFEJ placebo in each placebo bottle (20 ml).
[image: Table 1]TABLE 2 | Ingredients and their contents of ZZKZ placebo in each placebo grain (0.43 g).
[image: Table 2]TABLE 3 | Ingredients and their contents of BLWT placebo in each placebo pack (5 g).
[image: Table 3]Evaluation Methods of Placebo Simulation Effect of Traditional Chinese Medicine
The placebo should be completely consistent with the tested TCM in terms of appearance, color, odor, taste, packaging, usage, and dosage, so it was necessary to evaluate whether the placebo successfully mimicked the investigational drug by independent assessment and comparative effectiveness evaluation. Independent evaluation was required to determine if the actual medication was simulated. The evaluator determind whether a sample in the investigational drug or placebo was an investigational drug under a blinded state; for comparative effect evaluation, they evaluated the similarity of the investigational drug and placebo at different levels such as appearance texture, color, odor, and taste.
Independent Evaluation
Three dosage forms of FFEJJ oral solution, ZZKZ capsules, BLWT granules, and their placebos were evaluated. The investigational drug or placebo was randomly distributed to 20 evaluators (n = 10 each). The evaluators were randomly selected from the target evaluator for which the drug was acting. The evaluator made an overall assessment of the possibility that the sample was the investigational drug under a blinded state. There were two evaluation options: probably an investigational drug or probably a placebo. After unblinding, judgment accuracy was compared between the placebo and the investigational drug groups to determine whether there was a difference between them.
For the qualification criteria of the placebo simulation effect, the methods listed in Table 4 were adopted. Twenty evaluators (10 each for placebo and investigational drug) were used to calculate the difference in the proportion of the investigational drug and placebo judged as the investigational drug in the blinded state (p < 0.05). Assuming that the numbers of the evaluators who judged investigational drug as the investigational drug were 5, 6, 7, 8, 9, and 10, the cut-off value of the number of the evaluators who judged the placebo as the investigational drug varied from 0 to 5, indicating a significant difference at the 0.05 level. That is, when the number of evaluators was 20, and 5 evaluators judged the investigational drug as the investigational drug, the number of the evaluators who judged placebo as the investigational drug was at least 1, indicating there was no difference in the proportion of the evaluators who judged the placebo and investigational drug as the investigational drug in the blinded state at the 0.05 level. When all evaluators judged the investigational drug as the investigational drug, the number of the evaluators who judged the placebo as the investigational drug was at least 6, which means there was no difference in the proportion of evaluators who judged the placebo and the investigational drug as the investigational drug in the blinded state at the 0.05 level.
TABLE 4 | Cut-off values of the difference in the number of evaluators who judged the investigational drug and placebo as the investigational drug at the 0.05 level.
[image: Table 4]Comparably, if the number of evaluators was increased to 20 each for placebo and the investigational drug, with an assumption that the numbers of patients judged the investigational drug as the investigational drug were 10, 12, 14, 16, 18, and 20, and there was a difference in the proportion of the evaluators who judged both the investigational drug and placebo as the investigational drug in the blinded state (p< 0.05), the cut-off value of the number of evaluators who judged the placebo as the investigational drug varied from 3 to 15, suggesting a significant difference at the level of 0.05. That is, when 10 evaluators judged the investigational drug as the investigational drug, the number of evaluators who identified the placebo as the investigational drug was at least 4, which suggested there was no significant difference at the 0.05 level. When all evaluators judged the investigational drug as the investigational drug and the number of evaluatiors who thought the placebo was the investigational drug was at least 16, it was considered that there was no difference in the proportion of the evaluators who judged the investigational drug in the blinded state at the 0.05 level.
Comparative Evaluation
Method 1
All 20 evaluators were distributed an investigational drug and a placebo and the evaluators were told that one of them was a placebo, but they did not know which one was a placebo. Also, they were allowed to open the drug package. The evaluators scored the sensory similarities in terms of drug appearance, odor, taste, and characteristics. The judgment criteria were as follows: complete consistency corresponded to a score of 10.0 points, comparative consistency was 7.5 points, uncertainty scored 5.0 points, a large difference corresponded to 2.5 points, and complete inconsistency was 0 points. If the single evaluation content was < 5 points, it was considered that there were certain differences between the two samples.
Method 2
The evaluators were randomly distributed into two groups, and there were two scenarios in each: 1) both samples were the investigational drug; and 2) one sample was the investigational drug and the other was the placebo. The patients had an equal chance of obtaining either sample in both scenarios. There were a total of 20 evaluators. Each assessed the placebo/investigational drug or the investigational drug/investigational drug simultaneously, and they were allowed to open the packaging. The evaluators considered the similarities between the placebo and investigational drug in terms of packaging, label, strength, drug form, color, odor and taste; they were instructed to determine if the placebo was similar to the investigational drug and whether the placebo could be identified. The judgment criteria were as follows: complete consistency corresponded to a score of 10.0 points, comparative consistency was 7.5 points, uncertainty scored 5.0 points, a large difference corresponded to 2.5 points, and complete inconsistency was 0 points. The 0.05 level was used to determine whether there was a difference in scores between the two groups.
Method 3
A three-point test method was used to evaluate the slight differences between the two samples. Evaluation steps: the evaluator was provided with a group of three samples that were coded with a random three-digit number that was different each time. Two of the samples had the same numbers. The evaluators were required to pick out the sample different from the other two, with an equal occurrence rate of the three samples: BAA, ABB, ABA, BAB, AAB, and BBA. The statistical null hypothesis was that it is impossible to distinguish between these two samples based on their characteristic strength. In this case, the probability of correctly identifying an individual sample was p = 0.33. The alternative hypothesis was that these two samples could be distinguished based on their characteristic strength. The probability of correctly identifying a control sample, in this case, was p > 0.33. Finally, the number of correct responses and the total number of evaluators was statistically analyzed. When the number of correct responses was greater than or equal to the corresponding value at a certain level of the table tested by the three-point test method, the null hypothesis was rejected, and the alternative hypothesis was accepted at the significant level. A total of 36 samples were included, and the cut-off value for a difference between the two samples was 18 at the 0.05 level.
RESULTS
Independent Evaluation
 In the independent evaluation of three dosage forms of TCM placebos, there were no significant differences across the groups about the evaluator gender or age, or the time to make a judgment on whether the dispensed drug was the investigational drug or placebo. Three evaluators had taken FFEJJ before the study (all in the placebo group), and four evaluators had taken ZZKZ before evaluation (two in the placebo group). See Tables 5–7 for specific information.
TABLE 5 | Basic information of patients independently evaluating FFEJJ placebo.
[image: Table 5]TABLE 6 | Basic information of patients independently evaluating ZZKZ placebo.
[image: Table 6]TABLE 7 | Basic information of patients independently evaluating BLWT placebo.
[image: Table 7]With regard to the evaluation of the FFEJJ oral placebo simulation effect, when the compound was actually the placebo, three of 10 evaluators judged it as the investigational drug, and when it was actually the investigational drug, seven of 10 evaluators judged both of them as investigational drugs.
Next, we evaluated the placebo simulation effect of ZZKZ capsules. When the compound was actually the placebo, eight of 10 evaluators judged it as the investigational drug; when it was actually the investigational drug, five of 10 evaluators judged it as the investigational drug.
Finally, we evaluated the placebo simulation effect of BLWT granules. When granules were the placebo and investigation drug, respectively, four and seven of 10 evaluators chose it as the investigational drug.
If the cut-off value of the evaluators who judged the investigational drug and placebo as the investigational drug was different at the 0.05 level, it was considered that there was no significant difference between the three different TCM preparations placebos, and the study was appropriately blinded (Tables 4, 8).
TABLE 8 | Independent evaluation results of evaluators who judged the investigational drug and placebo as the investigational drug.
[image: Table 8]Comparative Evaluation
Method 1
A total of 20 evaluators participated in the placebo evaluation of ZZKZ capsule (10 male and 10 female, age range 27–69 years, mean 44.8 ± 12.2 years). Four evaluators had taken capsules before participating in the evaluation. Eighteen of the 20 evaluators opened the capsules and evaluated the similarity of the compounds. For the ZZKZ capsule similarity evaluation, 13 evaluators correctly identified the placebo (Table 9). If the score in a single evaluation was<5 points, it was identified as a difference. The ZZKZ capsule placebo was generally consistent or indefinitely different in appearance and content characteristics with the investigational drug, with some taste and odor differences.
TABLE 9 | Comparative evaluation results of ZZKZ for method 1
[image: Table 9]Method 2
A total of 20 evaluators participated in the comparative evaluation of the placebo simulation effect of ZZKZ capsules; three evaluators in the experimental group had previously taken the capsules. The patients in both groups who participated in the evaluation opened the capsule for discrimination, and the results of appearance, contents, odor, and taste are shown in Table 10. Eight evaluators in the combination group identified the placebo, and nine evaluators in the two investigational drugs group mistook the investigational drug as a placebo. Since psychological effects were ruled out, the investigational drug was not considered to be different from the placebo in appearance, but there were some differences between the two in taste, content traits, and odor.
TABLE 10 | Comparative evaluation results of ZZKZ for method 2
[image: Table 10]Method 3
A total of 36 evaluators (16 male, 20 female; age range 18–76 years, mean age 41.72 ± 13.403) participated in the comparative evaluation. None of them had taken the investigational drug before completing the evaluation. The evaluators selected one different sample or two identical samples from each test package regarding appearance, texture, color, odor, and taste. The number of evaluators with correct judgment was less than half of the total, so the comprehensive evaluation result was pass for BLWT granules vs. placebo (Table 11).
TABLE 11 | Comparative evaluation results of BLWT for method 3
[image: Table 11]DISCUSSION
An ideal placebo has no active ingredients but is identical to the investigational drug in organoleptic properties. In clinical investigations of western medicine, the active ingredients are clear, so the placebo only needs to use the corresponding excipients (e.g., starch, glucose, etc.,) and the difficulty coefficient is not high (Qi et al., 2008). However, for TCM studies, the Chinese materia medica composition is often several or even dozens of components, and many traditional forms (e.g., decoctions, pills and powders) have special odors and tastes, and ensuring that the placebo is similar can be difficult. There is large variability, which makes placebo preparation even more difficult. Special consideration should be given to the design of a placebo to ensure a good simulation effect.
In actual clinical trials, uniform criteria are often used for the specification, packaging, usage, and dosage of the placebo and investigational drug. The evaluation mainly focuses on whether the placebo has drug activity and whether it is consistent with the investigational drug in terms of appearance, color odor, and taste. Nevertheless, there is no recognized evaluation method for placebo quality evaluation. In addition to avoiding placebo effects, attention should also be paid to nocebo effects during double-blind RCTs. The nocebo effect is defined as a harmful result of patients’ doubts or negative expectations about the treatment (Blasini et al., 2018). Evidence has been found that both the placebo and nocebo effects can substantially affect the efficacy of the drug as well as nondrug treatments (Amanzio et al., 2001; Aslaksen et al., 2015). Therefore, nocebo effects can affect the accurate determination and evaluation of therapeutic drugs. Determining how to scientifically and consistently design placebos and evaluate their simulation effects is particularly important.
Although the objective evaluation method can make the data more objective and reduce the degree of deviation, there are some differences between the objective evaluation method and clinical practice. The patients’ potential psychological factors cannot be 100% simulated, affecting the test results. Also, the standardization and objective quantification of simulation effects still need to be improved (Wang et al., 2003). So, the present study used the artificial evaluation method. By pre-investigating a small number of target evaluators in advance, researchers can predict whether they will distinguish the difference between the placebo and the experimental drug in the actual clinical study. Considering whether the placebo’s simulation effect would be affected if there were simultaneous exposure to two drugs, we provided three different contrast evaluation methods. All of them enabled identifying potential differences between the two samples, and they all have some differences. For the first method, the evaluators knew that there must be a placebo included, so they would pay more attention to finding the differences between the two, and the probability of unblinding was increased. The second method used to deal with this limitation was semi-randomized and evaluated if the two (the investigational drug and placebo, or two investigational drugs) were the same. To make this judgment, both the difference and the consistency, or both of them, had to be considered, making up for the limitation of the first method that only looked for different points. The difference reflects the inconsistencies between the two and the investigational drug, and the consistency expresses the degree of the similarities between the two and the investigational drug. With smaller differences comes higher consistency. The purpose of the evaluation was achieved by using one of the analyses in actual operation. Nevertheless, semi-randomization may also produce some biases, because of the infeasibility of true randomization in a strict sense. The third method adopted complete randomization, eliminateing nonuniformity error, order error caused by the sampling method, and allocation error due to improper allocation. It also reduced subjective and objective biases by combining the blinding approach, thus significantly improving data reliability. We believe that the completely random simulated evaluated better whether the placebo was more consistent with the experimental drug by discussing several comparative evaluation methods. In the actual clinical application, we suggest that the combination of independent and comparative evaluation can be closer to the real double-blind placebo-controlled studies, so as to avoid the placebo and nocebo effects to the greatest extent. Nevertheless, evaluators may have different psychological tendencies and have varying sensitivities to the organoleptic properties of Chinese materia medica so that the manual evaluation method can be affected by subjective factors. Also, in this study, the sample size was small, and more samples are needed for verification.
Concerning the evaluation criteria, there are currently two primary forms. One compares the investigational drug and placebo in terms of shape, color, odor, taste and other aspects to determine whether the differences were significant. The second is to define the value of either artificially, but there is no uniform definition of evaluation criteria cut-off values. This study was mainly based on the relevant literature and statistical indicators in early-stage investigations. There are some doubts about the scientific validity and reliability of this approach, which must be continuously explored in the future.
The literature suggests that evaluators should be asked to indicate whether they think they took the investigational drug or placebo after the trial. The statistical analyses should then estimate and adjust for postrandomization confounding factors that could influence treatment effect according to the causal inference framework to obtain the unbiased efficacy estimate and more easily explain the estimate (Hubbard et al., 2012). At present, there is little evidence that RCTs are actually double-blinded (Hrobjartsson et al., 2007). Our next focus will be to investigate whether it is necessary to specify the evaluation results of the placebo simulation effect along with articles, which should provide better references to readers.
CONCLUSION
A blind method is an essential link to a high-quality TCM clinical trial. The simulation effect of the placebo will directly affect whether the blind method can be realized. Evaluation of the TCM placebo’s simulation effect can judge whether the placebo preparation achieves complete consistency in visual attributes, dosage form features and smell/taste attributes. We proposed an independent evaluation method and three comparative evaluation methods, and three dosage forms (oral liquid, capsule and granule) were tested. Regardless of the methods can evaluate well the simulated effect of placebos, in actual clinical trials, we suggest that independent evaluation and comparative evaluation (method 3) should be combined to reflect better whether the placebo is truly blind. This study can provide a new choice for the simulation evaluation of TCM placebo in the future and further improve the quality of TCM clinical trials.
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Grona styracifolia (Osbeck) Merr. (GS), a popular folk medicine, is clinically applied to treat nephrolithiasis. In this study, a urinary metabolic analysis was performed in a mouse model of renal calcium oxalate (CaOx) crystal deposition to identify the differentially altered metabolites in mice with oxalate-induced renal injury and explore the therapeutic mechanisms of GS against nephrolithiasis. Twenty-four mice were randomly divided into the control, oxalate and GS-treated groups. A metabolomics approach based on ultra-high-performance liquid chromatography coupled with quadrupole-time-of-flight mass spectrometry (UHPLC-Q-TOF/MS) was used to analyze the metabolic profiles of the urine samples. In addition, network pharmacology analysis was performed with different databases. As a result, the protective effects of GS were verified by measuring biochemical parameters and detecting crystal deposition. Fifteen metabolites were identified as the differentially altered metabolites in mice with crystal-induced renal injury. Most were involved in amino acid and fatty acid metabolism. Thirteen of these metabolites showed a reversal trend following GS treatment. A component-target-metabolite network was further constructed and nine overlapping target proteins of GS and the differentially altered metabolites were discovered. Among these proteins, the expression of estrogen receptor 2 (ESR2) in renal tissues was significantly down-regulated while androgen receptor (AR) expression was obviously increased in the oxalate group compared with the control group. These changes were reversed by the GS treatment. In conclusion, GS exerts its therapeutic effect by regulating multiple metabolic pathways and the expression of ESR and AR in mice with oxalate-induced renal injury.
Keywords: traditional medicine, biological network, metabolomics, integrative pharmacology, renal injury
INTRODUCTION
Kidney stone disease, also known as nephrolithiasis, is a common disease jeopardizing the health of 7–13% of the population worldwide (Sorokin et al., 2017). Nephrolithiasis is considered a systemic disease because of its significant association with chronic kidney disease, cardiovascular events and metabolic syndrome (including type 2 diabetes, obesity, hypertension and dyslipidemia), as reported by numerous epidemiological studies (Sakhaee, 2008). Calcium oxalate (CaOx) is the most common inorganic matrix found in kidney stones and crystals. CaOx crystals, an early form of kidney stones, have also been shown to cause apoptosis in renal tubular cells (Mulay et al., 2013). The supersaturation of the urine is the first step in the formation of kidney crystals, followed by the progression of nucleation, growth and aggregation (Kolbach-Mandel et al., 2015). Renal injury induced by kidney stones has been observed throughout the process of stone formation. Metabolic disturbances are also promoted by crystal-induced renal injury. Thus, metabolic disturbances resulting from renal injury during crystal formation should be addressed.
Grona styracifolia (Osbeck) H. Ohashi and; K. Ohashi (GS), a popular traditional medicine (also known as “Guang Jin Qian Cao” in Chinese), is widely distributed in southern China and is clinically applied to treat nephrolithiasis. GS has been shown in a previous study to alleviate CaOx deposition in a murine model and has been reported to effectively relieve the apoptosis of tubular cells and prevent the oxidative stress changes induced by crystals (Zhou et al., 2018). However, no studies have been performed to evaluate the effects of GS on nephrolithiasis from the perspective of metabolism.
Metabolomics is a scientific study of the systemic metabolic changes in complex living systems in response to pathophysiological stimuli and has been effectively applied to reveal metabolic changes in diverse types of renal injury (Fan et al., 2018). In addition, the concept of network pharmacology has been developed due to the rapid development of bioinformatics. Network pharmacology is more effective for establishing a “compound-protein/gene-disease” network and revealing the regulatory effects of small molecules in a high-throughput manner. This approach is very powerful for the analysis of drug combinations, especially traditional medicinal herbs (Zhang et al., 2019). A combination of network pharmacology and metabolomics can establish the relationships of herb targets and endogenous metabolic responses to further reveal the molecular mechanisms of the herb based on a component-target-metabolite network. In the present study, a urinary metabolomics-based approach integrated with network pharmacology was conducted to investigate the potential effects of GS on a mouse model of crystalline nephropathy characterized by renal CaOx deposition.
MATERIALS AND METHODS
Preparation and Quality Control of GS
Grona styracifolia (Osbeck) H. Ohashi and K. Ohashi (GS) was purchased from Anguo (Hebei, China) and was authenticated by Prof. Lianna Sun (School of Pharmacy, Navy Medical University, Shanghai, China). The purchased herbs were extracted using standard methods according to the Chinese Pharmacopoeia (Yu et al., 2015). First, the entire GS plant was ground into a powder and was filtered through a 250 μm mesh. Next, 200 g of the powder was extracted with 1,000 ml of 80% methanol for 2 h using a ultrasonicator. The extract solution was filtered and then concentrated using a rotary evaporator, followed by drying to a powder under a vacuum at 60°C. The GS was parallel-extracted six times and the average yield of the methanol extract was 13.1% (w/w).
The ultra-high-performance liquid chromatography coupled with quadrupole-time-of-flight mass spectrometry (UHPLC-Q-TOF/MS) approach was used to test the reproducibility of GS extraction. Based on previous research and the literature (Zhou et al., 2012; Yu et al., 2015), four major constituents of GS, including schaftoside, isovitexin, luteolin, and apigenin, were selected for further analysis. The relative standard derivation (RSD) values of the peak areas of each component of the product were calculated in six parallel extracts of GS. The standard substances (NatureStandard, Shanghai, China) of these four constituents were also analyzed for comparison. A detailed description of the methodology is provided in the Supplemental Materials section (Supplementary Methods S1).
Cell Model and Treatment
The human proximal tubular cell line, HK-2 cells were obtained from the ATCC (Manassas, United States). Cells were incubated with sodium oxalate (NaOx) at 1 mM for 12 h to establish a cell model. Potassium citrate (K3Cit) is known for preventing the formation of kidney stone and was used as a positive control. HK-2 cells were divided into five groups (six wells per group): control groups (no treatment), model group (NaOx), K3Cit group (NaOx +1.0 mg/ml K3Cit), 25 μg/ml GS group (NaOx +25 μg/ml GS), 50 μg/ml GS group (NaOx +50 μg/ml GS) and 100 μg/ml GS group (NaOx +100 μg/ml GS). The levels of IL-6 and TNF-α in the cell supernatant were detected using ELISA kits (MultiSciences, Hangzhou, China). Simultaneously, lactate dehydrogenase (LDH) release was determined according to the instructions provided with the kits (Jiancheng Bioengineering, Nanjing, China).
Animal Experiment and Sample Collection
This experiment was approved by the Animal Ethics Committee of Navy Medical University (license: SCXK (Hu) 2017-0004) and was performed in accordance with the Guiding Principles for the Care and Use of Laboratory Animals. Twenty-four wild-type male C57B/L6 mice aged seven to eight weeks were purchased from the Shanghai SLAC Laboratory Animal Co., Ltd. (production license: SCXK (Hu) 2017-0005), provided with standard food and water, and housed at a temperature of 20–25°C and relative humidity of 55–65%. After one week, the 24 mice were randomly divided into four groups: the control group, oxalate group, oxalate + low dose GS group and oxalate + high dose GS group (n = 6).
The mice were intraperitoneally injected with 100 mg/kg glyoxylate once daily for seven days to establish the oxalate-induced renal injury model (n = 18), while the mice in the control group received an equal volume of saline. Two days after the first injection of glyoxylate, the mice received a daily gastric perfusion of the GS extract at a low dose of 10 ml/kg (equivalent to 500 mg/kg body weight of the whole plant powder, n = 6) and a high dose of 2 0 ml/kg (equivalent to 1,000 mg/kg body weight of the whole plant powder, n = 6) for five consecutive days, while the mice in the control and oxalate groups received an equal volume of saline. After the last gavages, all the mice were placed in metabolic cages for 24 h to collect urine samples, which were stored at −80°C until the biochemical and metabolic analysis. Then, the mice were all anesthetized with sodium thiopental. Blood samples were collected and separated by centrifugation at 3,000 rpm for 10 min and stored at −80°C until the biochemical analysis. After in situ cardiac perfusion, the right kidneys were immediately removed and stored at −80°C until further biochemical analysis and western blot. Next, the left kidneys were removed and fixed with 10% buffered formalin for pathological analysis.
Biochemical Analysis and Detection of Crystal Deposition
Serum creatinine (SCr) and blood urea nitrogen (BUN) levels were detected using creatinine assay and urea assay kits, respectively (Jiancheng Bioengineering, Nanjing, Jiangsu, China). The urine calcium and creatinine levels were measured using kits (Jiancheng Bioengineering, Nanjing, Jiangsu, China) and the ratio of urine calcium to creatinine (UCa/Cr) was calculated. The renal tissues were placed in prechilled normal saline and phosphate-buffered saline (PBS, pH = 7.4) to produce 10% kidney homogenates. Then, calcium contents in renal tissues were determined with kits (Jiancheng Bioengineering, Nanjing, Jiangsu, China).
The kidney samples were embedded in paraffin and sectioned at a thickness of 3 μm. The deposition of CaOx crystals in representative sections was identified using a polarizing microscope.
Reverse Transcription-Quantitative Polymerase Chain Reaction
Total RNA was extracted from the renal tissues using TRIzol reagent (Invitrogen, Carlsbad, CA, United States) according to the manufacturer’s instructions. The RNA concentration and purity were determined by measuring the absorbance at 260/280 nm. Reverse transcription kits (Vazyme, Nanjing, Jiangsu, China) were used to reverse transcribe RNA into cDNAs. The expression of kidney injury molecule 1 (KIM-1; forward: 5′-ATG​AAT​CA-GAT​TCA​AGT​CTT​C-3′ and reverse: 5′-TCT​GGT​TTG​TGA​GTC​CAT​GTG-3′) was determined using the SYBR Green PCR kit (Yeasen, Shanghai, China).
UHPLC-Q-TOF/MS Analysis of Urine Samples
The UHPLC-Q-TOF/MS analysis was performed on an Agilent 1,290 Infinity LC system equipped with an Agilent 6,538 Accurate Mass Quadrupole Time-of-Flight mass spectrometer (Agilent Technologies, Santa Clara, CA, United States). Chromatographic separations were performed at 40°C on an ACQUITY UPLC HSS T3 column (2.1 mm × 100 mm, 1.8 μm, Waters, Milford, MA, United States). The mobile phase consisted of 0.1% formic acid (A) and ACN modified with 0.1% formic acid (B). The optimized UPLC elution conditions were as follows: 0–1 min, 2% B; 1–6 min, 2–20% B; 6–9 min, 20–50% B, 9–13 min, 50–95% B; and 13–15 min, 95% B. The post time was set to 5 min for system equilibration. The flow rate was set to 0.35 ml/min, and the injection volume was 4 μL. The auto-sampler was maintained at 4°C.
An electrospray ionization source (ESI) was used both in positive and negative mode. The optimized conditions were as follows: capillary voltage, 4 kV in the positive mode and 3.5 kV in the negative mode; drying gas flow, 11 L/min; gas temperature, 350°C; nebulizer pressure, 45 psig; fragmentor voltage, 120 V; and skimmer voltage, 60 V. Data were collected in the profile mode from 50 to 1,100 m/z. Potential metabolites were further analyzed using MS/MS, and the collision energy ranged from 10 to 40 eV.
Data Processing and Statistical Analysis
The raw UPLC data were converted into a common data format (mzData files) using Agilent Mass Hunter Qualitative software, in which the isotope interferences were excluded with a threshold set to 0.1%. The XCMS program (http://metlin.scripps.edu/download/) was used for peak detection, retention time (RT) alignment and peak integration to generate a visual data matrix. After filtering the ions based on an 80% rule, the data from each sample were normalized to the total intensity to correct for the MS response shift. Then, the three-dimensional data, including RT-m/z pair, sample name, and normalized ion intensity, were imported into SIMCA-P software (version 11.0, Umetrics, Umea, Sweden) for principle component analysis (PCA) and partial least squares discriminate analysis (PLS-DA). The variable importance in the projection (VIP) values were generated and represented the contribution to the intergroup discrimination of each metabolite ion. Metabolite ions with VIP values greater than 1.0 were selected for further analysis.
All data are presented as the means ± standard errors of the means (SEM). Statistical significance of the mean values was assessed using a one-way analysis of variance (ANOVA) or the Kruskal-Wallis H test as appropriate to assess differences among groups in SPSS 17.0 statistical software (SPSS Inc., Chicago, IL, United States) under the conditions of p < 0.05.
Identification of Metabolites
The identification of potential urinary metabolites is important and challenging. Therefore, we identified the mass metabolites in a stepwise manner. First, we confirmed the ions based on the extracted ion chromatogram (EIC). Second, we input the accurate molecular mass of the ions into online databases, such as Metlin (http://metlin.scripps.edu/), Human Metabolome Database (http://www.hmdb.ca/), and the Mass Bank (http://www.massbank.jp/), to search for possible metabolites. Third, we compared the MS/MS spectra with the MS/MS information from databases to verify the structure of some putative metabolites.
Network Analysis
The 15 main compounds of GS and their potential targets were acquired as described in our previous research (Hou et al., 2018). In the present study, the interacting proteins of differentially altered metabolites were further searched using the Search Tool for Interactions of Chemicals (STITCH, http://stitch.embl.de) database (Szklarczyk et al., 2016). Subsequently, the interacting proteins of differentially altered metabolites were pooled with the targets of components of GS to construct the component-target-metabolite network using Cytoscape software (http://cytoscape.org).
Western Blot
Acquired renal tissues were homogenized in lysis buffer (KeyGEN, Nanjing, China) containing protease inhibitors and phosphatase inhibitors. The lysates were centrifuged at 12,000 rpm for 5 min at 4°C and the supernatant was collected. The protein concentrations of mixed lysates were determined using a BCA protein assay kit (Thermo Fisher Scientific). Equal amounts of total protein were separated on SDS-PAGE gels and transferred onto nitrocellulose membranes (GE Healthcare Life Sciences). After blocking, the membrane was incubated with rabbit polyclonal anti-ESR2 (1:1,000, Boster Biological Technology), anti-ESR1 (1:1,000, Santa Cruz Biotechnology), anti-AR (1:500, Cloud-Clone), anti-MAOB (1:1,000, Wuhan USCN), anti-PGR (1:1,000, Abcam), anti-GBA (1:1,000, Wuhan USCN), anti-THRB (1:1,000, Abcam), anti-ALB (1:1,000, Cell Signaling Technology), anti-CMA1 (1:1,000, Wuhan USCN) and anti-GAPDH (1:1,000, Wuhan USCN) antibodies at 4°C overnight. After washes with TBST, the membrane was incubated with a fluorescent dye-conjugated secondary anti-rabbit antibody (1:10,000, Licor) for 60 min at room temperature. The signals were visualized using the Odyssey Infrared Imaging System (Licor, NE, United States) and quantitatively analyzed by normalizing them to GAPDH levels using ImageJ software.
Immunohistochemical Staining
For IHC staining, renal sections were incubated at 4°C overnight with primary antibodies against ESR2 (1:50; Cloud-clone, Wuhan, Hubei, China) and AR (1:50; Cloud-clone, Wuhan, Hubei, China), and then washed with PBS. The specimens were subsequently incubated with an HRP-conjugated goat anti-rabbit antibody (1:500, Proteintech, Chicago, IL, United States) at 37°C for 1 h. Next, the sections were stained with 3,3′-diaminobenzidine (DAB; Boster, Wuhan, Hubei, China) for 6 min.
RESULTS
Quality Control of the GS Extract
The GS was parallel-extracted six times, and an UHPLC-Q-TOF/MS approach was used to test the reproducibility of the extraction of GS. As shown in Figures 1A,B, the EIC of the four standard substances and the GS extraction visually showed a very similar profile of retention time, which demonstrated that all of these standard substances could be found in the GS extraction. Each RSD value of the peak area was below 3.2%, as shown in Table 1, which indicated that the UHPLC-Q-TOF system was stable and repeatable and that the extraction of GS was reproducible and reliable. Tandem mass spectrometry (MS/MS) was further performed and was shown to be matched between the standard substances and GS extraction (Figures 1C,D). More information about the MS/MS is provided in the Supplemental Materials section (Supplementary Figure S1).
[image: Figure 1]FIGURE 1 | The EICs and the MS/MS spectrum of standard substances and GS extraction. (A) EICs of four standard substances in positive mode. (B) Total ion chromatogram of GS extraction in positive mode: a. Schaftoside, b. Isovitexin, c. Luteolin, d. Apigenin. Tandem spectrum of standard, Schaftoside (C) and GS extraction (D) in positive mode.
TABLE 1 | The peak area and RSD values of components.
[image: Table 1]Cell Model and Treatment
LDH is a cytoplasmic enzyme that can be released outside when cells are damaged or dead. The number of injured and dead cells is proportional to the level of LDH released to the culture medium. As shown in Supplementary Figure S2A, the release of LDH in NaOx-treated cells was significantly higher than that in the control group. The treatment of GS and K3Cit (as a positive control) significantly inhibited the LDH release stimulated by oxalate. The secretion of TNF-α and IL-6 of the oxalate-stimulated HK-2 cells was significantly increased, compared with nontreated cells. However, the secretion of these cytokines was significantly inhibited by the treatment of GS and K3Cit (Supplementary Figures S2B,C).
Biochemical Analysis
The levels of SCr, BUN, UCa/Cr, renal KIM-1 mRNA and the calcium contents in renal tissues in the oxalate group were markedly increased compared to the control group, but were significantly reduced by the GS treatment, especially at a high dose (Figures 2A–E).
[image: Figure 2]FIGURE 2 | GS protected renal function and alleviated crystal deposition. The levels of SCr (A) and BUN (B) in the serum, UCa/Cr (C) in the urine, renal KIM-1 mRNA (D) and calcium contents (E) in the renal tissues in the control group, oxalate group, oxalate + low-dose GS group, and oxalate + high-dose GS group. (F) Detection of renal CaOx crystal deposition in the four groups with a polarizing microscope. The results are presented as means ± SEM. Statistical comparisons were performed using a Newman-Keuls test (*p < 0.05 compared with the control group and #p < 0.05 compared with the oxalate group).
Detection of Crystal Deposition
Using a polarizing microscope, CaOx crystal deposition was clearly present in the renal corticomedullary junction in the oxalate group, while the crystal deposition was obviously alleviated by the GS treatment, especially at a high dose (Figure 2F).
Metabolic Profile of Urine
A UHPLC-Q-TOF/MS analysis was performed in both positive and negative modes to explore the metabolic changes in the pathological process of oxalate-induced kidney injury and the mechanism of the protective effects of high-dose GS. As shown in the total ion chromatogram (TIC) and the corresponding spectra collected in positive mode of the control group, oxalate group and oxalate + high-dose GS group were similar (Figure 3 and Supplementary Figure S3). After preprocessing the data, PCA was performed to extract systematic variations and to visualize the general relationships between the control group, oxalate group and oxalate + high-dose GS group (Figure 4A and Supplementary Figure S4A). Furthermore, PLS-DA was applied to screen the potential metabolites, and the three-dimensional score plot showed that the oxalate group was obviously separated from the control group (Figure 4B and Supplementary Figure S4B). However, the oxalate + high-dose GS group was close to the control group, revealing that GS rectified the metabolic deviations and protected against crystal-induced kidney injury.
[image: Figure 3]FIGURE 3 | Representative TIC obtained for the ESI-positive ion in the control group (A), oxalate group (B) and oxalate + high-dose GS group (C).
[image: Figure 4]FIGURE 4 | PCA and PLS-DA score plots in ESI positive ion mode. (A) PCA score plots based on the urine metabolic profiles of the control group, oxalate group and oxalate + high-dose GS group. (B) PLS-DA score plots of urine samples obtained from the control group, oxalate group and oxalate + high-dose GS group.
The MS-based identification of the potential metabolites was conducted using online databases. Fifteen metabolites that were differentially present between the control group and oxalate group were finally identified as differentially altered metabolites associated with crystal-induced renal injury (Table 2). Among these metabolites, creatine and pantothenic acid were verified based on the MS/MS spectra (Figure 5). These fifteen endogenous metabolites were mainly involved in amino acid metabolism and fatty acid metabolism. A metabolic network covering all of the differentially altered metabolites was constructed to comprehensively understand the metabolic disturbances that accompanied the occurrence of crystalline nephropathy (Figure 6). In addition, these differentially altered metabolites were further analyzed using network pharmacology.
TABLE 2 | The differentially altered metabolites related to oxalate-induced nephrotoxicity and their metabolic pathways.
[image: Table 2][image: Figure 5]FIGURE 5 | The identification of creatine and pantothenic acid. (A) MS/MS spectra of creatine from Metlin database and actual collection (m/z 132.08). (B) MS/MS spectra of pantothenic acid from Metlin database and actual collection (m/z 220.12).
[image: Figure 6]FIGURE 6 | Metabolic pathway network related to oxalate crystal-induced kidney injury. The levels of metabolites in the oxalate group compared with those in the control group are labeled in red (up-regulated) and blue (down-regulated).
Among the 15 metabolites associated with renal injury, the trends of 13 metabolites were reversed by the GS intervention. The level of L-tyrosine methyl ester decreased after oxalate stimulation and displayed a significant tendency to be reversed by GS treatment. In addition, levels of L-fucose increased considerably in response to oxalate stimulation and exhibited a significant tendency to be corrected to a normal level after GS treatment.
Network Pharmacology Analysis
Potential targets of the components of GS were previously acquired using PharmMapper Server (Hou et al., 2018). Proteins that interacted with differentially altered metabolites were obtained from the STITCH database (Supplementary Table S1). Nine overlapping related proteins interacting with GS and metabolites were identified by constructing a Venn diagram (Figure 7A). A component-target-metabolite network was constructed with Cytoscape software to visually reveal the interactions among the components of GS, target proteins and differentially altered metabolites (Figure 7B and Supplementary Table S2). In the network, nine overlapping target proteins, including ESR2, ESR1, AR, MAOB, PGR, GBA, THRB, ALB and CMA1, were identified for further analysis. This network indicated that the components of GS might regulate multiple metabolic pathways through multiple targets to exert various therapeutic effects.
[image: Figure 7]FIGURE 7 | (A) Venn diagram. The intersection of two circles represents the overlapping target proteins of the components of GS and the differentially altered metabolites. (B) The component-target-metabolite network in the treatment of oxalate-induced kidney injury by GS. The purple nodes (14) represent the components of GS, the yellow nodes (C) represent the differentially altered metabolites, and the gray nodes (D) represent the overlapping proteins.
Validation of Potential Targets
The nine overlapping proteins were further verified by western blotting. As illustrated in Supplementary Figure S5, a significantly decreased level of ESR2 and increased level of AR were observed in the oxalate group. These changes were reversed by the GS treatment. However, the expression of the other seven overlapping proteins was not significantly different.
The expression of ESR2 and AR was further investigated using IHC staining, and the expression of ESR2 in the tubular cells was significantly decreased in the oxalate group compared with the control group, but was increased by the GS treatment, especially at a high dose (Figure 8A). In addition, AR expression in the nuclei of tubular cells was obviously increased in the oxalate group compared to the control group, and this change was reversed by GS, especially at a high dose (Figure 8B).
[image: Figure 8]FIGURE 8 | The expression of ESR2 (A) and AR (B) in the renal tissues from the control group, oxalate group, oxalate + low-dose GS group, and oxalate + high-dose GS group detected using IHC staining.
DISCUSSION
Amino Acid Metabolism
Amino acid metabolism participates in the processes of protein synthesis and degeneration, energy supply, gluconeogenesis, ketogenesis and biosynthesis of some signaling molecules. In the model group, the levels of several amino acids and their endogenous relative metabolites were noticeably changed. In our study, the involved pathways, including tyrosine metabolism, lysine metabolism, tryptophan metabolism, arginine metabolism and glutamate metabolism, were substantially altered.
As an essential amino acid in mammals, tryptophan was shown to play a notable role in the pathological processes of many kidney diseases, such as chronic kidney disease and nephrotoxicity, because it can be further transformed into many biological molecules and has an important function in homeostasis (Bossola and Tazza, 2015). In the model group, levels of L-tyrosine methyl ester, serotonin and 5-hydroxyindoleacetic acid, the endogenous biological derivative of tryptophan, were reduced (Fernandez-Canon et al., 2002). Based on our present work, we propose that the metabolism of these amino acids is inseparably connected with oxalate-induced renal injury. Levels of all of these amino acids were restored to the normal level after the intervention with GS, indicating that GS has therapeutic efficacy in maintaining normal tryptophan metabolism.
Tyrosine is a semi-essential amino acid in our body, along with tryptophan, and it is also an aromatic amino acid that has been documented to be associated with renal diseases (Zhan et al., 2002). In the model group, the levels of 3-methoxytyrosine and L-tyrosine methyl ester were significantly decreased. In contrast, GS treatment significantly increased the levels of those metabolites, suggesting that the disturbed metabolic state in the urine from mice with oxalate-induced crystal-related kidney injury was in the process of returning to normal after the GS intervention.
Both 1, 3-dimethyluracil and N2, N2-dimethylguanosine are metabolites of glutamic acid and were reduced in the model group. Meanwhile, they were shifted toward the baseline level in the control group after the GS treatment. Glutamic acid was recognized many years ago as a basic amino acid participating in protein biosynthesis that is converted into α-ketoglutarate through multiple pathways, and it is an essential metabolic intermediate in the tricarboxylic acid cycle (TCA) (Curthoys, 2001). Therefore, the changes in the levels of 1, 3-dimethyluracil and N2, N2-dimethylguanosine may indicate that energy metabolism was affected during the pathological process.
L-arginine plays important roles in the body, as it participates in the disposal of ammonia and is converted to glucose and glycogen under conditions of an inadequate energy supply. Furthermore, arginine is also the precursor of creatine in the urea cycle (Karamat et al., 2015). Levels of serotonin, creatinine and pantothenic acid, the metabolic derivatives of arginine, were decreased in the crystal kidney injury group. Arginine is transformed into acetyl-coenzyme A through pyruvate, which acts as the starting point for a series of physiological reactions known as the TCA (Schneider et al., 2011). The abnormal levels of these metabolites were rectified by GS, which further normalized amino acid metabolism. Therefore, we have many reasons to speculate that the therapeutic efficacy of the targeted GS intervention against crystal-induced kidney injury is mainly mediated by normalizing the disordered TCA through changes in the arginine and glutamate metabolic pathways.
Fatty Acid Metabolism
Fatty acid metabolism has a direct relationship with the energy supply in organisms through fat mobilization and β-oxidation. In this process, L-carnitine is a key factor because it helps transport long-chain fatty acids into the mitochondrial matrix for the utilization of fatty acids through β-oxidation (Knottnerus et al., 2018). Therefore, an increased intracellular level of carnitine provides an additional energy supply. In the model group, levels of propionyl-L-carnitine, a product of the enzymatic esterification of carnitine, increased significantly, which indicated the presence of a pathological process induced by the glyoxylate intervention. The subsequent CaOx deposition pushed the organism into a high metabolic state to satisfy the energy requirement by increasing the β-oxidation process in the mitochondria. However, large quantities of reactive oxidants were produced during the process of β-oxidation, leading to severe oxidative injury to the renal epithelial cells. Following treatment with GS, the increased propionyl-L-carnitine level was significantly reduced, suggesting that the disordered fatty acid metabolism induced by glyoxylate was in the process of returning to a normal state.
Component-Target-Metabolite Network Analysis
According to the network construction, we identified nine overlapping proteins might play important roles in the therapeutic effects of GS on CaOx crystal-induced renal injury. Interestingly, ESR1, ESR2 and AR are the predicted targets of the components of GS among these overlapping targets. Since nephrolithiasis is more common in men than in women, sex hormones and their receptors may play important roles in kidney stone formation and CaOx crystal-induced renal injury. Estrogen has been indicated to protect against kidney stone formation by lowering urinary CaOx saturation through a decrease in the urinary excretion of calcium and oxalate (Heller et al., 2002). In addition, ESR2 was reported to suppress renal CaOx crystal deposition by reducing hepatic oxalate biosynthesis and to alleviate crystal-induced injury by inhibiting reactive oxygen species production (Zhu et al., 2019b). However, androgen and AR signaling may promote kidney stone formation and aggravate renal injury since the plasma testosterone level and AR expression in the kidneys are up-regulated in men with nephrolithiasis (Li et al., 2010). Similarly, a previous study suggested that AR increased CaOx crystal deposition by increasing oxalate biosynthesis and oxidative stress (Liang et al., 2014). Moreover, the loss of AR suppressed renal CaOx crystal deposition by promoting M2 macrophage recruitment/polarization (Zhu et al., 2019a). In our study, ESR2 expression in renal tissues was down-regulated while the AR expression in the nuclei of tubular cells was increased in the oxalate group compared with the control group, changes that were reversed by GS. Therefore, we speculated that GS might exert its protective effect on CaOx crystal-induced renal injury by activating ESR2 and decreasing the nuclear translocation of AR.
CONCLUSION
In the present study, GS was verified to alleviate renal injury induced by CaOx. The roadmap of this study is shown in Figure 9. We employed an integrative pharmacology-based strategy combining network pharmacology and metabolomics to decipher the underlying mechanism. Fifteen metabolites involved in amino acid and fatty acid metabolism were identified as potential biomarkers of crystal-induced renal damage and the changes in the levels of 13 metabolites were reversed by the GS intervention. By integrating network pharmacology, a component-target-metabolite network was constructed. Among the nine overlapping target proteins, two crucial targets (ESR2 and AR) were differentially expressed in the kidney of oxalate group, but these trends were reversed by the GS treatment. In conclusion, GS exerts its therapeutic effect by regulating multiple metabolic pathways and the expression of ESR and AR in mice with oxalate-induced renal injury. Our findings might help us consider novel potential targets when treating nephrolithiasis and obtain a better understanding of the mechanism underlying the curative effect of GS.
[image: Figure 9]FIGURE 9 | Roadmap of this study.
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Background: Clinical research found that Hedysarum Multijugum Maxim.-Chuanxiong Rhizoma Compound (HCC) has definite curative effect on cerebral ischemic diseases, such as ischemic stroke and cerebral ischemia-reperfusion injury (CIR). However, its mechanism for treating cerebral ischemia is still not fully explained.


Methods: The traditional Chinese medicine related database were utilized to obtain the components of HCC. The Pharmmapper were used to predict HCC’s potential targets. The CIR genes were obtained from Genecards and OMIM and the protein-protein interaction (PPI) data of HCC’s targets and IS genes were obtained from String database. After that, the DAVID platform was applied for Gene Ontology (GO) enrichment analysis and pathway enrichment analysis. Finally, a series of animal experiments were carried out to further explore the mechanism of HCC intervention in CIR.


Results: The prediction results of systematic pharmacology showed that HCC can regulate CIR-related targets (such as AKT1, MAPK1, CASP3, EGFR), biological processes (such as angiogenesis, neuronal axonal injury, blood coagulation, calcium homeostasis) and signaling pathways (such as HIF-1, VEGF, Ras, FoxO signaling). The experiments showed that HCC can improve the neurological deficit score, decrease the volume of cerebral infarction and up-regulate the expression of HIF-1α/VEGF and VEGFR protein and mRNA (p < 0.05).


Conclusion: HCC may play a therapeutic role by regulating CIR-related targets, biological processes and signaling pathways found on this study.


Keywords: hedysarum multijugum maxim-chuanxiong rhizoma compound, cerebral ischemia-reperfusion injury, Ischemic stroke, cerebral ischemia, HIF-VEGF pathway, systematic pharmacology, chinese medicine




INTRODUCTION


Cerebrovascular disease is a common disease in the clinic, which seriously endangers human health and life. As the population of aging increases, the morbidity, mortality and disability rate of cerebrovascular disease were increasing year by year (Thomas, 1996; Sacco and Rundek, 2012; Liu et al., 2015). Among them, ischemic cerebrovascular disease accounts for a large proportion. The key to cerebral ischemia treatment is to quickly restore cerebral blood perfusion and maintain smooth blood flow (Frizzell, 2005; Behravan et al., 2014). However, the brain injury may be further aggravated after the restoration of blood flow perfusion, that is cerebral ischemia-reperfusion injury (CIR). Ischemia-reperfusion injury (IRI) refers to the pathological phenomenon that the degree of tissue damage is increased after the blood supply to the ischemic tissue is restored for a certain period of time (Wu et al., 2018). The harm of CIR is huge. It involves many complicated links and factors, which has been the focus of scientists’ research for many years. With the deepening of the research, while looking for neuroprotective drugs, a variety of comprehensive intervention strategies for CIR such as mild hypothermia, atmospheric hyperbaric therapy and ischemic preconditioning and ischemic postconditioning were also proposed (Lapi and Colantuoni, 2015; Patel and McMullen, 2017; Leech et al., 2019); the drugs include: N-methyl-D-aspartic acid (NMDA) receptor antagonist, Ca2 + channel blocker, ICAM-1 antibody, CDP-choline, and so on (Lapi and Colantuoni, 2015; Patel and McMullen, 2017). At present, natural plant ingredients have been found to improve microcirculation barriers after CIR, and Chinese medicine formulations have gradually become a new direction for new drug development (Wang et al., 2019).


Hedysarum Multijugum Maxim.-Chuanxiong Rhizoma Compound (HCC) was first used by the First Affiliated Hospital of Hunan University of Chinese Medicine. Clinical research showed that HCC has definite curative effect on cerebral ischemic diseases (such as ischemic stroke and CIR), and its clinical effective rate is over 90% (Ge, 2014). This Chinese medicine formula is composed of Hedysarum Multijugum Maxim. [Leguminosae; Astragali Radix (Huang Qi)], Ligusticum striatum DC. [Apiaceae; Chuanxiong Rhizoma (Chuan Xiong)], Pheretima Aspergillum (E.Perrier) [Megascolecidae; Pheretima (Di Long)], Bombyx Batryticatus [A desiccated body formed by the 4–5 instar larvae of Bombyx mori Linnaeus (family: Bombycidae) infected with white Beauveria bassiana (Bals.) Vuillant; (Jiang Can)], and can reduce serum tumor necrosis factor (TNF) -α and plasma thromboxane B2 (TXB2) levels and increase plasma 6-Keto-PGF1α (He et al., 2002). Our previous research also found that HCC can protect neurons in the hippocampal CA2 region by regulating Fpn expression to balance iron levels after cerebral ischemia. This suggests that imbalance of intracellular iron balance may be a new mechanism of cerebral ischemia (Liao et al., 2015). However, the mechanism of HCC in treating cerebral ischemia is still not fully explained. Systematic pharmacology is an emerging discipline based on the intersection and integration of multidisciplinary technologies such as classic pharmacology, computer technology, bioinformatics, and network pharmacology, which systematically studies the interactions between drugs and the human body at multiple levels, including molecules, cells, organs, and networks (Zeng et al., 2017; Zeng and Yang, 2017; Bao et al., 2019; Yang et al., 2019a; Yang et al., 2019b). Our previous research used systematic pharmacological strategies to reveal the mechanism of Chinese medicine formula in the treatment of complex diseases in the fields of oncology and cardiovascular (Zeng et al., 2017; Zeng and Yang, 2017; Bao et al., 2019; Yang et al., 2019a; Yang et al., 2019b). Therefore, this study hopes to reveal the complex mechanism of HCC through a systematic pharmacology strategy (integrating network pharmacology experimental pharmacology).




MATERIALS AND METHODS




HCC’s Compounds Collection


The components of HCC were collected from the traditional Chinese Medicine (TCM) Database at Taiwan (http://tcm.cmu.edu.tw/zh-tw/) (Chen et al., 2014) and the Traditional Chinese Medicine Systems Pharmacology Database (TcmSPTM, http://tcmspw.com/tcmsp.php) (Ru et al., 2014). The components with oral bioavailability (OB) ≥ 30%, Caco-2 permeability > −0.4 and drug-likeness (DL) ≥ 0.18 were considered as the potential bioactive compounds of HCC (Walters and Murcko, 2002; Ano et al., 2004; Hu et al., 2009; Xu et al., 2012; Ru et al., 2014). Meanwhile, since the application of biological models to predict HCC compounds has limitations (Metodiewa et al., 1997), a large number of references were searched to supplement oral absorbable compounds with pharmacological activity (Shi et al., 2014; Tong et al., 2019). The components of HCC were shown in Table 1.





TABLE 1 | 
Components of HCC.
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HCC’s Potential Targets Prediction and CIR Genes Collection


The molecular structure was drawn by ChemBioDraw according to their structure in SciFinder (http://scifinder.cas.org) and saved as “mol2” file format. The “mol2” files of HCC’s components were input into PharmMapper (http://lilab-ecust.cn/pharmmapper) for potential targets prediction (Wang X. et al., 2017). OMIM database (http://omim.org/) and Genecards (http://www.genecards.org) were utilized to collect the CIR-related disease genes and targets (Hamosh et al., 2005; Stelzer et al., 2016). The PDB ID number of HCC’s protein target and the name of CIR-related targets were input into UniProt KB (https://www.uniprot.org/uniprot/) to obtain the official gene symbol of each target. (see Supplementary Table S1 and Supplementary Table S2 in Supplementary Material).




Network Construction and Analysis Methods


The protein-protein interaction (PPI) data of targets were obtained from String 11.0 (http://string-db.org/) (Szklarczyk et al., 2015). The CIR gene, HCC compounds and potential targets, and PPI data were imported into Cytoscape 3.7.1 software (https://cytoscape.org/) for network construction (Bader and Hogue, 2003). The networks were analyzed by the plugin MCODE to obtain cluster. The definition and the methodology of acquisition of clusters were described in our previous work (Zeng et al., 2017; Zeng and Yang, 2017; Bao et al., 2019; Yang et al., 2019a; Yang et al., 2019b), such as “Exploring the Pharmacological Mechanism of Quercetin-Resveratrol Combination for Polycystic Ovary Syndrome: A Systematic Pharmacological Strategy-Based Research” (Yang et al., 2019a) and “Uncovering the Pharmacological Mechanism of Astragalus Salvia Compound on Pregnancy-Induced Hypertension Syndrome by a Network Pharmacology Approach” (Zeng et al., 2017).

The HCC targets and CIR genes in the network were input into the Database for Annotation, Visualization and Integrated Discovery (DAVID, https://david-d.ncifcrf.gov, ver. 6.8) for Gene Ontology (GO) enrichment analysis and pathway enrichment analysis (Huang et al., 2009).




Experimental Materials




Instruments and Reagents


Instruments: BX51 optical microscope, Motic Image Advanced 3.0 image analysis system (Olympus, Japan); Tgradient PCR instrument (Biomatra); KD2258 paraffin slicer (Zhejiang Jinhua); LEICA DM LB2 binocular microscope (Leica, Germany); JY3002 electronic balance (Shanghai Precision Scientific Instrument Co., Ltd.); HHS-2 electronic constant temperature stainless steel Water bath (Shanghai Nanyang Instrument Co., Ltd.); S2-93 automatic double pure water distiller (Shanghai Yarong Biochemical Instrument Factory). Eppendorf benchtop cryogenic microcentrifuge (Eppendorf Inc.); high speed benchtop centrifuge (Beckman Inc.); micropipette (Eppendorf Inc.) ultrapure water meter (Millipore Inc.); ultra clean bench (Suzhou Purification Equipment Co., Ltd.); −80°C ultra-low temperature refrigerator (Zhongke Meiling Cryogenic Technology Co., Ltd.). Column: Welch Vltimate XB-C18 (HS), 4.6 x 250 nm. 5 μm; High Performance Liquid Chromatograph: Agilent, Germany angilent1260 (Diode Array Detector).

Reagents: TRIzol was purchased from Invitrogen Inc., United States; RT-PCR kit was purchased from MBI Inc, United States; HIF-1α (batch number: bs-0737R), VEGF (batch number: bs-1957R) and VEGFR (batch number: bs-0565R) antibody were purchased from Beijing Boaosen Biotechnology Co., Ltd.; vWF monoclonal antibody (batch number: F3520), rhodamine red (lot number: 83697), isothiocyanate fluorescent yellow (FITC, batch number: P5282) were purchased from Sigma Inc., United States; BrdU monoclonal antibody (NA61) was purchased from Chemicon, United States; immunohistochemistry kit was purchased from Beijing Boaosen Biotechnology Co., Ltd.; Standards: Ligustrazine Hydrochloride 110817–201608, ferulic acid 110773–201614, astragaloside 110781–201717, all from China Food and Drug Testing Institute.




Animal


One hundred and twenty (120) Sprague-Dawley (SD) rat with 7 ∼ 8 week old and body weight 280∼300 g (without limited to male and female) were purchased from Shanghai Xipuer-Bikai Laboratory Animal Co., Ltd. [Animals permit number: SCXK (Shanghai) 2018–0016]. All animals were housed in clean cages and housed under a 12 h light/dark cycle at a temperature of 21–25°C and a humidity of 45–65%. Free drinking, feeding, and adaptive feeding for 1 week. The experiment was approved by the Ethics Committee of Hunan University of Chinese Medicine (Changsha, China) (Approval No: 201404163). Animal experiments are strictly in accordance with the ethics committee guidelines and laboratory animal care and use guidelines.




Preparation of HCC Extract



Hedysarum Multijugum Maxim. (Specimen number: 2014062101), Chuanxiong Rhizoma (Specimen number: 2014062410), Pheretima (Specimen number: 2014062205), Bombyx Batryticatus (Specimen number: 20140622307), with ratio 4:1:1.5:1.5, was purchased from the Chinese Pharmacy of the First Affiliated Hospital of Hunan University of Chinese Medicine. The herbs were verified by Professor Bing Dai. The HCC extract was prepared by the Department of Pharmacy, the First Affiliated Hospital of Hunan University of Chinese Medicine. The specific experimental procedure refers to our previous study (Chen, 2005). When in use, the HCC dry extract and physiological saline are formulated into an HCC solution.




High Performance Liquid Chromatography


Three representative compounds in HCC were identified by high performance liquid chromatography (HPLC) for quality control: astragaloside IV, ferulic acid, and ligustrazine. Conditions: Ultimate XB-C18 column (5 μm, 4.6 × 250 mm), A: acetonitrile; B: 0.2% phosphoric acid-water; gradient elution flow rate: 1 ml/min; Detection wavelength: 198, 201, 280, 290, 315, 320 nm; injection volume: 10 μl.

The HPLC of HCC is shown in Supplementary Figure S1. The main compounds of HCC were quantified: astragaloside IV 13.72 mg/200g, ferulic acid 2.52 mg/200g, ligustrazine 0.36 mg/200g.





Experimental Methods




Animal Grouping, Model Preparation and Intervention Methods


One hundred and twenty (120) rats were randomly divided into normal group (n = 12), sham operation group (n = 12), CIR model group (n = 48) and HCC group (n = 48). The model group and the HCC group were divided into four subgroups (1, 3, 5, and 7 days after reperfusion) with 12 rats in each group. All animals were trained for 3 days with reference (Bederson et al., 1986; Huang et al., 2009) before modeling. The specific method is: suspending the tail of the rat about 1 m from the ground, and observing the flexion of the forelimb. The cages where the animals are kept are marked with letters, and the drugs are also marked with letters, and they are kept by a third person before the end of the experiment. The animal experiment operator, data collector, and indicator tester do not know the group and intervention drugs.

Scoring criteria: 0 points: Rat forelimbs extended to the ground, no other symptoms; 1) point: The forelimb of the injured hemisphere of the rat suffered from flexion, and its posture changed from slight lumbar flexion and a certain degree of adduction to the shoulder of the elbow, to complete flexion of the waist and elbow and internal rotation of the shoulder; 2) points: Put the rat on a piece of soft plastic paper, lift the tail, apply a soft force on the shoulder, and the resistance of the rat to the external force which causes it to slide toward the diseased side is weakened; 3) points: The rat has a clear consciousness, making a rear-end movement to the right or falling to the right; 4) points: accompanied by disturbance of consciousness, no spontaneous activity; 5) points: death. The entire test process takes 3–5 min, and the rats with scores of 1–3 were enrolled. When the rat died and the sample size was insufficient, random replacement was performed. The left middle cerebral artery occlusion (MCAO) model was prepared by referring to Longa et al. (1989). Rats were fasted before operation and anesthetized. The body temperature was maintained by a constant temperature circulating water system. The rat had a median neck incision, exposed the left external carotid artery and its branches (occipital artery and superior thyroid artery) and the common carotid artery bifurcation. The occipital artery and the superior thyroid artery were ligated, and the carotid artery bifurcation was cut at the bifurcation of the common carotid artery and a smooth nylon thread (1.85 ± 1.5) cm with a diameter of 0.26 mm was inserted into the internal carotid artery. Stop sending the line when the resistance is felt, and record the time. Two hours after the middle cerebral artery was blocked, the suture was withdrawn to restore perfusion. The sham operation group only inserted the fishing line about 1 cm, and the others were the same as the model group. The success rate of modeling is about 80%, and the failure model is randomly replaced. After the model is prepared, the animals are kept in cages.

Administration method: HCC group: the dose given to rats was calculated according to the animal body surface area dose conversion algorithm, the formula is D2 = D1 × R2 ÷ R1 (D2 is the desired dose, D1 is the known dose, R1 is the corresponding known value, and R2 is the ratio of the surface area of the corresponding animal body). The daily dose for rats (0.72 g/ml, 1 ml/100 g) is equivalent to twice the dose for adults. It was calculated from the ratio of 80 g of the daily dose of a 70 kg adult to the body surface area of 300 g rat. The first dose was given 2 h after waking anesthesia. The HCC group was intragastrically administered with HCC extract, and the rest were given the same amount of physiological saline, and were given once a day for 7 days.




Specimen Collection and Section Preparation


One (1) hour after the last administration, the rats were anesthetized with 1% sodium pentobarbital (2.75 ml/kg, intraperitoneal injection), and then sacrificed by cervical dislocation. The brain tissue was then quickly collected. The specimen was divided into two parts, one was rinsed with 1‰ DEPC water and immediately placed in liquid nitrogen; the other was fixed in 4% paraformaldehyde to make a 5 μm thick paraffin section for HE staining, immunohistochemical staining and BrdU/vWF fluorescence double labeling.





Detection Indicators and Methods




Neurological Deficit Score


Neurological deficits were assessed by a five-point, four-point scoring method by Longa et al. (1989). 0 points: no symptoms of neurological deficits; 1) point: When the rat is suspended from the tail, the contralateral forelimb of the lesion is flexed and raised, the shoulder is adducted, and the elbow is straight; 2) points: rotate to the opposite side of the lesion; 3) points: fall to the opposite side of the lesion; 4) points: no spontaneous activity and decreased level of consciousness. The score was performed at 1, 3, 5, and 7 days after surgery. Rats with a score of 1–3 were selected for inclusion in the results.




Volume of Cerebral Infarction


The volume of cerebral infarction was assessed by TTC staining. The brain tissues were and placed in a refrigerator at −20°C for 10 min. Then the brain tissue was deceived and placed in a 1% TTC solution, strictly protected from light, incubated at 37°C for 30 min, and then placed in 10% formaldehyde for 3 h. The stain-free area is infarct tissue. The area of infarct size was calculated by multimedia color image analysis system. The infarct volume was calculated according to formula V = S × D (S is the infarct area of each slice and D is the slice thickness). The infarct size of each brain slice was measured on a computer by area measurement software, and the sum of the infarct volumes of all brain slices was the total volume of the infarct.




Microvessel Density Detection


Microvessels were observed by immunohistochemical methods, and microvessel density (MVD) counts were performed according to Weidner et al. (1991). The test was carried out according to the instructions of the immunohistochemistry kit. vWF is labeled as a brownish-yellow particle in the cytoplasm of vascular endothelial cells, and any endothelial cell or endothelial cell cluster that is stained brown by the vWF antibody is considered to be a blood vessel count. Using the MIAS medical image analysis system, five sections were taken at each time point, and each section was selected for 4 high-magnification (× 400) fields around the same cortical ischemic area for microvessel counting. Referring to the Weidener counting method, the number of microvessels per 1 mm2 was calculated and then averaged. The results of 15 slices per group at each time point were obtained.




Immunofluorescence Staining for Expression of BrdU and vWF


After Brdu is dissolved in normal saline, the dose is determined at 100 mg/kg/day, and intraperitoneal injection is performed. The sections of brain tissue were immersed in 3% H2O2 deionized water for 10 min; washed with PBS for 5 min × 3 times; immersed in 2 mol/L HCl at 37°C for 15 min. Then, the sections were wash with PBS for 5 min × 3 times; 5% goat serum was blocked at room temperature for 30 min, and the liquid was aspirated. After that, BrdU monoclonal antibody (1: 100) 10 μl were added and incubated in 37°C water bath. Then, FITC (luminescence wavelength 520∼530 nm, yellow-green light) staining was performed, 37°C water bath for 30 min, after washing, the sections were blocked with 5% goat serum at room temperature for 30 min vWF antibody (1: 100) 10 μl were added and incubated in37 °C water bath for 3 h. Rhodamine (light emission wavelength 570∼590 nm, red light) staining was performed, 37°C water bath for 30 min. Finally, the slices were packaged with glycerin and observed with an OLYMPUS BX51 fluorescence microscope by the corresponding color filters at 520 and 580 nm, respectively. FITC is green and rhodamine is red. The image is taken in Key Lab of Hunan Province for Prevention and Treatment of Cardio-cerebral Diseases with Integrated Traditional Chinese and Western Medicine, Hunan University of Chinese Medicine, and the images obtained under the two excitation lights are superimposed to obtain a yellow signal as a common signal.




Detection of HIF-1α, VEGFA and VEGFR mRNA Levels


The total RNA was extracted from the infarcted side of the brain by the guanidinium isothiocyanate method. The mRNA expression was determined by Reverse Transcription-Polymerase Chain Reaction (RT-PCR).

PCR product analysis: 5 μl PCR amplification products were analyzed on 2.5% agarose gel electrophoresis (voltage 50 V, 30–45 m, ethidium bromide staining). The electrophoresis strips were taken under UV light and the negatives were scanned with a laser density scanner. The expression levels of HIF-1α, VEGF and VEGFR mRNA were calculated using the following formula: Relative product content = HIF-1α (VEGF, VEGFR) amplification product optical density value/GAPDH amplification product optical density value × 100%. The Primers were designed with reference to the computer gene library nucleotide sequence data, and were synthesized by Shanghai Shenggong Bioengineering Co., Ltd. (Table 2).





TABLE 2 | 
Primer design.
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Detection of HIF-1α, VEGFA and VEGFR Protein by Immunohistochemistry


The brain tissue was embedded by paraffin, sliced (5 μm), conventional dewaxed. Then it was soaked in 3% hydrogen peroxide for 10 min at room temperature and washed twice with distilled water. After heat repairing the antigen, the primary antibody (rabbit anti-VEGF 1:300; rabbit anti-VEGFR2 1:200; rabbit anti-HIF-1α1:200) and the biotinylated secondary antibody were added sequentially. Then the horseradish enzyme-labeled streptavidin solution was added and incubated in 20∼37°C for 20 min. The color was developed by DAB at room temperature, and the reaction time was controlled under the microscope (5–30 min). Finally, the slices were lightly counterstained with hematoxylin, dehydrated, and transparent, and sealed with a neutral gum. The expression of HIF-1α, VEGFA and VEGFR was observed under a microscope.





Statistical Analysis


The data were processed by SPSS 19.0 statistical software, and the measurement data were expressed as mean ± standard deviation. Variance homogeneity tests were performed for comparison between groups. If the variances are homogeneous, multiple comparisons using a completely random design analysis of variance or a grouped t test are used for data processing. If the variances are not homogeneous, the rank sum test is used.





RESULTS AND DISCUSSION




Potential Targets of HCC and CIR Genes


Ninety CIR-related genes were obtained from GeneCards and OMIM database (see Supplementary Table S2). After the potential target prediction, totally 440 potential targets were obtained. The relationship among potential compounds and potential targets was shown in Figure 1. This network consists of 440 compound targets, 45 potential compounds and 8,759 edges. The targets near the center are regulated by more compounds than ones in the peripheral. For example, the targets in the center are: AR (45 edges), BACE1 (45 edges), CA2 (45 edges), CDK2 (45 edges), F2 (45 edges), FKBP1A (45 edges), GSK3B (45 edges), GSTA1 (45 edges), GSTP1 (45 edges), HSD17B1 (45 edges), MAPK14 (45 edges), PRKACA (45 edges), AKR1B1 (44 edges), CCNA2 (44 edges), HSP90AA1 (44 edges), MMP3 (44 edges), PDE4D (44 edges), PTPN1 (44 edges), AKR1C3 (43 edges), FGFR1 (43 edges), LCK (43 edges), METAP2 (43 edges), PDPK1 (43 edges); the targets in the peripheral (ADAMTS4, ADORA2A, CLIC1, FGF1, GATM, GLRX, LTF) are regulated only by one compound. The compounds in herbs can regulate multiple targets. The top five compounds in each herb are: Hedysarum Multijugum Maxim.: Astragaloside IV (298 edges), Calycosin 7-O-glucoside (295 edges), Ononin (294 edges), Bifendate (162 edges), Isorhamnetin (151 edges); Chuanxiong Rhizoma: Senkyunolide H (297 edges), Coniferyl Ferulate (295 edges), Chlorogenic acid (295 edges), Senkyunolide A (219 edges), Butylphthalide (218 edges); Pheretima: Hyrcanoside (298 edges), Cholesteryl ferulate (295 edges), Xanthinin (288 edges), Guanosine (283 edges), 4-Guanidino-1-butanol (255 edges); Bombyx Batryticatus: Ergotamine (297 edges), Ecdysterone (297 edges), Beauvericin (296 edges), Bassianin (295 edges), Lupeol acetate (228 edges) (Figure 2).
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FIGURE 1 | 
HCC-CIR PPI Network (Blue, pink, purple circles stand for CIR genes, HCC targets and HCC-CIR targets, respectively).
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FIGURE 2 | 
Potential compounds-potential targets network of HCC (The red circle stands for compound of Hedysarum Multijugum Maxim.; the blue circle stands for compound of Bombyx Batryticatus; the yellow circle stands for compound of Pheretima; the orange circle stands for compound of Chuanxiong Rhizoma. The red diamond stands for the common compound of Pheretima and Bombyx Batryticatus. The pink hexagon stands for potential targets.).






HCC-CIR PPI Network Analysis




HCC-CIR PPI Network


HCC potential targets, CIR genes and their PPI data were input into Cytoscape to construct HCC-CIR PPI network. This network contains 502 nodes 75 CIR gene nodes, 412 HCC target nodes and 15 HCC-CIR targets nodes) and 7,762 edges (Figure 1) The top 20 targets of degree are selected and divided into three categories: 1) CIR targets: TP53 (189 edges), VEGFA (166 edges), MAPK3 (164 edges), JUN (133 edges), CYCS (109 edges); 2) HCC genes: EGFR (155 edges), HSP90AA1 (135 edges), HRAS (127 edges), IGF1 (126 edges), CAT (123 edges), MMP9 (122 edges), ESR1 (116 edges), RHOA (104 edges), MAPK14 (102 edges); 3) HCC-CIR targets: ALB (215 edges), AKT1 (205 edges), MAPK1 (156 edges), SRC (143 edges), CASP3 (141 edges), MAPK8 (137 edges).




Clusters of HCC-CIR PPI Network


The HCC-CIR PPI network was analyzed by MCODE, and returns 14 clusters (Table 3 and Figure 3).





TABLE 3 | 
Cluster of HCC-CIR PPI Network.
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FIGURE 3 | 
Cluster of HCC-CIR PPI Network (Blue, pink, purple circles stand for CIR genes, HCC targets and HCC-CIR targets, respectively).



These genes in each cluster were input into DAVID database to undergo GO enrichment analysis. After that, several biological processes were obtained. Cluster 1 is associated with negative regulation of neuronal apoptosis, nitric oxide production and metabolism, angiogenesis, hypoxia induction, neurotrophicity, platelet activation, and CIR-related signaling pathways (such as NF-kB signaling pathway). Cluster 2 is related to cell proliferation, hypoxia-induced, cell migration, and CIR-related signaling pathways (ERK1/2 signaling and PI3K signaling, EGF receptor signaling, and VEGF receptor signaling pathways). Cluster 3 mainly involves inflammation, platelet activation, nerve cell survival, angiogenesis, oxidative stress, neuronal axonal injury, hypoxia-induced stress, blood coagulation, calcium homeostasis. Cluster 4 is associated with nucleic acid metabolism. Cluster 5 is related to oxidative stress, neuronal apoptosis, ischemia induction, cytokines and NF-κB signaling pathway. Cluster 8 mainly includes the biological processes of synaptic transmission. Cluster 9 is associated with chemical synapses and neurotransmitters. Cluster 13 mainly involves angiogenesis. Cluster 6, 7, 10, 11, 12, 14 do not return CIR-related biological processes (see Supplementary Table S3).

Since cluster 1 is the most important one, it is used as an example to show its main biological processes on bubble chart (Figure 4).
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FIGURE 4 | 
Bubble chart of biological processes (X-axis stands for fold enrichment).






Pathway of HCC-CIR PPI Network


Thirty-four CIR signaling pathways are obtained. The signaling pathway is arranged according to the degree of enrichment (based on p-value) and count, and the Neurotrophin signaling pathway is found to have the highest enrichment and contained 34 targets (p-value = 7.15*10 ^-14; Count = 34). According to the sorting, the other signaling pathways (top 10) are: Ras signaling pathway (p-value = 6.74*10 ^-13; Count = 46), Estrogen signaling pathway (p-value = 2.82*10 ^-12; Count = 29), Rap1 signaling pathway (p-value = 1.49*10 ^-11; Count = 42), VEGF signaling pathway (p-value = 2.54*10 ^-11; Count = 22), FoxO signaling pathway (p-value = 2.86*10 ^-10; Count = 31), HIF-1 signaling pathway (p-value = 3.04*10 ^-10; Count = 26), Insulin signaling pathway (p-value = 6.15*10 ^-10; Count = 31), PI3K-Akt signaling pathway (p-value = 6.46*10 ^-10; Count = 53), T cell receptor signaling pathway (p-value = 4.18*10^-09; Count = 25) (See Figure 5). (Supplementary Table S4).
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FIGURE 5 | 
Bubble Chart of Signaling Pathway (X-axis stands for fold enrichment).



Through chemical informatics technology, combined with the prediction and analysis of active ingredients and potential targets, protein interaction analysis and gene annotation enrichment analysis, we systematically explored the pharmacological substance basis and potential biological mechanism of HCC for CIR. Estrogen signaling pathways are involved in CIR’s blood-brain barrier, neuroprotection, and oxidative stress (Yang et al., 2005; Wiklund et al., 2012). VEGF signaling pathway is involved in angiogenesis after CIR (Sun et al., 2015; Ho et al., 2017). FoxO signaling pathway is involved in oxidative stress in CIR (Yoo et al., 2012; Zhou et al., 2019). HIF-1 signaling pathway is involved in the induction of hypoxia after CIR (Singh et al., 2012). Insulin signaling pathways are involved in vascular endothelial apoptosis (White et al., 2000). The PI3K-Akt signaling pathway and T cell receptor signaling pathway are involved in cell damage of CIR (Huang et al., 2007; Zhou et al., 2015). HCC may play a therapeutic role by regulating these CIR-related signaling pathways.

Recent studies have also shown that Astragalus injection can promote cerebral vascular regeneration in CIR rats, the mechanism of which may be that Astragalus injection activates the HIF-1α/VEGF signaling pathway (Wu et al., 2016). Astragaloside IV can promote the proliferation and differentiation of neural stem cells in the hippocampus, inhibit the activation of astrocytes and microglia after CIR in rats and the release of inflammatory factors, and protect the integrity of the blood-brain barrier (Qu et al., 2009; Li et al., 2017; Huang et al., 2018; Li et al., 2018). It can also increase the expression of brain-derived neurotrophic factor (BDNF), vascular endothelial growth factor (VEGF) and VEGF receptor 2 (VEGFR2) after CIR, promote the formation of new blood vessels, improve the survival environment of nerve cells, and inhibit apoptosis or necrosis of ischemic hypoxic neurons (Yang L. et al., 2019). Astragaloside IV may protect CIR by reducing catalase (CAT), superoxide dismutase (SOD), glutathione peroxidase (GSH-Px) activity, malondialdehyde (MDA) content in brain tissue, lactate dehydrogenase (LDH) and creatine kinase (CK) content in serum, and reduce the expression of NF-κB protein in the brain due to CIR (Shao et al., 2014). This also indirectly confirms the reliability of our reverse pharmacophore docking technology in chemical informatics. Ligustrazine, as the main compound of Chuanxiong Rhizoma, can alleviate the energy metabolism disorder of CIR (Wang Z. et al., 2017), reduce excitatory amino acid toxicity, inhibit apoptosis and the synthesis of inflammatory cells and pro-inflammatory cytokines IL-1 and TNF-α, and fight against inflammatory damage caused by IL-1 and TNF-α (Wang A. et al., 2017; Zhao et al., 2018). Ligustrazine can also induce adrenocortical hormone production, control multiple links of the inflammatory response, increase SOD activity in the brain, reduce NOS expression, and affect nitric oxide (NO) content (Peng et al., 1996; Zhou et al., 2000; Wang A. et al., 2017).

In addition, this study also found that there may be a potential synergy between HCC active compounds. For example, astragaloside IV and ferulic acid can jointly regulate: AURKA, CBS, HPGDS, RAC2, DCK, PDE4B, AMY1A, OTC, CCL5, ANG, AGXT, AMD1, ELANE, PDE4D, PTPN1, MMP3, RARG, UCK2, AMY2A, REN, PDE5A, HMGCR, SHMT1, F7, ADK, GLO1, LYZ, RHOA, EPHA2, TPI1, et al. Ferulic acid and ligustrazine can jointly regulate: HSP90AA1, PDE4D, GPI, MME, FKBP1A, AR, DCK, ABO, CCNA2, AMY1B, GSTP1, EGFR, F2, PPP1CC, PDE4B, SDS, PDPK1, GLO1, LCK, CA2, PRKACA, AMY1C, PIM1, REN, HDAC8, GCK, MMP3, MAPK10, CYP2C9, GSTT2, et al. Recent research has confirmed some of our results. Wang (2012) found that electrospun fibers carrying astragaloside IV and ferulic acid can promote angiogenesis. Gong et al. Found that astragaloside IV and ferulic acid can improve blood lipids, protect the cardiovascular system, and have anti-atherosclerotic effects in New Zealand rabbits (Gong and Huang, 2017). In terms of angiogenesis, ligustrazine combined with astragaloside IV can promote angiogenesis of chick embryo chorionic urea capsule (Zhang et al., 2010). Yang et al. Found that the combination of Hedysarum Multijugum Maxim. And Chuanxiong Rhizoma can significantly improve the morphology of hypoxic rat brain microvascular endothelial cells (RBMVECs), effectively enhance the activity of SOD, inhibit the G1/S phase arrest of RBMVECs induced by hypoxia, significantly reduce cell apoptosis, and reduce the expression of caspase-3 and caspase-8 genes (Yang et al., 2015). The results of their orthogonal experiments showed that the preferred combination was ligustilide 5 μg/ml, ligustrazine 10 μg/ml, ferulic acid 20 μg/ml, calycosin 10 μg/ml, astragaloside IV 10 μg/ml (Yang et al., 2015). These have brought huge opportunities for the research and development of new drugs in the future.





The Effect of HCC on The Score of Neurological Deficit in Rats


The scores of neurological deficits of rats in the sham operation group were 0 points 1 day to 7 days after reperfusion. At 1 d, the scores of neurological deficits in HCC group and CIR model group were higher than those in sham operation group (p < 0.05), but the difference between the two groups had no statistical significance. At 3 d, the scores of the neurological deficits in the HCC group were lower than those in the CIR model group (p < 0.05). At 5 d and 7 d, the scores of the HCC group and CIR model group decreased, but the scores of CIR model group was still higher than that of sham operation group (p < 0.05). The results are shown in Table 4.





TABLE 4 | 
Effect of HCC on the score of neurological deficits in rats after CIR at different time points (n = 5, x ± s).
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Pathological Changes


For the volume of cerebral infarction in rats: after staining with TTC, the uninfarcted area was red and the infarcted area was white. No significant cerebral infarction was seen in the sham operation group. There was no significant difference in cerebral infarction volume between HCC group and model group at 1 d (p > 0.05). Compared with model group in the same phase, cerebral infarction volume of the HCC group decreased from 3 days to 7 days (p < 0.05). See Figure 6 and Table 5.
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FIGURE 6 | 
Effect of HCC on cerebral infarction volume in rats at different time after CIR (TCC staining. (A1): Model group 1 day; (A2): HCC group 1 day; (B1): Model group 3 days; (B2): HCC group 3 days; (C1): Model group 5 days; (C2): HCC group 5 days; (D1): Model group 7 days; (D2): HCC group 7 days. (E): Sham operation group).







TABLE 5 | 
Effect of HCC on cerebral infarction volume at different time points after CIR (n = 5, mm 3, x ± s).
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The results of HE staining showed that the morphology and structure of the cerebral cortex and hippocampus of the sham operation group were basically normal. In the model group, most of the cells in the cerebral cortex and hippocampus showed pyknosis and vacuole-like changes in nuclei. In the HCC group, there were significantly more normal cells in the cerebral cortex and hippocampus than in the model group, and only a few cells showed nuclear constriction changes (Figures 7, 8).
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FIGURE 7 | 
Pathological changes in cerebral cortex (HE staining. 400 x (A): Sham operation group 1 day; (B): Model group; (C): HCC group 1 day; (D): HCC group 3 days; (E): HCC group 5 days; (F): HCC group 7 days; Black arrows indicate normal cells; white arrows indicate cells with pyknotic nucleus.).
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FIGURE 8 | 
Pathological changes in hippocampus (HE staining. 400 x (A): Sham operation group 1 day; (B): Model group; (C): HCC group 1 day; (D): HCC group 3 days; (E): HCC group 5 days; (F): HCC group 7 days; Black arrows indicate normal cells; white arrows indicate neuronal cells with vacuolar changes.).






The Effect of HCC on Brain MVD in Rats


The microvessels were irregular in shape and the lumen was surrounded by endothelial cells stained with brownish yellow. In the hemispheric cortex of cerebral infraction, the expression of vWF-stained vascular endothelial cells increased significantly. At 1 day after CIR, the number of microvessels in CIR group and HCC group was increased compared with the sham operation group, but the difference was not statistically significant (p > 0.05). Compared with the sham operation group, the number of microvessels in the HCC group increased at 3 days (p < 0.05); At 5 and 7 days, the number of microvessels in the HCC group increased significantly (p < 0.01). The CIR group also showed an upward trend. At 7 days, the MVD of the CIR group was higher than that of the sham operation group (p < 0.05) (Figure 9 and Table 6).
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FIGURE 9 | 
Effect of HCC on MVD at different time points in rat ischemic peripheral area (immunohistochemistry staining. 250 x A1: Model group 1 day; (A2): HCC group 1 day; B1: Model group 3 days; B2: HCC group 3 days; C1: Model group 5 days; C2: HCC group 5 days; D1: Model group 7 days; D2: HCC group 7 days. E: Sham operation group. The arrow points to endothelial cells.).







TABLE 6 | 
Effect of HCC on MVD at different time points in rat ischemic peripheral area (n = 5, number of blood vessels/mm2, x ± s).
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The Expression of Brdu and vWF


Under immunofluorescence, the Brdu and vWF double-stained signals appeared in the CIR group, and it was considered that there were neovascular endothelial cells. The number of positive signals in the HCC group was higher than that in the CIR group, indicating that the number of new blood vessels increased after drug treatment (Figure 10).
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FIGURE 10 | 
Expression of Brdu and vWF [(A): sham operation group; (B): Model group; (C): HCC group. The areas indicated by the arrows are Brdu (green) and vWF (red)].






The Expression of VEGF, VEGFR and HIF-1α mRNA


Compared with the normal group and the sham operation group, the expression of VEGF, VEGFR and HIF-1α mRNA in the CIR group was enhanced (p < 0.01, p < 0.05). Compared with the model group, the expression of VEGF mRNA increased on the 5th and 7th day in HCC group (p < 0.05), and the expression of HIF-1α mRNA increased at each time point (p < 0.05). (Figure 11).
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FIGURE 11 | 
The Expression of VEGF, VEGFR and HIF-1α mRNA (compared with the normal group, *p < 0.05, **p < 0.01; compared with the Sham operation group, △p < 0.05, △△p < 0.01; compared with CIR group ▲p < 0.05).






The Expression of VEGF, VEGFR and HIF-1α Protein


The positive expression of VEGF and VEGFR-2 is light yellow cytoplasm with brownish brown particles. HIF-1α is positive for brown-yellow particles mainly in the nucleus and a small amount in the cytoplasm. Compared with the normal group and the sham operation group, the expression of VEGF protein was increased on 5 days of the CIR group (p < 0.05), the expression of VEGFR protein was increased on 7 days (p < 0.05), and the expression of HIF-1α protein was increased on 3 and 5 days (p < 0.05). Compared with the CIR group, the expression of VEGF protein was increased on 1 and 3 days of the HCC group (p < 0.01), the expression of HIF-1α protein was increased on 1 day (p < 0.01), and the expression of VEGFR protein was increased on 5 days (p < 0.01). (Table 5 and Figures 12–15).
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FIGURE 12 | 
The Expression of VEGF (immunohistochemistry staining. 400 x (A1): Model group 1 day; (A2): HCC group 1 day; (B1): Model group 3 days; (B2): HCC group 3 days; (C1): Model group 5 days; (C2): HCC group 5 days; (D1): Model group 7 days; (D2): HCC group 7 days. (E): Sham operation group; The arrow points to positive expression).
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FIGURE 13 | 
The Expression of VEGFR (immunohistochemistry staining. 400 x (A1): Model group 1 day; (A2): HCC group 1 day; (B1): Model group 3 days; (B2): HCC group 3 days; (C1): Model group 5 days; (C2): HCC group 5 days; (D1): Model group 7 days; (D2): HCC group 7 days. (E): Sham operation group; The arrow points to positive expression).
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FIGURE 14 | 
The Expression of HIF-1α (immunohistochemistry staining. 400 x (A1): Model group 1 day; (A2): HCC group 1 days; (B1): Model group 3 days; (B2): HCC group 3 days; (C1): Model group 5 days; (C2): HCC group 5 days; (D1): Model group 7 days; (D2): HCC group 7 days. (E): Sham operation group; The arrow points to positive expression).
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FIGURE 15 | 
The Expression of VEGF, VEGFR and HIF-1α proteins (compared with the normal group, *p < 0.05, **p < 0.01; compared with the Sham operation group, △p < 0.05, △△p < 0.01; compared with CIR group ▲p < 0.05).



The effect of HCC on CIR angiogenesis was discovered through a systematic pharmacological method in previous section. Then, animal experiments were carried out to clarify the mechanism of HCC, and further explored the upstream pathways that HCC promotes VEGF expression. Current research found that vascular endothelial cells play an important role in vascular regeneration and maintenance of vascular morphology and function. The upstream of VEGF expression is regulated by a variety of factors. Under hypoxia, HIF-1α can promote the regeneration of blood vessels, and HIF-1α can also be used as a regulator to promote the expression of downstream VEGF (Lee et al., 2017; Chen et al., 2018; Fan et al., 2019). This experimental pharmacology section explores whether HCC can promote VEGF expression by up-regulating HIF-1α. The results showed that after CIR, the express of HIF-1α mRNA and protein increased, and HCC could further promote this effect. After CIR, the changes in VEGF and VEGFR were the same as above. Compared with the model group, the difference in HIF-1α mRNA expression in the HCC group increased on the first day after CIR, while the difference in VEGF mRNA expression appeared on the fifth day.





CONCLUSION


The systematic pharmacology prediction results showed that HCC may regulate CIR-related targets (such as AKT1, MAPK1, CASP3, EGFR), biological processes (such as inflammation, platelet activation, nerve cell survival, angiogenesis, oxidative stress, neuronal axonal injury, hypoxia-induced stress, blood coagulation, calcium homeostasis) and signaling pathways (such as HIF-1, VEGF, Ras, FoxO signaling). The experiments also showed that HCC may promote angiogenesis by up-regulating the expression of HIF-1α/VEGF and VEGFR, and finally achieves the role of prevention and treatment of CIR. Hence, this research may provide new reference information for the treatment of CIR by Chinese medicine.
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Objective: According to the treatment records of Yang deficiency syndrome (YDS) with characteristic decoction pieces of lateral root of Aconitum carmichaelii—Yinfupian (YF) in traditional Chinese medicine prepare school, known as “Jianchangbang”. The aim of this study was to investigate differences in the composition and therapeutic mechanism of the unprocessed lateral root of Aconitum carmichaelii (ULRA) and its processed product (YF).
Methods: Ultra-performance liquid chromatography-quadrupole time-of-flight mass spectrometry and orthogonal partial least squares discriminant analysis method were used to determine and screen the main components of ULRA and YF. Changes in the histological structure and morphology of gonads in rats were observed using hematoxylin-eosin. Enzyme-linked immunosorbent assay was used to determine the contents of serum cyclic adenosine monophosphate and cyclic guanosine monophosphate in YDS rats treated with ULRA and YF. Tandem mass tag proteomics analysis was used to identify the differentially expressed proteins in YDS rats treated with ULRA and YF.
Results: Both ULRA and YF exerted certain therapeutic effects on rats with YDS. They improved the gonadal morphology and increased the contents of serum cyclic adenosine monophosphate and cyclic guanosine monophosphate. After processing of ULRA into YF, the content of C19-diester-diterpenoid alkaloids decreased (converted into C19-monoester-diterpenoid alkaloids and C19-alkylol amine-diterpenoid alkaloids), whereas that of C20-diterpene alkaloids increased. Proteomics analysis showed that cytochrome P450 and aldehyde oxidase 3 (AOX3) were downregulated, whereas cathepsin G (CTSG) was upregulated in rats with YDS. Treatment with ULRA mainly downregulated the expression of α-actinin, fast skeletal troponin, creatine kinase, and myosin. Treatment with YF mainly upregulated the expression of mitochondrial ribosomal protein and mitochondrial inner membrane protein.
Conclusion: ULRA and YF exerted good therapeutic effects on YDS; the main difference in components between these preparations was in C19-diterpenoid alkaloids. ULRA mainly acts on the muscle contraction-related proteins and is closely related to inflammation and myocardial injury. YF mainly acts on the mitochondrial proteins and is closely related to adenosine triphosphate energy metabolism.
Keywords: Aconitum, preparation, chemical components, pharmacology, proteomics, yang deficiency
INTRODUCTION
Yang deficiency syndrome (YDS) is a physical state characterized by chilly sensation (i.e., cold limbs) and dysfunction of the viscera. The main clinical manifestations are “dread cold, coolness of extremities, fatigued body and lack of strength, depression, hypomnesis, clear and large amount of urine” (Shi et al., 2018). This condition is associated with heart failure, hypothyroidism, chronic gastritis, primary nephrotic syndrome, infertility, and other diseases (Xia et al., 2010; Yang et al., 2010; Zou et al., 2011; Fan, 2014; Weng, 2014). Physiological, biochemical, and genomic studies on YDS (Zhang et al., 2019) have shown that YDS is associated with hypofunction of the hypothalamic-pituitary-adrenal, hypothalamic-pituitary-thyroid, and hypothalamic-pituitary-gonad axes, as well as disturbance of the cyclic nucleotide system and immune function. Polymorphisms of susceptibility genes in patients with YDS have been linked to the levels of cyclic adenosine monophosphate (c-AMP) and cyclic guanosine monophosphate (c-GMP), memory, metabolic energy status, and immune function (Yao et al., 2015).
Aconitum had been used medicinally and as a poison in both Western and Eastern countries for centuries. It is currently used medicinally in different parts of the world, such as China and Solčavsko (Slovenia) (Zhou et al., 2014; Povšnar et al., 2017). The lateral root of Aconitum carmichaelii (LRA) is termed “Fuzi” in traditional Chinese medicine; it is also called “Bushi” and “Kyeong-PoBuja” in Japan and Korea, respectively. It has shown efficacy in reviving the Yang for resuscitation, tonifying fire, and helping Yang, as well as dispersing cold and relieving pain (Chinese Pharmacopoeia Commission, 2020). The application of LRA has a long history, with remarkable therapeutic effects. The primary active component of Aconitum is alkaloid, mainly used to treat rheumatoid arthritis and cardiovascular diseases (Zhou et al., 2014). The diterpenoid alkaloids of LRA can be divided into diester, monoester, and alkylol amine alkaloids, according to the presence or absence of an ester bond at the C4 and C8 positions (Hu et al., 2010). Alkylol amine alkaloids and other water-soluble nitrogen-containing organic compounds are collectively referred to as water-soluble alkaloids. It has been reported that higenamine (Kosuge and Yokota, 1976), coryneine chloride (Konno et al., 1979), salsolinol (Cheng and Liang, 1982), uracil (Nizhenkovska, 2015), and fuzinoside (Li et al., 2015) are the cardiotonic active components of LRA. In recent years, further studies have shown that the water-soluble diterpenoid alkaloids found in LRA, including beiwutinine, mesaconine, karakoline, aconine, isotalatizidine, hypaconine, and 3-deoxyaconine, are cardiotonic active components (He et al., 2014a; He et al., 2014b; Wang et al., 2014). Fuziline, neoline (Xiong et al., 2012), talatisamine (Chen et al., 2014), and neoline also have significant analgesic effect (Suzuki et al., 2016). Songorine exerts anti-inflammatory, analgesic, and anti-anxiety effects (Yu et al., 2014; Khan et al., 2018). Fuziline has demonstrated efficacy against shock and improves myocardial ischemia (Gong et al., 2016). In addition, the water-soluble alkaloids found in LRA have anti-arrhythmic and anti-hypertensive effects (Fujita et al., 2009; Li et al., 2014). Therefore, this plant has broad prospects for the development of new drugs and applications. For centuries, Fuzi has been effectively used in treating various diseases associated with YDS. Jianchangbang is an ancient school of medicine in the south of China. Its method of preparing LRA through steaming with ginger juice is unique and famous. It is well established that Yinfupian (YF) has high efficacy and low toxicity, and is suitable for the treatment of YDS in clinical practice. At present, the impact of the components of Aconitum on proteins related to YDS remains unclear. The aim of this study was to investigate changes in the components of LRA before and after preparation, content of serum cyclic nucleotides, gonadal tissue morphology, and the relationship between components and proteins in rats with YDS. The proteomic changes in liver tissue were detected using tandem mass tag (TMT) mass spectrometry (MS). Proteomics may provide new information for high-throughput analysis, and it has been used in investigating the pathogenesis of YDS with great coverage of the proteome (Huang and Liang, 2005; Lu et al., 2012; Li et al., 2017). These research studies provide new data for the therapeutic value of LRA and its processed products in diseases related to YDS, and promote the development of new potential biomarkers for abnormalities related to Yang deficiency.
MATERIALS AND METHODS
Preparation of Medicinal Materials
Salted LRA (LRA soaked in bittern water; Batch No. 20180918) and ginger (fresh rhizomes of Zingiber officinale Roscoe) was purchased from the Chinese medicinal materials market of Zhangshu (China). All materials were authenticated by Professor Qianfeng Gong of Jiangxi University of Traditional Chinese Medicine (Nanchang, China). Unprocessed LRA (ULRA) was obtained by rinsing the salted LRA. ULRA was moistened with 15% fresh ginger juice (quality %) for 12 h and steamed for 8 h to obtain YF.
Administered solution: ULRA and YF were respectively soaked in water (×10 their volume) for 1 h, boiled for 30 min, and filtered. The obtained residues were soaked again in water (×6 their volume), boiled for 30 min, and filtered. The filtrates were combined and concentrated to 1.2 g/ml. The concentrated solution was stored at 4°C.
Standard solution: All standards (Weikeqi biotech Co., Ltd., Chengdu, China) were weighed and added isopropanol-dichloromethane (1:1) mixed solution to prepare solution contained 10.32 μg/ml aconitine (Batch NO. 130723), 37.38 μg/ml mesaconitine (Batch NO.130402), 5.75 μg/ml hypaconitine (Batch NO. 130509), 33.34 μg/ml benzoylaconine (Batch NO. 130516), 7.92 μg/ml benzoylmesaconine (Batch NO. 130505), and 5.38 μg/ml benzoylhypaconine (Batch NO. 130401).
Sample solution for HPLC: ULRA and YF were respectively soaked in water (×10 the volume) for 1 h, boiled for 30 min, and filtered. The obtained residues were soaked again in water (×6 the volume), boiled for 30 min, and filtered. The filtrates were combined, concentrated and dried into powers. The powders (2 g) of ULRA and YF decoction mixed with ammonia (3 ml), and immersed in isopropanol-ethyl acetate (1:1) mixed solution (50 ml) extracted under ultrasonic condition for 30 min, and then filtered. The filtrate (25 ml) evaporated to dryness under 40°C and low pressure condition. The obtained residue dissolved by isopropanol-dichloromethane (1:1) mixed solution (5 ml), and then filtrated through a filter membrane (0.22 μm).
Sample solution for UPLC-quadrupole-TOF-MS: The medicine (100 g of ULRA or YF) and 15 times the volume of water (×15 their volume) were placed into round bottom flasks, soaked for 30 min, subjected to heat reflux, decocted for 30 min, filtered and concentrated to 1 g/ml. Subsequently, 5.0 ml of the above concentrated solutions were transferred into 50 l volumetric flasks. Water was added to dissolve the concentrated solution. The supernatants were filtered using a 0.22-microporous membrane. The primary filtrates were discarded and the remaining filtrates were stored as sample solution.
Conditions of Chromatography and Mass Spectrometry
An Ultimate 3000 high performance liquid chromatography (HPLC) (Dionex, Sunnyvale, CA, United States), equipped with a PDA-3000 diode array ultraviolet detector (Dionex, Sunnyvale, CA, United States) and a chromeleom workstation was used. Symmetry C18 column (5 μm, 4.6 mm × 250 mm, Waters Corporation, Milford, MA, United States) was used to determine the six alkaloids standards and the components of ULRA and YF.
The following gradient system was used with 100% acetonitrile (solvent A) and 0.04 mol/L Ammonium acetate aqueous solution (PH = 10, Adjusted by ammonia water) (solvent B): 0–8 min: 18% of A; 8–35 min: linear 18–35% of A; 35–45 min: linear 35–45% of A; 45–55 min: linear 45–50% of A; 55–65 min: linear 50–55% of A; 65–75 min: 55% of A. The flowing rate was 1.0 ml/min, the detection wavelength was at 235 nm, the column temperature was at 35°C, and the injection volumn was 20 μl. The chromatograms are shown in Figure 1.
[image: Figure 1]FIGURE 1 | HPLC chromatograms of various alkaloids. (A) Standards; (B) YF; (C) ULRA; (1), Benzoylmesaconine; (2), Benzoylhypaconine; (3), Benzoylaconine; (4), Mesaconitine; (5), Aconitine; (6), Hypaconitine; HPLC, high performance liquid chromatography; ULRA, unprocessed lateral root of Aconitum carmichaelii; YF, Yinfupian.
An ultra-high performance liquid chromatography (UPLC) tandem four-stage rod time-of-flight (TOF) mass spectrometer (Triple TOF 5600+; AB Sciex), equipped with an Analyst1.6 Chromatographic workstation and MS analysis software (PeakView v1.2; AB Sciex), was used. Nexera UPLC LC-30 (Shimadzu Corporation, Kyoto, Japan) and ACQUITY UPLC® BEH C18 column (1.7 μm, 2.1 mm × 100 mm; Waters Corporation, Milford, MA, United States) were used to determine the components of ULRA and YF.
The gradient system was 0.1% formic acid aqueous solutions (solvent A)-100% acetonitrile (solvent B): 0–25 min, 95–60% A; 25–32 min, 60–5% A; 32–35 min, 5–95% A; Experiment: Positive Ion Mode, Electron Spray Ionization, ionization temperature: 500 °C, curtain gas: 40 psi, ion source gas1: 50 psi, ion source gas2: 50 psi, ion spray voltage: 5,500 eV, collision energy: 40 eV, declustering potential: 100 eV, mass scan range: m/z 100–1,000. The flow rate was 0.5 L/min, the column temperature was 40°C, and the injection volume was 2 μl.
Calibration of Six Alkaloids and Method Evaluation
Standard samples of alkaloids were prepared into appropriate concentration, and the calibration curve for each alkaloid was performed with six quantities by plotting the peak area vs. the concentrations of the alkaloids. The results of all calibration curves are shown in Table 1.
TABLE 1 | Calibration curves of various alkaloids.
[image: Table 1]Precision and stability was calculated within 24 h (n = 6) with the standard solution of the six alkaloids. Repeatability and average recovery was tested by sample solutions of ULRA and standard solutions of the six alkaloids, and they were injected six times. All indexes of method evaluation evaluated by calculating the relative standard deviation (RSD) (Table 2).
TABLE 2 | RSD of method evaluation for various alkaloids (n = 6).
[image: Table 2]Data Collection and Analysis of Ultra-High Performance Liquid Chromatography-Quadrupole-Time-of-Flight-Mass Spectrometry
The original data were imported into MarkView v1.2.1 and PeakView v1.2 software (both from AB Sciex) to determine the retention time, mass-to-charge ratio, intensity data, and information of two-stage MS (MS2). The total ion chromatogram of ULRA and YF is shown in Figure 2. Subsequently, the data were imported into Simca-p 14.1 software. To observe the contour differences between groups and more effectively identify differences in markers, orthogonal partial least squares discriminant analysis (OPLS-DA) was performed. This analysis yielded the OPLS-DA score chart and similarity-plot (S-plot) diagram, which could directly reflect the contribution rate of differences between groups. The markers with variable important in projection (VIP) > 1 and p-values <0.05 were considered potentially highly related to differences in the decoction pieces. The qualitative analysis of these markers was performed by comparing evidence form the literature and data retrieved from databases.
[image: Figure 2]FIGURE 2 | The total ion chromatogram (TIC) of ULRA (A) and YF (B). ULRA, unprocessed lateral root of Aconitum carmichaelii; YF, Yinfupian.
Experimental Animal Treatments and Sample Collection
The animal study was approved by the Ethics Committee on Laboratory Animals of Jiangxi University of Traditional Chinese Medicine. Sprague–Dawley rats (24 males and 24 females, each weighing 200 ± 20 g; laboratory animal license no. 3700920018,748) were purchased from Jinan Pengyue Experimental Animal Breeding Co., Ltd. (Jinan, China) (license key number: SCXK (Lu) 2014 0007). All rats after acclimatizing in normal atmospheric temperature for 5 days and divided randomly into four groups containing equal numbers of male and female animals, namely the blank (B) group (n = 12), model (M) group (n = 12), ULRA group (n = 12), and YF group (n = 12).
Rats in the model and treatment groups received Rheum officinale (dried roots and rhizomes of Rheum officinale Baill) powder 1.0 g and goldthread (dried rhizomes of Coptis chinensis Franch) powder 1.0 g (namely, 2 g of herb powder/8 ml water suspension, 1 ml/100 g body weight, once daily for 7 days, at the same time) through oral gavage. After the administration, the rats were subjected to exhaustive swimming once daily to establish the model of YDS. Rats in the blank group received the same amount of distilled water daily through oral gavage. On day 8, rats in the treatment groups received ULRA and YF concentrated solution at 12 g (crude medicine)/kg (bodyweight) per day. Rats in the blank and model groups received the same amount of distilled water by oral gavage for 7 days.
Blood samples were collected from the abdominal aorta after anesthesia using 5% pentobarbital sodium (5 mg/100 g bodyweight, intraperitoneally). Next, the liver tissues were rapidly excised, frozen in liquid nitrogen, and stored at −80°C for protein extraction. Subsequently, testicular and ovarian tissues were excised, sectioned, embedded in paraffin, and stained with hematoxylin-eosin. Serum was separated by centrifugation at 3,000 rpm for 5 min at 4°C after standing for 15 min to detect c-Amp and c-GMP using enzyme-linked immunosorbent assay kits (LOT: 20191108; Nanjing Jiancheng Bioengineering Institute, Nanjing, China). Throughout the experimental period, there was no occurrence of death in the animals. At the end of the experiment, euthanasia was performed under anesthesia with sodium pentobarbital. The data are expressed as the mean ± standard deviation, and comparison between groups was performed using one-way analysis of variance.
Tandem Mass Tag-Based Proteomics
Liver tissues were added to SDT lysis buffer (4% sodium dodecyl sulfate [SDS; 161-0302; Bio-Rad, Hercules, CA, United States]; 100 mM Tris-HCl [A6141; Sigma, Saint Louis, MO, United States]; 1 mM dithiothreitol [DTT; 161-0404; Bio-Rad, Hercules, CA, United States]; pH 7.6), transferred into a 2-ml centrifuge tube with an appropriate amount of quartz sand (MP 6910-050; MP Biomedicals, Santa Ana, CA, United States) and 1/4-inch ceramic bead (MP 6540-034; MP Biomedicals, Santa Ana, CA, United States), and crushed into homogenate (24 × 2, 6.0 M/S, 60 s, twice) using a MP fastprep-24 homogenizer (MP Biomedicals). Samples were subjected to ultrasound with an ultrasonic crusher (JY92-II; Scientz, Ningbo, China) (power: 80 W, duration: 10 s, intervals: 15 s, repetitions: 10) and placed in boiling water for 15 min. The homogenate was centrifuged at 14,000×g for 40 min, the supernatant was filtered with a 0.22-μm membrane, and the filtrate was collected. The bicinchoninic acid (BCA) method (BCA quantitative Kit; P0012; Beyotime, Nanjing, China) was used for protein quantification. The samples were stored at −80°C.
Protein from each group (20 μg) was added to 5× buffer solution (10% SDS, 0.5% bromophenol blue, 50% glycerin, 500 mM DTT, 250 mM Tris-HCL, pH 6.8) and placed in boiling water for 5 min. Next, 12.5% SDS-polyacrylamide gel electrophoresis (constant current, 14 Ma, 90 min; eps601; GE Healthcare, Marlborough, MA, United States) and Coomassie brilliant blue staining were performed.
Protein solutions (30 μl) were obtained from each group. DTT was added to reach a final concentration of 100 mM. Subsequently, the solutions were placed in boiling water for 5 min and cooled to room temperature. Uric acid (UA) buffer (200 μl; 8 M urea [161-0731 Bio-Rad]; 150 mM Tris-HCl; pH 8.0) was added, mixed well, transferred into a 10 kDa ultrafiltration centrifuge tube (Sartorius, Gottingen, Germany), and centrifuged at 14,000×g for 15 min; the filtrate was discarded (this step was repeated once). Iodoacetamide buffer (100 μl; 100 mM iodoacetamide [163-2109; Bio-Rad] in UA) was added, oscillated at 600 rpm for 1 min, reacted in the dark at room temperature for 30 min, and centrifuged at 14,000 × g for 15 min. UA buffer (100 μl) was added and centrifuged at 14,000 × g for 15 min; this step was repeated twice. Subsequently, 100 mM triethylamonium bicarbonate (TEAB) buffer (100 μl) was added, and the mixture was centrifuged at 14,000 × g for 15 min; this step was repeated twice. Trypsin buffer (40 μl; 4 μg trypsin [317107; Promega coporation, Madison, WI, United States) in 40 μl 100 mM TEAB buffer) was added, oscillated at 600 rpm for 1 min, and placed at 37°C for 16–18 h. The collection tubes were replaced, the samples were centrifuged at 14,000 × g for 15 min; ×10 diluted 100 mM TEAB buffer (40 μl) was added, and the samples were centrifuged again at 14,000 × g for 15 min; the filtrates were collected for peptide quantification (OD280).
Peptides (100 μg) were obtained from each sample and labeled according to the instructions provided by the manufacturer (TMT Mass Tagging Kits and Reagents; Thermo Fisher Scientific, Waltham, MA, United States). The labeled peptides in each group were mixed in equal amount and graded using a high pH reversed-phase spin column. Following lyophilization, peptides (100 μg) were diluted in 0.1% trifluoroacetic acid (T6508; Sigma) (300 µl), transferred to the high pH reversed-phase spin column, and centrifuged to collect the flow-through compositions. After adding 300 μl of pure water, the washed compositions were collected by centrifugation, and gradient elution was performed. Following lyophilization, the samples were re-dissolved in 0.1% formic acid (06450; Fluka, Seelze, Germany) (12 μl), and the concentration of the peptide was determined at OD280.
Each sample was separated by HPLC Easy nLC (Thermo Fisher Scientific) at a nl flow rate. Buffer solution A was 0.1% formic acid aqueous solution, while buffer solution B was 0.1% formic acid acetonitrile aqueous solution (acetonitrile was 84%). The chromatographic column was equilibrated with 95% A solution. The sample was loaded from the automatic injector to the loading column (Acclaim PepMap100, 100 μm × 2 cm, nanoViper C18; Thermo Fisher Scientific) and separated by the analytical column (EASY column, 10 cm, ID75 μm, 3 μm, C18-A2; Thermo Fisher Scientific) at a flow rate of 300 nl/min. For gradient elution, the linear gradient of solution B ranged 0–55% for 0–80 min, 55–100% for 80–85 min, and 100% for 85–90 min.
The samples were separated by chromatography and analyzed using a Q-Exactive mass spectrometer (Thermo Fisher Scientific). The analysis time was 60 min. The detection method was positive ion mode; scanning range of the parent ion was 300–1,800 m/z; resolution of primary MS was 70,000 at 200 m/z; AGC target was 3e6; primary maximum IT was 10 ms; number of scan ranges was 1; and dynamic exclusion was 40.0 s. The mass-to-charge ratios of polypeptide and polypeptide fragments were collected using the following method: 10 MS2 scans were collected after each full scan; the MS2 activation type was higher-energy collisional dissociation; isolation window was 2 m/z; resolution of secondary MS was 35,000 at 200 m/z (TMT6plex, Thermo Fisher Scientific); microscan was 1; secondary maximum IT was 60 ms; normalized collision energy was 30 eV; and underfill was 0.1%.
The raw data of MS were obtained in RAW files, and identified and quantitatively analyzed by Mascot2.2 and Proteome Discoverer 1.4 (Thermo Fisher Scientific). Blast2GO (Götz et al., 2008) was used to perform the Gene Ontology (GO) annotation of the target protein set. The Kyoto Encyclopedia of Genes and Genomes (KEGG) Automatic Annotation Server (Moriya et al., 2007) was used to perform the KEGG pathway annotation of the target protein set. The target protein sequence was classified through KEGG Orthology (KO) by comparison with data obtained from the KEGG GENES database. Information on the pathway involved in the target protein sequence was automatically obtained according to the KO classification. Fisher’s exact test was used to compare the distribution of each GO classification or KEGG pathway in the target protein set, as well as the overall protein set for evaluating the significance level of protein enrichment of a GO term or KEGG pathway. Firstly, the quantitative information of the target protein set was normalized (normalized to the [−1, 1] region). Secondly, the Cluster 3.0 software was used to classify the two dimensions of sample and protein expression (distance algorithm: Euclidean; connection mode: average linkage). Finally, the hierarchical clustering heat map was generated using the Java Treeview software, and the gene symbol of the target protein was obtained from the database of the source of the target protein sequence. These gene symbols were used in the IntAct (http://www.ebi.ac.uk/intact/main.xhtml) or Search Tool for the Retrieval of Interacting Genes (STRING; http://string-db.org/) database to search for direct and indirect interactions between target proteins; the interaction network was generated and analyzed using the Cytoscape 3.2.1 software.
RESULTS
High Performance Liquid Chromatography Analysis of Alkaloids Contents in Unprocessed Lateral Root of Aconitum carmichaelii and Yinfupian
The contents of six alkaloids in ULRA and YF are calculated by the calibration curves (Table 1), and the results are shown in Figure 3. When comparing of ULRA with YF, the contents of aconitine, mesaconitine, and hypaconitine in YF were lower than those of them in ULRA. The contents of benzoylaconine, benzoylmesaconine, and benzoylhypaconine in YF were obvious higher than those of them in ULRA. The diester alkaloids (aconitine, mesaconitine, and hypaconitine) in “Fuzi” were decreased after “Fuzi” processed into YF, and the diester alkaloids may turned into monoester alkaloids, therefore the contents of benzoylaconine, benzoylmesaconine, and benzoylhypaconine in YF are high.
[image: Figure 3]FIGURE 3 | Results of content determination of six alkaloids (n = 3). (1), Benzoylmesaconine; (2), Benzoylhypaconine; (3), Benzoylaconine; (4), Mesaconitine; (5), Aconitine; (6), Hypaconitine.
Analysis of Markers of Differential Components
In the OPLS-DA analysis, there were no abnormal samples that were excluded (all samples were within the confidence interval). The score and S-plot chart, which can directly reflect the differences between two groups and the contribution rate of differences in components, were obtained. All the samples of the score chart were clearly distinguished, suggesting that the two groups of samples were significantly different (Figure 4), Two principal components were obtained: R2X = 0.701, R2Y = 0.999, Q2 = 0.991. In the S-plot chart (Figure 5), closer proximity to the two corners of the S-plot indicated a larger VIP value of the variable (i.e., the component with great difference).
[image: Figure 4]FIGURE 4 | OPLS-DA score chart of ULRA and YF groups. Green dots are ULRA group, and blue dots are YF group. OPLS-DA, partial least squares discrimination analysis; ULRA, unprocessed lateral root of Aconitum carmichaelii; YF, Yinfupian.
[image: Figure 5]FIGURE 5 | S-plot chart of ULRA and YF groups. The VIP value of red dots is greater than 1. ULRA, unprocessed lateral root of Aconitum carmichaelii; YF, Yinfupian; VIP, variable important in projection.
According to the data obtained by HPLC-quadrupole-TOF-MS, a comparative analysis was performed between the ULRA and YF groups. The VIP value of the OPLS-DA model principal component (threshold value > 1) and the p-value of the t-test (threshold: <0.05) were used to screen different components, combined with literature, MassBank database, and other searches. The structure of the differential substances was finally identified as representative of the difference in components (Table 3).
TABLE 3 | Screening and analysis of the components of ULRA and YF.
[image: Table 3]Identification of components: The inference process was illustrated using chuanfumine as an example. Compound 1 produced 394.3 [M+H]+ with high sensitivity at 40 eV collision energy. In the MS2 spectrum, the peak produced 376.2479 [M+H-H2O]+, 358.2385 [M+H-2H2O]+, and 340.2278 [M+H-3H2O]+, according to the literature (Liu et al., 2011; Zhang et al., 2012). There was no [M+H-CH3OH-H2O]+, which is a characteristic ion of karakolidine (C22H35NO5). Therefore, it was inferred that compound 1 was chuanfumine.
Histomorphological Changes in the Gonads of Rats Induced by Yang Deficiency Syndrome
Ovarian and testicular tissues were obtained from female and male rats, respectively. In the blank group, the histological structure of the testes was normal, and the division of spermatogenic cells in the seminiferous tubules was active with rich and obvious layers (Figure 6A). In the model group, the number of spermatogenic cells and sperm cells was significantly lower, and the arrangement was loose with vacuoles (Figure 6B).
[image: Figure 6]FIGURE 6 | Testis histological changes of male rats in each group (HE×400). (A) Blank group; (B) Model group; (C) ULRA group; (D) YF group. HE, hematoxylin-eosin staining; ULRA, unprocessed lateral root of Aconitum carmichaelii; YF, Yinfupian.
Compared with the model group, the number of spermatogenic cells and sperm cells in the ULRA and YF groups was significantly increased and orderly arranged, similar to the blank group, and recovered significantly (Figures 6C,D).
In the blank group, the number and morphology of ovarian follicles at all levels were normal; the ovarian follicles grew actively, and there were abundant layers of granulosa cells (Figure 7A). In the model group, the volume of the ovary decreased, and the number of ovarian follicles and granulosa cells in different layers decreased significantly (Figure 7B).
[image: Figure 7]FIGURE 7 | Ovarian histological changes of female rats in each group (HE×40). (A) Blank group; (B) Model group; (C) ULRA group; (D) YF group; HE, hematoxylin-eosin staining; ULRA, unprocessed lateral root of Aconitum carmichaelii; YF, Yinfupian.
Compared with the model group, the ovarian volume and the number of granulosa cells in the ULRA group increased (Figure 7C). The volume of ovary and the number of granulosa cells, corpus luteum, and ovarian follicles increased in the YF group (Figure 7D).
Serum cyclic Adenosine Monophosphate and cyclic Guanosine Monophosphate Levels in Rats with Yang Deficiency Syndrome
Compared with the blank group, the levels of c-AMP and c-GMP in the model group were significantly decreased. There was no significant difference between the ULRA and model groups. Compared with the model group, the levels of c-AMP in the YF group increased significantly, whereas those of c-GMP exhibited an upward trend.
Differentially Expressed Proteins
According to the standard of expression <1.2-fold (upregulated by >1.2-fold or downregulated by <0.83-fold) and p-value <0.05, a total of 4,673 differentially expressed proteins were identified. The number of differentially expressed proteins in each group is shown in Table 4.
TABLE 4 | Protein expression results.
[image: Table 4]Gene Ontology Analysis
The results of GO analysis for the blank group vs. the model group revealed that the functions of these potential targets are related to numerous biological processes that may be important for the occurrence and development of YDS. The top 20 generally changed GO terms were compared. The most significantly enriched biological process terms were associated with detoxification, stress response to metal ion, cellular response to zinc ion, lauric acid metabolic process, and arginine catabolic process. With respect to molecular function, the most significantly enriched terms included iron ion binding, heme binding, tetrapyrrole binding, arachidonic acid binding, icosanoid binding, and icosatetraenoic acid binding. For the cellular component, the most enriched terms were delta DNA polymerase complex, C-fiber, histone locus body, cytoskeleton, nuclear inner membrane, and DNA polymerase complex (Figure 8A).
[image: Figure 8]FIGURE 8 | The GO (gene ontology) function classification of the differential protein identified by the TMT-based proteomics. The GO enrichment analysis of proteins from the liver samples was performed according to the BP (biological process), MF (molecular function) and CC (cellular component). The comparison between the (A) blank group and model group, between the (B) ULRA group and model group, between the (C) YF group and model group was performed. ULRA, unprocessed lateral root of Aconitum carmichaelii; YF, Yinfupian.
Comparison of the ULRA and model groups showed that the most enriched biological process terms were associated with muscle contraction, muscle system process, myosin filament assembly and organization, myofibril assembly, sarcomere organization, and cellular component assembly involved in morphogenesis. The representative terms related to molecular function were actin binding and structural constituent of muscle. For the cellular component, the most enriched terms were myofibril, contractile fiber, sarcomere, and muscle myosin complex (Figure 8B).
In the YF group vs. model group analysis, the most significantly enriched biological process terms were associated with muscle contraction, cell fate specification, myosin filament assembly and organization, sarcomere organization, and cellular component assembly involved in morphogenesis. The most significantly enriched molecular function terms were associated with actin binding and transmembrane transporter activity. The representative terms related to cellular component were supramolecular structure, contractile fiber part, keratin filament, and myofibril (Figure 8C).
Kyoto Encyclopedia of Genes and Genomes Analysis
The KEGG analysis demonstrated that a number of pathways were significantly enriched in the model group compared with the blank group. These included some classical pathways, such as the nicotinate and nicotinamide metabolism, peroxisome proliferator activated receptor (PPAR) signaling pathway, drug metabolism cytochrome P450 (CYP), steroid hormone biosynthesis, arachidonic acid metabolism, and retinol metabolism (Figure 9A).
[image: Figure 9]FIGURE 9 | The pathway analysis of all differentially expressed proteins was based on the KEGG (Kyoto Encyclopedia of Genes and Genomes) database. The comparison between the (A) M group and B group, between the (B) ULRA group and model group, and between the (C) YF and model groups was performed. ULRA, unprocessed lateral root of Aconitum carmichaelii; YF, Yinfupian.
Comparison of the ULRA and model groups revealed that the inflammatory mediator regulation of transient receptor potential (TRP) channels, hypoxia inducible factor 1 (HIF1) signaling pathway, tight junction, glycolysis/gluconeogenesis, and cardiac muscle contraction were significantly enriched according to the differentially expressed proteins. Moreover, we found some disease-related pathways, such as type I diabetes mellitus, hypertrophic cardiomyopathy, dilated cardiomyopathy, allograft rejection, graft-versus-host disease, autoimmune thyroid disease, and African trypanosomiasis, which indicate that raw aconite has a potential application in other diseases (Figure 9B).
Comparison of the YF and model groups showed neuroactive ligand-receptor interaction and nucleotide excision repair (Figure 9C).
Protein–Protein Interaction
To investigate the interactions between differentially expressed proteins in each group, several protein–protein interaction networks were established based on differentially expressed proteins using the Cytoscape v3.2.1 software. Comparison of the model and blank groups revealed complex interactions with CYP 4A2 and 4A8 (downregulation), aldehyde oxidase 3 (AOX3) (downregulation), cathepsin G (CTSG) (upregulation), fatty acid binding protein 5 (FABP5) (upregulation), lysozyme 2 (LYZ2) (upregulation), etc. In the comparison of the ULRA and model groups, the protein network based on differentially expressed proteins revealed complex interactions with actinin alpha 3 (ACTN3) (downregulation), actinin alpha 2 (ACTN2) (downregulation), troponin C2 fast skeletal type (TNNC2) (downregulation), troponin I2 fast skeletal type (TNNI2) (downregulation), troponin T3 fast skeletal type (TNNT3) (downregulation), creatine kinase M-type (CKM) (downregulation), myosin light chain 1 (MYL1) (downregulation), myosin heavy chain 1 (MYH1) (downregulation), etc. Comparison of the YF and model groups showed complex interactions with keratin 5 (KRT5) (upregulation), KRT16 (upregulation), KRT17 (upregulation), KRT72 (upregulation), mitochondrial ribosomal protein L28 (MRPL28) (upregulation), MRPL4 (upregulation), MRPL38 (upregulation), OXA1L mitochondrial inner membrane protein (OXA1L) (upregulation), etc.
DISCUSSION
Aconitum alkaloids can be rapidly absorbed and widely distributed in the body. There is a large quantity of C19-diester-diterpenoid alkaloid (C19DDA) in ULRA; C19DDA has been associated with acute toxicity. Hydrolysis of C19DDA into C19-monoester-diterpenoid alkaloid (C19MDA) decreases the toxicity. Through further hydrolysis, the alkaloids are converted into C19-alkylol amine-diterpenoid alkaloid (C19ADA) with almost no toxicity (Huang et al., 2015; Wu et al., 2018). According to the results of composition analysis (Table 1), the levels of mesaconitine, hypaconitine, aconitine, and other C19DDAs were significantly decreased in YF compared with the ULRA. In contrast, the levels of C19MDAs (e.g., benzoylaconine, benzoylhypaconine, benzoylmesaconine), C19ADAs (e.g., fuziline, mesaconine, and neoline), and C20-diterpene alkaloids (e.g., chuanfumine and songorine) were significantly increased. The components of Aconitum alkaloids underwent obvious changes in the process of preparation. Hydrolysis of C19DDA reduced the toxicity of ULRA, while the increase in the levels of C19MDA, C19ADA, and C20-diterpene alkaloid also ensured the pharmacological activity. This confirmed the importance of preparation in reducing the toxicity and increasing efficiency of ULRA in terms of chemical composition.
Previous studies have shown that YDS can affect gonad and related functions, as well as damage male testicular function and female ovarian function (Nakada and Adachi. 1999; Liu et al., 2018; Song et al., 2019). The vitality of spermatogenic cells and ovarian cells in the testes and ovaries of rats with YDS was inhibited, and the numbers of cells were significantly reduced (Figures 3, 4). Moreover, following treatment with ULRA and YF, the morphology of the testes and ovaries recovered well in rats with YDS, suggesting good efficacy.
c-AMP is a signal transduction substance formed by the dephosphorylation of adenosine triphosphate (ATP) under the catalysis of adenylate cyclase It activates protein kinase (PKA) and phosphorylates target cell proteins, thus regulating the cell response. c-GMP is another signal transduction substance formed by guanosine triphosphate under the catalysis of guanylate cyclase. It activates protein kinase PKG and phosphorylates proteins in target cells, thus regulating cell reaction. Both transduction substances, termed cyclic nucleotides, are involved in regulating the physiological function and metabolism of cells. They have a wide range of biological effects and participate in a variety of physiological and pathological processes. During this period, numerous neurotransmitters, hormones and some active substances need to exert their corresponding physiological effects on target cells through cyclic nucleotides (Burhenne et al., 2011; Rondina and Weyrich, 2012). The content of c-AMP and c-GMP in rats with YDS decreased significantly, thereby leading to the inhibition of physiological function and metabolism to a certain extent. The body reaction caused by this change was consistent with the symptoms of YDS, and YF could significantly increase the content of c-AMP and c-GMP (Figures 10, 11). The above results indicate that YF has an obvious therapeutic effect on YDS.
[image: Figure 10]FIGURE 10 | Changes of serum c-AMP levels. B, blank group; M, model group; RA, ULRA group; YI, YF group. Compared with B group, **: p < 0.01; Compared with M group, ##: p < 0.01. c-AMP, cyclic adenosine monophosphate; ULRA, unprocessed lateral root of Aconitum carmichaelii; YF, Yinfupian.
[image: Figure 11]FIGURE 11 | Changes of serum c-GMP levels. B, blank group; M, model group; RA, ULRA group; YI, YF group. Compared with B group, *: p < 0.05, **: p < 0.01; Compared with M group, ##: p < 0.01. c-GMP, cyclic guanine monophosphate; ULRA, unprocessed lateral root of Aconitum carmichaelii; YF, Yinfupian.
The GO and KEGG pathway enrichment analyses revealed that YDS mainly affects detoxification, heme-related compositions (i.e., iron ion, heme, tetrapyrrole) binding, response to metal ion, CYP, steroid hormone biosynthesis, nicotinate and nicotinamide metabolism, PPAR signaling pathway, as well as the combination and metabolism of some unsaturated fatty acids. The present findings are consistent with those of previous research studies on YDS (Zhang et al., 2019; Liang et al., 2020). GO analysis showed that both ULRA and YF influenced the movement of muscle tissues. KEGG pathway analysis found that ULRA mainly affects the inflammatory mediator regulation of TRP channels, HIF1 signaling pathway, tight junction, glycolysis/gluconeogenesis, and cardiac muscle contraction, and was related to some disease-related pathways, such as type I diabetes mellitus, hypertrophic cardiomyopathy, dilated cardiomyopathy, allograft rejection, graft-versus-host disease, autoimmune thyroid disease, and African trypanosomiasis. YF was mainly associated with neuroactive ligand-receptor interaction and nucleotide excision repair. The above results may be closely related to the content of alkaloids in RAC. The high content of C19DDA in ULRA has been linked to strong anti-inflammatory activity (Hikino et al., 1982; Komoda et al., 2003), anti-tumor activity (Du et al., 2013; Ji et al., 2016), and damage to myocardial cells (Ma et al., 2018). The high content of C19MDA in YF exerts a protective effect on nerve cells (Jiang et al., 2012). C19ADA can increase the viability of myocardial cells, and improve myodynamia and ventricular diastolic function (Liu et al., 2012; Xiong et al., 2012).
CYP has two main biological functions. The first is the metabolism of heterologous substances. Lipid soluble drugs can only be excreted after biotransformation in the kidneys (Modi and Dawson, 2015). CYP can reduce the hydrophobicity of compounds and form intermediate metabolites for easy excretion. The second function is the biosynthesis of bioactive molecules, including the metabolism of steroids, vitamins, and fatty acids (Albertolle and Guengerich, 2018). The CYP4A family metabolizes arachidonic acid into ω-hydroxyeicosatetraenoic acid in kidneys (Ying et al., 2008). 20-hydroxyeicosatetraenoic acid plays an important role in skeletal muscle and vascular myogenic response, and regulates blood circulation (Imig et al., 1996). In addition, studies have shown that specific inhibition of CYP4A can treat myocardial injury induced by advanced glycation end product (Wang et al., 2019). Aldehyde oxidase is an important enzyme system involved in drug metabolism (Garattini et al., 2003). In vivo studies showed that CTSG inhibitors decreased cardiac inflammation and improved cardiac function after myocardial ischemia-reperfusion injury (Hooshdaran et al., 2017), indicating that CTSG may promote inflammation. FABP is a sensitive marker for the early diagnosis of myocardial infarction (Mad et al., 2007; Figiel et al., 2008). Following the occurrence of myocardial ischemia, fatty acids are mobilized to supply energy, thereby increasing the levels of heart-type FABP. LYZ is widely distributed in the human body because of its antibacterial, antiviral, anti-inflammatory, and immunity-enhancing properties (Eichenberger et al., 2010).
The downregulation of CYP and AOX in the model group may indicate that YDS can inhibit the metabolic activities in the body. Upregulation of CTSG expression can aggravate the inflammatory reaction. The upregulation of FABP and LYZ may be related to the self-regulation and response of the body in the state of YDS. CYP was downregulated in the ULRA group compared with the model group. This finding was consistent with those of previous studies stating that C19DDA can inhibit the activity of CYP and affect its mRNA levels. Its toxic targets are ion channels, substructures, enzymes, and receptors (Yen and Ewald, 2012; Chang et al., 2019). The expression of AOX3 was significantly increased in the ULRA group compared with the model group. The levels of CTSG were significantly decreased in the YF group compared with the model group, suggesting that YF may exert an anti-inflammatory effect by downregulating the expression of CTSG.
Together, α-actinin and actin form the main cytoskeleton protein of cells, maintain the special morphology of cells, and endow the cells with toughness and strength (Dixson et al., 2003). For myocardial cells, actinin is located on the myocardial cell membrane and Z-band through a variety of actin connexins to perform myocardial contractile and diastolic functions. α-actinin is one of the connexins; following change, α-actinin directly affects the systolic and diastolic functions of myocardial cells and leads to myocardial remodeling. Spatial regularity disorder of α-actinin-2 has been found in cardiac myocytes of patients with heart failure (Dobrev and Nattel, 2010), indicating that the plasticity of α-actinin-2 may occur in cardiac structural remodeling. TNNT contains the binding site of protomyosin; TNNI is an inhibitor of actin ATPase, which inhibits the interaction between actin and myosin. TNNC binds to Ca2+ and regulates the interaction between TNNT, TNNI, and other components of the systolic system (Perry, 1998; Perry, 1999). Creatine kinase (CK) is closely related to energy metabolism in mammals. It is involved in glycolysis control, mitochondrial respiration, and energy supply for muscle contraction. CK is one of the key enzymes in the metabolism of the ATP-creatine phosphate system. Its role is to catalyze the reversible transfer of a high-energy bond between ATP and creatine phosphate (Cheng et al., 2020). Myosin is the structural protein and the main contractile protein of the myocardium. It is composed of two heavy chains and four light chains. Typically, the body can produce immune tolerance to myosin. However, under pathological conditions, myosin can be an autoantigen causing an autoimmune reaction, stimulating the production of anti-myosin antibody, and mediating myocardial immune injury. Studies (Wang et al., 2003) suggested that myosin can be an autoantigen mediating myocardial injury, which can transform myocarditis into dilated cardiomyopathy.
Studies have shown that aconitine can inhibit the expression of α-actinin (Zhang et al., 2020). This may be due to the effects of aconitine on protein expression in the myofilaments of cardiomyocytes, resulting in dysfunction of myofilaments; this may be the mechanism of aconitine-induced cardiotoxicity. The expression levels of troponin and CK were downregulated in the ULRA group, indicating that ULRA could inhibit the contraction and relaxation of muscle. Moreover, the downregulation of myosin may be involved in the anti-inflammatory effect of ULRA.
Mammalian mitochondrial ribosomal proteins are synthesized in cytoplasmic ribosomes and transported to mitochondria by special protein complexes. They are combined with rRNA and assembled into ribosomes. Moreover, they are responsible for the translation of 13 membrane proteins encoded by mitochondrial DNA and participate in the oxidative phosphorylation reaction (Christian and Spremulli, 2011; De et al., 2015). Mitochondrial inner membrane protein is essential for the activity and assembly of cytochrome oxidase; it is also necessary for the correct biogenesis of ATP synthase and complex I in mitochondria (Bonnefoy et al., 1994; Stiburek et al., 2007).
In the YF group, the expression of Mammalian mitochondrial ribosomal proteins was significantly upregulated. Studies have shown that benzoylaconine can increase the mitochondrial quality and induce mitochondrial biogenesis in mice by activating the adenosine monophosphate-activated protein kinase (AMPK) signaling cascade (Deng et al., 2019). It is suggested that YF can promote the production of ATP, and the increase in benzoylaconine is an important step for mitochondrial energy metabolism.
As a medicinal plant with documented efficacy and toxicity, the chemical composition and effects of LRA have been investigated in recent years, shedding light on its material basis and the pharmacological and toxicological mechanisms. However, further studies are warranted to overcome some current limitations. Regarding chemical constituents, despite the availability of detailed studies on various alkaloids, the extraction of many compounds remains difficult, and there are challenges in the hydrolysis and transformation of C19DDA, C19MDA, and C19ADA. Therefore, it is necessary to further investigate the dynamic transformation law of different types of alkaloids to increase efficiency and reduce toxicity in the process of component transformation. Concerning medicinal activity, although the overall pharmacological and toxicological effects of LRA have been extensively studied, there is a lack research on the target mechanism of most monomer compounds. Hence, it is necessary to further clarify the mechanisms of interaction between multiple components and multiple targets.
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Xinglou Chengqi (XLCQ) decoction, composed of three botanical drugs and one inorganic drug, is used in clinics during the treatment of acute stroke complicated with Tanre Fushi (TRFS) syndrome in China. However, its active ingredients and the molecular mechanism have not been clarified. So, we aimed to preliminarily characterize its chemical constituents and investigate its pharmacological mechanisms using an integrative pharmacology strategy, including component analysis, network prediction, and experimental verification. We employed UPLC-QTOF-MS/MS to describe the chemical profile of XLCQ, Integrative Pharmacology-based Network Computational Research Platform of Traditional Chinese Medicine (TCMIP v2.0, http://www.tcmip.cn/), to assist in identifying the chemical components and predict the putative molecular mechanism against acute stroke complicated with TRFS, and LPS-stimulated BV-2 cells to verify the anti-neuroinflammatory effects of luteolin, apigenin, and chrysoeriol. Altogether, 197 chemical compounds were identified or tentatively characterized in the water extraction of XLCQ, 22 of them were selected as the key active constituents that may improve the pathological state by regulating 27 corresponding targets that are mainly involved in inflammation/immune-related pathways, and furthermore, luteolin, apigenin, and chrysoeriol exhibited good anti-neuroinflammatory effects from both protein and mRNA levels. In summary, it is the first time to employ an integrative pharmacology strategy to delineate 22 constituents that may improve the pathological state of stroke with TRFS by regulating 27 corresponding targets, which may offer a highly efficient way to mine the scientific connotation of traditional Chinese medicine prescriptions. This study might be a supplement for the deficiency of the basic research of XLCQ.
Keywords: TCMIP, integrative pharmacology strategy, UPLC-QTOF-MS/MS, Xinglou Chengqi decoction, Tanre Fushi syndrome
INTRODUCTION
Stroke, characterized by a high incidence rate, high mortality, and a high disability rate, is a devastating cerebrovascular event that occurs as a result of cerebral vascular occlusion (ischemic stroke) or burst/bleeding (hemorrhagic stroke), leading to cerebral blood flow disruption, physical disability, and multiple functional impairment, which seriously threatens human health and quality of life (Feigin et al., 2016). At present, the main treatment to ischemic stroke is early thrombolysis to restore blood flow and achieve vascular recanalization, but most patients cannot get thrombolytic therapy due to the limitation of treatment time window or other contraindications. Therefore, it is particularly urgent to find safe and effective drugs for stroke prevention and treatment with a clear mechanism.
Traditional Chinese medicine (TCM), characterized by lower side effects, is often thought to be an alternative pharmacotherapy for prevention and rehabilitation intervention of ischemic stroke in China (Liu et al., 2018). As early as in 1981, Academician Yongyan Wang observed that about 74.2% of stroke patients were accompanied by “Tanre Fushi” (TRFS) syndrome (Wang, 1981) that manifests as abdominal distension, constipation, bad breath, and dry throat, and then he developed the “Huatan Tongfu” treatment strategy in the following year (Wang et al., 1982). In 1986, he created “Huatan Tongfu” decoction, which was later renamed as “Xinglou Chengqi” (XLCQ) decoction, to treat acute stroke in clinics. At the same time, the indication and opportunity for the correct application of XLCQ decoction were given (Wang et al., 1986). XLCQ decoction is composed of three botanical drugs and one inorganic drug, namely, Trichosanthes kirilowii Maxim. (Gualou, GL) 30–40 g, Arisaema erubescens (Wall.) Schott (Dannanxing, DNX) 6–10 g, Rheum palmatum L. (DaHuang, DH) 10–15 g, and Natrii sulfas (Mangxiao, MX) 10–15 g. The main component of Natrii sulfas is Na2SO4•10H2O, which belongs to a mineral medicine.
Accumulating clinical practices have proven that the effective power of the Western medicine treatment for acute stroke could be enhanced obviously when combined with XLCQ, especially when the patient is suffering with TRFS (Chen et al., 2017; Zhen, 2017; Liu and Lei, 2019; Wang et al., 2020a; Han, 2020; Jiang et al., 2020; Lu and Wang, 2020; Yao et al., 2020). Although XLCQ has almost been used for 40 years in clinics, its chemical composition has not been systematically characterized, and its pharmacological mechanism is limited to anti-inflammatory (Du et al., 2009; Wand, 2016; Zhen, 2017; Zhao et al., 2018), anti–free radical injury (Wu and Jiang, 2005; Zhou et al., 2016), inhibition of neuronal damage (Liu et al., 2012a; Yu et al., 2018), and anti-neuronal apoptosis (Liu et al., 2012b).
Therefore, in the present study, we aimed to describe the chemical profiles and explore the underlying pharmacological mechanisms of XLCQ acting on stroke with TRFS through the following scheme, as shown in Figure 1: 1) analyzing XLCQ chemical components by UPLC-QTOF-MS/MS, 2) collecting the information of chemical components from Integrative Pharmacology-based Network Computational Research Platform of Traditional Chinese Medicine (TCMIP v2.0, http://www.tcmip.cn/), 3) predicting the putative targets of the identified components and collecting the genes of stroke and TRFS from TCMIP, 4) constructing a “component targets-stroke/TRFS genes” network to select the candidate targets and the main active components of XLCQ, 5) functional enrichment analysis for investigating the underlying molecular mechanisms of XLCQ acting on stroke complicated with TRFS, and 6) verifying the anti-neuroinflammatory effects of luteolin, apigenin, and chrysoeriol based on LPS-simulated BV-2 cells.
[image: Figure 1]FIGURE 1 | The scheme of the present study.
MATERIALS AND METHODS
Chemicals and Reagents
HPLC-grade acetonitrile and methanol were purchased from Merck KGaA (Darmstadt, Germany); HPLC-grade formic acid from Sigma-Aldrich (St. Louis, MO, United States); chloroform (100068), isopropanol (80109218), and anhydrous alcohol (10009218) from Sinopharm (Beijing, China); and DEPC-treated water (sc-204391) from Santa Cruz Biotechnology (CA, United States). Deionized water (18.2 MΩ cm) was purified by a Milli-Q system (Millipore Co., Billerica, United States). Trichosanthes kirilowii Maxim. (place of production: Hebei Province; batch number: 190112010), Arisaema erubescens (Wall.) Schott (place of production: Sichuan Province; batch number: D180903001), Rheum palmatum L. (place of production: Sichuan Province; batch number: 18111201), and Natrii Sulfas (place of production: Sichuan Province; batch number: DD0181) were purchased from Shengshi Baicao Pharmaceutical Co., Ltd. and authenticated by Mrs. Xirong He, a research assistant of China Academy of Chinese Medical Sciences (Beijing). The voucher specimens were deposited in the Institute of Chinese Materia Medica, China Academy of Chinese Medical Sciences.
Fetal bovine serum (FBS,10270–106), penicillin–streptomycin (10,000 U/mL, 15140122), and 0.05% trypsin-EDTA (1X, 25300–054) from Gibco BRL Co. (Boise, Idaho, United States); Dulbecco’s Modified Eagle’s Medium-high glucose (DMEM/High Glucose, SH30022.01) from HyClone Laboratories (Logan, UT, United States); dry powder of phosphate-buffered saline (PBS, P1010), dimethyl sulfoxide (DMSO, D8371), and sterile deionized water (F0025) from Solarbio Life Sciences (Beijing, China); lipopolysaccharide (LPS, 0111:B4, L2630) from Sigma-Aldrich Crop. (St. Louis, MO, United States).
Luteolin (BT1191), apigenin (BT443), and chrysoeriol (BT2582) were borrowed from Beijing Beite Renkang Biomedical Technology Co., Ltd. (Beijing, China); IL-1β (CSB-E08054m) and TNF-α (CSB-E04741) ELISA kits from Cusabio (Beijing, China); CCK-8 kit from Dojindo (Kumamoto ken, Japan); and TB Green® Premix Ex Taq™ (RR420A) from TAKARA BIO INC. (Chiryu Shi, Japan).
Preparation of Herbal Extracts
The prescription is composed of GL, DNX, DH, and MX with a dose proportion of 15:3:5:5. GL and DNX were soaked in 10 volumes of water for 60 min before boiling for 30 min. Then DH was added and boiling was maintained for another 30 min. MX was dissolved in the decoction that was filtered by eight layers of gauze. The residue was boiled with 8 volumes of water for another 30 min, and the decoction was filtered as before. The two combined filtrates were freeze-dried (Lab-1D-80E; Beijing boyaikang Experimental Instrument Co., Ltd., Beijing, China) at −80°C with a paste rate at 26.96%, and the powder was pressed through a 60-mesh sieve. The fine powder was dissolved into 10 volumes of 70% MeOH and extracted with an ultrasonic wave for 15 min before 1-μl aliquots were transferred to autosampler vials for analysis.
Instrumentation and UPLC-QTOF-MS/MS Conditions
The analysis was performed on a Waters Acquity UPLC I-Class system (Waters Corp., Milford, United States) equipped with a binary pump, an online vacuum degasser, an autosampler, and an automatic thermostatic column oven, coupled with a Waters Xevo G2-S Q-TOF Mass System (Manchester, United Kingdom) equipped with electrospray ionization (ESI). The data were recorded by Masslynx V4.1 (Waters Corporation, Milford, United States). Unifi software (Waters Corporation, Milford, United States) was used for peak detection and compound preliminary identification.
Chromatographic separation was performed on a Waters Acquity UPLC HSS T3 column (100 mm × 2.1 mm, i.d., 1.8 μm) maintained at 35 °C, and a linear gradient of (A) 0.1% (v/v) formic acid in deionized water and (B) acetonitrile containing 0.1% (v/v) formic acid was used for the elution procedure, as follows: 0–3 min, 0.2–2% B; 3–5 min, 2–5% B; 5–6 min, 5–8% B; 6–10 min, 8–16% B; 10–10.2 min, 16–19% B; 10.2–14.5 min, 19–25% B; 14.5–15 min, 25–30% B; 15–15.5 min, 30–40% B; 15.5–18 min, 40–50% B; 18–20 min, 50–70% B; 20–21 min, 70–98% B; 21–24 min, 98% B; 24–24.1 min, 98–0.2% B; and 24.1–26 min, 0.2% B. The flow rate was set at 0.5 ml/min, and a 1-μl aliquot was set as the injection volume.
The QTOF-MS data were collected in a full scan auto mode from 0 to 26 min in both positive and negative ion modes. Based on the best response for most of the compounds, the optimal parameters were set as follows: mass range, 50–1,500 Da; source temperature, 100 °C; desolvation temperature, 450°C; desolvation gas flow, 900 l/h; sampling cone, 40 V; ESI− capillary voltage, 2.5 KV; and ESI+ capillary voltage, 0.5 KV. At low CE scan, the auto MS collision energy was 6 eV. At high CE scan, the collision energy was 30–50 eV ramp for ESI+ and 80–100 eV ramp for ESI−.
Leucine enkephalin was employed as lock mass at a concentration of 200 pg/ml in acetonitrile (0.1% formic acid): H2O (0.1% formic acid) (50:50, v/v) for the positive ion mode ([M + H]+ = 556.2771) and negative ion mode ([M−H]− = 554.2615) via a lock spray interface.
Data Processing
UPLC-QTOF-MS/MS system was controlled by the Masslynx 4.1 platform. The MSE data collected in a continuum mode were processed using the apex peak detection and alignment algorithms in UNIFI 1.8, which enabled quasi-molecular ion peaks, salt adduct ions, and dehydration fragment ions to be analyzed as a single entity. The analysis process includes data acquisition, data mining, library searching, and report generation.
The information of chemical components GL, DNX, and DH including molecular name, molecular formulas, molecular weights, and chemical structures (mol. format) was collected from ETCM (Xu et al., 2019) (http://www.nrc.ac.cn:9090/ETCM/), as a customized library listed in Supplementary Excel S1, to assist the chemical identification, which were transferred to the UNIFI form later (Supplementary Excel S2). The additive ions of [M + H]+, [M + K]+, [M + Na]+, [2M + H]+, and [M-e]+ were selected in a positive ion mode and [M + COOH]-, [M-H]-, and [2M-H]- in a negative ion mode. A margin of error up to 5 mDa/10 ppm for identified components was allowed, and the matched components would be generated as predicted fragments from the structure. For unmatched components, the functional module of elemental composition and mass fragment could further assist the chemical identification. Based on the isotopic abundance, the elemental composition calculator could provide a number of possible formulas for an accurate mass peak. Mass fragment could provide fragment structures which assist the chemical identification. The final list of possible formulas could provide relative confidence denoted by an i-FIT score and 0.8 as the threshold value.
Prediction of the Putative Targets of Chemical Constituents Available in XLCQ
The mol. formats of identified compounds were uploaded to the customer center of TCMIP to predict the putative targets using TCM target prediction and function analysis module (TTFM) according to the chemical structure similarity comparison with known drugs on the market. In order to improve the prediction accuracy, we set the structural similarity score at 0.80 (moderate∼high similarity) to select the constitute–putative target pairs (Mao et al., 2019).
Network Construction of XLCQ Putative Target-Stroke/TRFS Gene
To investigate the relationship of XLCQ putative targets and stroke/TRFS genes, we collected a list of stroke-related genes and TRFS-related genes from disease-related gene database of TCMIP. The key words of stroke were “stroke, ischemic stroke, brain injury, cerebral ischemia, and cerebral hemorrhage.” TRFS syndrome was a combination of Yang Ming Fushi syndrome, phlegm heat obstructing lung syndrome, and wind-phlegm syndrome. So, the symptomatic phenotypes of three syndromes were used as the key words to collect the related genes, including “fever, delirium, abdominal pain, dysphoric mood, hyperhidrosis, constipation, wheezing, cough, vertigo, vomiting, abnormality of salivation, syncope, facial paralysis, and hemiplegia.”
An interaction network of XLCQ putative target–stroke/TRFS-related gene was constructed based on the links among the three gene sets using the TCM Association Network Mining Module (TCMNM) of TCMIP, which directly exhibits the major hub network according to three topological features of each node gene, including “degree,” “betweenness,” and “closeness.” Generally, the node that has the degree value 2-fold the median, and betweenness and closeness value 1-fold the median is selected as the major hub.
Network Visualization and Functional Enrichment Analysis
To better exhibit the common targets among XLCQ, stroke, and TRFS, the Venn diagram was performed using the “Calculate and draw custom Venn diagrams” website (http://bioinformatics.psb.ugent.be/webtools/Venn/). To better exhibit the interactions of the major hubs, the network visualization was performed using CytoScape V3.8.0. To elucidate the biological functions of XLCQ putative targets, the functional enrichment analysis was performed using the database for annotation, visualization, and integrated discovery (DAVID) v6.8 (https://david.ncifcrf.gov).
Cell Viability Evaluation
Murine BV-2 microglia cells were obtained from the Institute of Materia Medica-Chinese Academy of Medical Science (Beijing, China) and cultured in DMEM supplemented with 10% heat-inactivated FBS and antibiotics (100 U/ml streptomycin and 100 U/ml penicillin) at 37°C in an incubator [Sanyo MCO-18AIC (UV), Osaka, Japan] with a humidified atmosphere containing 5% CO2 and 95% O2. BV-2 cells were plated in 96-well plates with density at 1 × 104 cells/well and incubated in the abovementioned conditions for 24 h. Luteolin, apigenin, and chrysoeriol solutions were added to different wells with final concentrations at 80, 40, 20, 10, and 5 μM and incubated for another 24 h. Cell viability was evaluated by a CCK-8 kit, and the absorbance was determined at 450 nm 2 h later by a ThermoFisher Scientific Multiskan FC Microplate Reader (MA, United States).
Drug Treatment
BV-2 cells were plated in 24-well plates with the density at 1.5 × 105 cells/well and incubated for 24 h. Luteolin, apigenin, and chrysoeriol solutions were added with final concentrations at 10 μM and incubated for 1 h. Then LPS was added to induce neuroinflammation with a final concentration of 1 μg/ml, and incubated for another 24 h. Finally, the supernatant was collected by centrifugation at 12,000 r and 4 °C for 10 min, which was used for IL-1β and TNF-α analyses according to the instructions of ELISA kits.
Real-Time Reverse Transcription–Polymerase Chain Reaction (RT-qPCR)
The total RNA was isolated using TRNzol Universal Reagent (TIANGEN, DP424, China), and 1 μg RNA was reverse-transcribed to cDNA using FastKing gDNA Dispelling RT SuperMix (TIANGEN, KR118-02, China) by Veriti 96-Well Thermal Cycler PCR (Thermo Fisher, 4375786, United States) according to the manufacturer’s instructions. A single-stranded cDNA was amplified by PCR with primers for IL-1β, TNF-α, PIK3CA, AKT1, NFKB1, NFKB2, CREB1, HSP0AA1, and β-actin, whose primer sequences are shown in Table 1. PCR was performed using a real-time fluorescence quantitative PCR instrument (Roche, LightCycler480 II, Germany) by the following two-step PCR amplification procedure: 1 cycle of pre-degradation at 95°C for 30 s, 40 cycles of denaturation at 95°C for 5 s (ramp rate: 4.4°C/s), and then, annealing and extension at 60°C for 30 s (ramp rate: 2.2°C/s, acquisition mode: single). β-actin was selected as an internal control to evaluate the expression of the eight genes. Primers were purchased from Beijing Qingke Biotechnology Co., Ltd. (Beijing, China).
TABLE 1 | Primers used in this study.
[image: Table 1]RESULTS
Characterization and Identification of Chemical Constituents Available in XLCQ
The base peak intensity (BPI) chromatograms of water extraction of XLCQ corresponding to the positive and negative ion modes are shown in Figure 2. The MSE raw data obtained by UPLC-QTOF-MS/MS were processed using the UNIFI 1.8 software automatically to quickly identify the constituents by matching the detailed information with the customized library (Supplementary Excel S2). Altogether, a total of 197 compounds (152 in ESI+ and 116 in ESI−) were identified or tentatively characterized, of which 56 originated from GL, 63 from DNX, and 78 from DH. The detailed information of chemical compounds is listed in Supplementary Tables S1, S2, containing RT, M/Z, error, response, adducts, formula, name, fragments, category, and origination. The identified constituents, especially the isomers, were verified by the characteristic fragments reported in the literatures. Taking two compounds as examples, the secondary fragment information was exhibited in detail. The ion at RT = 15.56 and [M-H]- = 407.1334 was primarily identified as torachrysone-8-O-β-D-glucoside (C20H24O9) in ESI− after searching in the scientific database of UNIFI collected from ETCM, and the main fragments were m/z 245.0600 [M-H-Glc]-, 230.0560 [M-H-Glc-CH3]-, 215.0324 [M-H-Glc-2CH3]−, 159.0431 [M-H-Glc-2CH3-2CO]−, and 141.0483 [M-H-Glc-2CH3-3CO]− (Figure 3A), which were consistent with the literature report (Gao, 2012). In the same way, ion at RT = 3.46 and [M + H]+ = 268.1046 was primarily identified as arginine (C10H13N5O4) in ESI+, and the main fragments were m/z 136.0624 and 119.0349 (Figure 3B), corresponding to loss -C5H7O4 and -NH3 in turn, which were consistent with the literature report (Wang and Han, 2018).
[image: Figure 2]FIGURE 2 | BPI chromatograms of water extracts of XLCQ (A). ESI+ and (B). ESI−.
[image: Figure 3]FIGURE 3 | Spectrum information of torachrysone-8-O-β-D-glucoside (A) and arginine (B) automatically provided by UNIFITM.
Putative Targets of Chemical Constituents Available in XLCQ
Altogether, a total of 833 putative targets were predicated based on the chemical structures of 197 primarily identified compounds using the TCM Target Prediction and Function Analysis Module of TCMIP (Supplementary Excel S3). Only 176 compounds (52 from GL, 51 from DNX, and 73 from DH) had putative targets when the Tanimoto score was set at 0.8 (moderate∼high similarity). The putative targets of GL, DNX, and DH were 591, 667, and 159, respectively. Interestingly, the three herbs had a number of common putative targets according to the prediction, indicating the potential drug–drug interactions through their common targets (Figure 4A).
[image: Figure 4]FIGURE 4 | The Venn diagram of putative targets of the three herbs available XLCQ (A); the Venn diagram of XLCQ putative targets, known stroke/TRFS-related genes (B); the Venn diagram of 257 major hubs (C); and the Venn diagram of 150 key hubs (D). [GL: Trichosanthes kirilowii Maxim.; DNX: Arisaema erubescens (Wall.) Schott; DH: Rheum palmatum L.].
The Gene Set of Stroke and TRFS Syndrome
A total of 159 stroke-related genes and 709 TRFS-related genes were collected from the disease-related gene database of TCMIP (Supplementary Excel S3). The distribution of the 1519 genes was exhibited in the Venn diagram (Figure 4B), with XLCQ 734, stroke 159, and TRFS 709. Whereas “stroke” was a disease, “TRFS” was a syndrome, and there were still 83 common targets, indicating they may have the possible effects targets. XLCQ had 30 common targets with that of stroke and 83 with that of TRFS, indicating the possible direct targets of XLCQ acting on stroke complicated with TRFS. The common targets of XLCQ with TRFS were more than those of XLCQ with stroke, indicating that the therapeutic effect of XLCQ on TRFS may be stronger than that of stroke.
Underlying Mechanisms of XLCQ Acting on Stroke Complicated With TRFS Syndrome
To illustrate the underlying mechanisms of XLCQ acting on stroke complicated with TRFS, an interaction network of drug target genes and disease/syndrome-related genes was constructed based on the interactions among three gene sets using the TCM Association Network Mining Module of TCMIP, and the network topological features were calculated automatically by TCMIP. Altogether, 257 hubs were selected, and detailed information is provided in Supplementary Excel S3. The target distribution of the 257 genes was exhibited in the Venn diagram (Figure 4C). The target number of XLCQ, stroke, and TRFS was 92, 52, and 178, respectively, with 30 common targets between XLCQ and TRFS, 14 between XLCQ and stroke, and 29 between stroke and TRFS.
To improve the prediction accuracy, 150 major hubs whose degree value ≥12 were selected from the 257 hubs (Supplementary Excel S3, marked in red). Among them, 31 nodes were stroke-related genes, 97 were TRFS-related genes, and 66 were XLCQ putative targets (Figure 4D).
The functional enrichment analysis of the 150 genes was investigated by DAVID v6.8. Altogether, 85 pathways were obtained based on the Reactome Pathway Database. Among them, 52 pathways (Supplementary Excel S3, marked in bold) containing 82 genes were involved in the corresponding pathological events during the progression of stroke and TRFS, which were divided into four functional modules, including immune inflammation module, nervous system module, apoptosis, and autophagy module (Figure 5).
[image: Figure 5]FIGURE 5 | Four functional modules involved in 82 major hubs and the corresponding pathological events during the progression of stroke complicated with TRFS. (Orange nodes refer to putative targets of XLCQ; green nodes refer to known therapeutic targets of stroke; purple nodes refer to known therapeutic targets of TRFS; blue nodes refer to the common genes of three sets; and the color-overlay nodes refer to common genes of two sets.)
Selection of Key Active Constituents of XLCQ Acting on Stroke Complicated With TRFS Syndrome
There were 60 chemical components corresponding to 150 major hubs. According to the number of major hubs and its frequency appearing in different pathways, the threshold was set at 2 and 13. That was, if a chemical constituent had more than two hubs and simultaneously the frequency of these hubs was more than 13, this chemical constituent was regarded as a key active constituent of XLCQ acting on stroke complicated with TRFS. Altogether, a total of 22 key active constituents and 28 corresponding targets were selected (Table 2). Twenty-seven of the 28 putative targets were enriched in 27 pathways (Figure 6, Supplementary Excel S3). The multi-dimensional network of 22 key active constituents, the corresponding 27 key targets, and 27 pathways was constructed as shown in (Figure 7). The GO functional analysis showed that these targets were mainly involved in immune inflammation (regulation of cellular response to heat, Fc-γ receptor signaling pathway involved in phagocytosis), the growth and development of the nervous system (ionotropic glutamate receptor signaling pathway, adenosine receptor signaling pathway, and cellular response to nerve growth factor stimulus), apoptosis (negative regulation of apoptotic process, MAPK cascade), and signal transduction (Figure 8).
TABLE 2 | Active constituents of XLCQ and their putative targets.
[image: Table 2][image: Figure 6]FIGURE 6 | Pathway enrichment analysis of key effect genes of XLCQ in the treatment of stroke complicated with TRFS.
[image: Figure 7]FIGURE 7 | The network of interactions among 22 key active constituents of XLCQ, the corresponding 27 key targets and 27 pathways. [Square nodes refer to herbal medicine; hexagon nodes refer to key active constituents contained in three herbal medicines; circular nodes refer to putative targets (blue refers to inflammation-related, pink refers to apoptosis-related, yellows refer to nerve-related, brown refers to others, the color-overlay nodes refer to common genes of two sets, and purple or blue-green refers to three gene sets); and diamond nodes refer to pathways of putative gene enrichment].
[image: Figure 8]FIGURE 8 | GO enrichment analysis (molecular function, cellular component, and biological process) of key effect genes of XLCQ in the treatment of stroke complicated with TRFS.
Luteolin, Apigenin, and Chrysoeriol Reduce the Release of IL-1β and TNF-α in LPS-Stimulated BV-2 Cells
The CCK-8 assay kit was employed to evaluate the cytotoxicity to select the appropriate concentration of luteolin, apigenin, and chrysoeriol. As shown in Figure 9A, apigenin showed cytotoxicity to BV-2 cells at 40 μM, and luteolin and chrysoeriol showed cytotoxicity at 20 μM, so 10 μM was selected for a later anti-inflammatory study. Pro-inflammatory cytokine levels of IL-1β (p < 0.0001) and TNF-α (p < 0.05) were significantly increased after BV-2 cells were stimulated by LPS (1 μg/ml) for 24 h, and reversed by pretreatment with luteolin, apigenin, and chrysoeriol at 10 μM for 1 h, suggesting these three compounds had anti-neuroinflammatory activities (Figure 9B).
[image: Figure 9]FIGURE 9 | Luteolin, apigenin, and chrysoeriol prevents the neuroinflammatory response by LPS in BV-2 cells. Cytotoxicity was detected by the CCK-8 assay (A). IL-1β and TNF-α levels were detected by ELISA kits (B). (Mean ± SD, p < 0.05*/#, p < 0.0001****/####).
Luteolin, Apigenin, and Chrysoeriol Downregulate the mRNA Expression of IL-1β, TNF-α, PIK3CA, AKT1, NFKB1, NFKB2, CREB1, and HSP0AA1
As shown in Figure 10A, the mRNA expression of IL-1β, TNF-α, PIK3CA, AKT1, NFKB1, and NFKB2 was 7.4-fold, 7.1-fold, 4.3-fold, 1.5-fold, 3.2-fold, 10.7-fold, 1.6-fold, and 2.3-fold increases, respectively, after the LPS stimulation, while pretreatment with these three compounds significantly reversed the above states. The pathway diagram is shown in Figure 10B.
[image: Figure 10]FIGURE 10 | Luteolin, apigenin, and chrysoeriol downregulate the mRNA expression of IL-1β, TNF-α, PIK3CA, AKT1, NFKB1, NFKB2, CREB1, and HSP0AA1 (A), and the pathway diagram is shown in (B).
DISCUSSION
In the present study, 197 chemical compounds were identified or tentatively characterized in the water extraction of XLCQ analyzed by UPLC-QTOF-MS/MS, and 176 of them had putative targets (Tanimoto score ≥0.8). Natrii sulfas had no putative targets as sodium sulfate was hydrolyzed to produce sulfate ion, which was not easily absorbed by the intestinal wall. Natrii sulfas remains in the intestine as a hypertonic solution to prevent the absorption of water in the intestine and increases the intestinal volume, thus causing mechanical stimulation and promoting the secretion of the intestinal wall. Subsequently, the heat pathogens and toxins in the body are discharged from the body. 833 putative targets corresponding to 176 components were predicted (Tanimoto Score ≥0.8) using TCMIP, and 159 stroke-related genes and 709 TRFS-related genes were collected from TCMIP. Twenty-two key active constituents were selected based on the interactions among the three abovementioned gene sets, which may improve the pathological state of stroke patients with TRFS syndrome by regulating the 27 corresponding targets that mainly involved in inflammation–immune-related pathways. Luteolin, apigenin, and chrysoeriol, as the predicted components, exhibited good anti-neuroinflammatory effects based on LPS-stimulated BV-2 cells.
“Integrative pharmacology” is an interdisciplinary science that comprehensively explores the interactions between the multiple constituents of TCM and the body at multiple levels (Xu et al., 2021). TCMIP, as an important part of integrative pharmacology, is an intelligent data mining platform that integrates big data management and pharmacology computing services, which consists of five databases and seven functional modules. The five database resources come from the encyclopedia of TCM (ETCM) (Xu et al., 2019), an international authoritative database, which provides the basic information of TCM, including chemical compounds, putative targets, corresponding disease, and syndrome. The seven functional modules can be used to query and mine the biological basis and mechanisms of disease, syndrome, and TCM.
Among the 22 constituents, ten of them have been reported to exert some protective effect on experimental cerebral ischemia (Table 2, marked in red), and their mechanisms were involved in several stroke-related targets and pathways, which was consistent with our corresponding targets and pathways. Guanosine, adenosine, luteolin, and kaempferol were reported to play a protective role in ischemic stroke by reducing neuroinflammation, oxidative stress, and excitotoxicity (Zhao et al., 2011; Bettio et al., 2016; Luo et al., 2019; Wang et al., 2020b). Apigenin protects from cerebral ischemia by reducing apoptosis and autophagy to promote cell regeneration through the Caveolin-1/VEGF pathway (Zachary, 2005; Pang et al., 2018; Cárdenas-Rivera et al., 2019). (−)-Epicatechin 3-O-gallate alleviated ischemia-reperfusion injury by promoting cell proliferation, angiogenesis, and migration, and inhibiting cell apoptosis and autophagy (Fu et al., 2019). (+)-Catechin could inhibit inflammatory biomarkers or cytokines, such as C-reactive protein, Lp-PLA2, IL-6, and TNF-α, to reduce ischemic injury (Tu et al., 2018). Resveratrol, a multifunctional biological polyphenol, was regarded as a potential drug for stroke-related diseases, which could alleviate hemorrhagic brain injury by inhibiting neuronal apoptosis (Zhao et al., 2019). It was reported that bryonolic acid could inhibit Ca2+ influx and regulate the gene expression in the Ca2+-CaMKII-CREB signaling pathway against cerebral ischemia (Que et al., 2016). Finally, procyanidins exert antioxidant activity against traumatic brain injury (Mao et al., 2015). The mechanisms of these ten chemical components covered most aspects of the pathological process of stroke, and the target and pathway information involved were consistent with our prediction results (Table 2; Figure 6), suggesting an integrative pharmacology strategy has certain prediction accuracy.
AKT1 and PIK3CA had high frequency in our study, and were involved in several signaling pathways, including TP53-regulated metabolic genes, AKT phosphorylates targets in the nucleus, AKT phosphorylates targets in the cytosol, activation of BAD and translocation to the mitochondria, eNOS activation, tetrahydrobiopterin (BH4) synthesis, recycling, salvage and regulation, and VEGFA-VEGFR2 pathway, which associated with apoptosis, inflammation, and nerves, and basically covers all mechanisms of stroke/TRFS, suggesting PI3K/Akt signaling pathways may play an important role in stroke formation (Yu et al., 2016; Lv et al., 2017; Pompura and Dominguez-Villar, 2018; Wen et al., 2018). PIK3CA was the only common target of key constituents and candidate stroke/TRFS targets, which may play an extremely important role in the treatment of XLCQ acting on stroke complicated with TRFS and needed to be focused on in the further experiment. MAPK3 was involved in encoding the proteins of the MAP kinase family. NFKB1 and NFKB2 were involved in encoding the NF-κB protein complex, which is an important nuclear transcription factor in cells, participating inflammatory response, immune response, apoptosis, stress response, etc. (Oeckinghaus and Ghosh, 2009; Mitchell et al., 2016). GSK3B was involved in the inflammation-related pathway regulation of HSF1-mediated heat shock response and apoptosis-related pathway AKT 101ylates targets in the cytosol. ATP5C1, ATP5A1, and ATP5B were involved in encoding a subunit of mitochondrial ATP synthase (Neupane et al., 2019). ADORA3, ADORA2A, and ADORA1, as adenosine receptors, were involved in inflammatory response, neuroprotection, apoptosis, and other intracellular signaling pathways (Chen et al., 2006; Blackburn et al., 2009; Sebastião and Ribeiro, 2009; González-Fernández et al., 2014; Feliu et al., 2019). CASP3 and HSP90AA1 were involved in the process of apoptosis and inflammation (Triantafilou et al., 2001; Creagh et al., 2003; Khurana and Bhattacharyya, 2015; Man and Kanneganti, 2016).
According to the prediction results, the rest 9 of the 22 constituents may be involved in anti-inflammatory, regulating energy metabolism, and antiapoptotic by regulating NFKB1, NFKB2, ATP5C1, ATP5A1, AKT1, HSP90AA1, etc. (Table. 2). We select three compounds (luteolin, apigenin, and chrysoeriol) with high response values (Supplementary Tables S1, S2) to perform some verification experiments. Luteolin and apigenin have been reported to restore ischemic brain injury of rodents (Ha et al., 2008; Luo et al., 2019). Chrysoeriol has been reported to reverse skin inflammation (Wu et al., 2020), arthritis (Ananth et al., 2016), and macrophage inflammation (Yoon and Park, 2021), except for neuroinflammatory effects. Inflammatory cascade is one of the major characteristics of stroke. Therefore, we evaluated their anti-neuroinflammatory effects based on LPS-stimulated BV-2 cells. TLR4 and PI3K/Akt signaling pathways were involved in regulating the activation of microglia and related cytokines in the process of neuroinflammation (Troutman et al., 2012; García et al., 2016; Rahimifard et al., 2017; Zhong et al., 2020). Excessive secretion of proinflammatory cytokines from BV-2 leads to a detrimental effect on neuronal cells (Wang et al., 2019). In our study, luteolin, apigenin, and chrysoeriol at 10 μM inhibited the release of IL-1β and TNF-α, as well as downregulated the mRNA expression of IL-1β, TNF-α, PIK3CA, AKT1, NFKB1, NFKB2, CREB1, and HSP0AA1. The TCM prescription emphasizes the synergistic effect of multi component, especially when treating complex diseases. An important research content of integrative pharmacology strategy is network prediction and verification. We delineate 22 key active constituents based on the integrative pharmacology strategy. Each component may only work for a certain link, and functional superposition of multiple components plays an overall effect. We selected three components with a high content for verification, which, of course, do not represent the efficacy of the whole prescription or directly reduce the infarct volume. Similarly, these three compounds are common in other botanical drugs and may have other effects.
In the present study, we just did some basic research about XLCQ, but the particular interactions between the active constituents and the corresponding targets, and if the 22 compounds could represent the whole prescription, still need to be verified in the near future.
CONCLUSION
It is the first time to systematically analyze the chemical composition of XLCQ and to explore the pharmacological mechanisms of XLCQ acting on stroke complicated with TRFS using an integrative pharmacology strategy. The twenty-two key active constituents may improve the pathological state by regulating 27 corresponding targets that are mainly involved in inflammation–immune-related pathways. The integrative pharmacology strategy may offer a highly efficient way to mine the scientific connotation of traditional Chinese medicine prescriptions. This study might be a supplement for the deficiency of the basic research of XLCQ.
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Background: Idiopathic pulmonary fibrosis (IPF) is disease with high mortality, and its effective treatment is limited. Shenfu injection is a traditional Chinese medicine which can improve circulation and protect cells. In this study, we aimed to investigate the feasibility and mechanism of Shenfu injection in the treatment of IPF.
Methods: The components and targets of Shenfu injection were mainly retrieved from the Traditional Chinese Medicine Systems Pharmacology Database and Analysis Platform (TCMSP) database. The targets of Shenfu injection were standardized by UniProt database. The Genecards and OMIM databases was used to search for IPF-related genes. The Venn diagram of gene intersection was drawn using the OmicStudio tools, and the protein-protein interaction network was visualized using the Cytoscape 3.7.2 software. Moreover, the metascape online software was applied to explore the enriched Gene Ontology (GO) terms and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways, and the Cytoscape 3.7.2 software was used to construct the target-pathway network. Molecular docking was used to visualize the interactions between the main active compounds and targeted proteins. Animal experiments were performed to validate the effects and mechanisms of Shenfu injection.
Results: We obtained 46 co-targets of Shenfu injection and IPF. Among the hub target genes, several genes with important functions were enriched, including TNF, IL-6, IL-1B, TP53, JUN, CASP3 and CASP8. The pathway enrichment analysis for the hub target genes identified pathways in infection/inflammation, apoptosis and cancer. Molecular docking results showed that the main active compound Ginsenoside Re had high affinity to the core target proteins. These results suggested that Shenfu injection may have a positive effect in the treatment of IPF. Consistent with this finding, animal experiments showed that Shenfu injection significantly reduced pulmonary fibrosis in a mouse model with inhibition of apoptosis and inflammation by downregulating IL-1β, caspase-3 and phosphorylated NF-κB.
Conclusion: Our results demonstrated that Shenfu injection efficiently alleviate bleomycin-induced pulmonary fibrosis through multi-targets in inflammation-, apoptosis- and cancer-related pathways, which provided first evidence and reference to the feasibility of Shenfu injection in the treatment of IPF.
Keywords: idiopathic pulmonary fibrosis, Shenfu injection, network pharmacology, inflammation, apoptosis
INTRODUCTION
Idiopathic pulmonary fibrosis (IPF) is a progressive fibrosis lung disease with the clinical symptoms of cough and progressive dyspnea. It is common in old men with median age of 65 years. For patients with IPF, the median survival time after diagnosis is between 2 and 4 years (Richeldi et al., 2017). At present, lung transplantation is the only effective treatment for IPF. Pirfenidone and nintedanib are recommended to treat IPF (Behr et al., 2018). However, many patients can hardly afford the burden of lung transplantation and drugs.
Shenfu injection is a traditional Chinese medicine injection that has been approved in 1987 (approval code: SFDA approval number Z20043117, package: 50 ml per bottle) and applied in clinical for 30 years. It is taken from Shenfu decoction and used in clinical acute conditions such as shock, cardiopulmonary resuscitation and heart failure. A prospective randomized controlled study aimed at efficacy and safety found that Shenfu injection can improve 28- and 90-days survival, shorten hospital stays, improve clinical outcomes in patients and has no serious drug-related adverse reactions (Zhang et al., 2017b). Shenfu injection also enhances cellular immunity. Another study in sepsis or septic patients found that Shenfu injection reduced the duration of vasopressor use and ICU stay, increased CD4+ and CD8+T cell counts in peripheral blood (Zhang et al., 2017a). In a clinical research, Shenfu injection was used to treat elderly severe pneumonia. It could decrease the blood level of IL-6, TNF-α and IL-8, improve the vital signs of the patients, shorten the ICU hospital stays and reduce the mortality of the patients (Lv et al., 2017). Cumulative studies have shown that Shenfu injection possesses anti-inflammatory effect through multiple targets and pathways, especially inhibiting the NF-kappa B (Li et al., 2016). Ginsennoside is considered as the effective compound in Shenfu injection. Researchers found that Ginsennoside Rd could down-regulate caspase-3 expression and decrease the expression level of IL-6, TNF-α and IL-1β in a rat model of Alzheimer disease. It also has the function of anti-inflammation, anti-oxidation and anti-apoptosis (Liu et al., 2012).
Network pharmacology analyze drug effect through multiple disciplines, which provides a method to discover drugs for complex diseases (Hopkins, 2007). Shenfu injection can be used in the treatment of acute respiratory distress syndrome and acute exacerbation of chronic obstructive pulmonary disease as recommended by expert consensus. Therefore, we explored the feasibility and mechanism of Shenfu injection for the treatment of IPF using network pharmacology analysis and experiments in IPF mouse model. In this study, we performed network pharmacology analysis on the Shenfu injection in the treatment of IPF, and used protein-protein network analysis and enrichment analysis to identify hub genes and potential pathways, which may help to better understand the mechanism of Shenfu injection in the treatment of IPF. We further validated that Shenfu injection could significantly reduce pulmonary fibrosis in a mouse model.
MATERIALS AND METHODS
Collection of Compounds and Target Genes for Shenfu Injection
Since Shenfu injection is used by intravenous injection, all of its components were analyzed. Traditional Chinese Medicine Systems Pharmacology Database and Analysis Platform (Ru et al., 2014) (TCMSP) were used to collect all compounds of Panax ginseng C.A. Mey (hongshen) and Aconitum carmichaelii Debeaux (fuzi). Because the Chinese names of hongshen and Fuzi have special latin names in database of TCMSP, we used Ginsen Radix Et Rhizoma Rubra (hongshen) and Aconiti Lateralis Radix Praeparata (Fuzi) to obtain their related target proteins (Table 1). Then the target proteins were standardized to human-related genes through the Uniprot database (UniProt Consortium, 2018).
TABLE 1 | Information of Shenfu injection.
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We utilized “idiopathic pulmonary fibrosis” as a keyword to collect genes from the Genecards (https://www.genecards.org/) and OMIM (Hamosh et al., 2005) databases on April 2020, and chose “Homo sapiens” as the species option.
Screening of Idiopathic Pulmonary Fibrosis-Related Genes Targeted by Shenfu Injection
The Venn diagram visualizing the intersection of genes between Shenfu injection and IPF was drawn by the OmicStudio tools at https://www.omicstudio.cn/tool.
Analysis of Protein-Protein Interaction Network
The String database (Szklarczyk et al., 2019) was used to analyze the PPI network of the intersected target genes, organism was selected as “Homo sapiens” and the minimum required interaction score was selected as “medium confidence 0.4.” Moreover, the Cytoscape 3.7.2 software was used to visualize the PPI network.
Enrichment Analysis of Target Genes
The Metascape platform (Zhou et al., 2019) online analytical tool was used for gene functional enrichment and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment. The hub genes were uploaded to the online tool and the significant pathways or functions were obtained based on the minimum overlap value of three and p value cutoff less than 0.01. Then the Cytoscape 3.7.2 software was applied to visualize the network of KEGG pathways and related target genes.
Molecular Docking
The docking studies of the representative compounds and targets were performed with AutoDock 4.2. The BIOVIA Discovery Studio (San Diego: Dassault Systèmes) was used for pre-processing the chemical structures and biomolecules. The metal ions and/or substrate molecules (if any) were kept in the binding pocket of the targets. The Lamarckian genetic algorithm search was employed for the docking. The key residues of the binding pocket were kept flexible. The center of the binding pockets of the individual targets was selected for the grid placement. A total of 60 runs along with 2.5 million energy evaluation steps were employed. The representative pose selection was carried out based on the cluster analysis of the docked poses. The PyMOL Molecular Graphics System (Version 1.8.4.0, Schrödinger, LLC) and PLIP webserver (Salentin et al., 2015) were used for the visualizations and graphics generations.
Shenfu Injection
Shenfu injection (batch number:18120501007) is a solution extracted from Panax ginseng C.A.Mey and Aconitum carmichaeli Debeaux. Its quality meets the standard of China Food and Drug Administation (approval No: WS3-B-3427-98-2013 and P.ZL.205-001) (Table 2). Panax ginseng C.A.Mey and Aconitum carmichaeli Debeaux were soaked and extracted to the solution respectively, then mixed together to form Shenfu injection. The specimens were stored in the herbarium of Ya’an 999 Pharmaceutical Group Co. Ltd. (Sichuan Province, China).
TABLE 2 | Quality analysis of Shenfu injection (Batch Number: 18120501007).
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C57BL/6 mice (male, 25 ± 2 g, 8–9 weeks old, Vital River Laboratory Animal Technology Co., Ltd. Beijing, China) were fed with the standard diet under SPF conditions (60–70% humidity, 24 ± 1°C, 12/12 h dark-light cycle). The mice were divided into three groups (8 mice per group): control group, model group and Shenfu injection therapy group. Intratracheal instillation of bleomycin (Zhejiang HISUN Pharmaceuticals Co., Ltd.) was used at 15 USP/kg to induce pulmonary fibrosis in mice. Intraperitoneal injection of Shenfu injection (Ya’an 999 Pharmaceutical Group Co. Ltd. Sichuan Province, China) was given at 10 ml/kg once daily after bleomycin injection from day 1 to day 7. The dosage of Shenfu injection was based on a previous study (Xu et al., 2020). The animals were sacrificed on day 4 (n = 3 mice per group) or 14 (n = 5 mice per group). The left lung was used for hematoxylin-eosin staining, Masson’s trichrome stain, Sirius red staining, immunohistochemical staining and TdT-mediated dUTP nick end labeling (TUNEL) staining; and the right lung was used for Western blot. The Animal Studies Committee of China-Japan Friendship Hospital (Approval certificate number: zryhyy12-20-07-2) approved all the animal experiments in our study. All experimental procedures were performed according to the Principles of Laboratory Animal Care.
Histological Staining and Immunostaining
The left lung of mice was dehydrated, paraffin-embedded and cut into 4-μm sections. Then the lung sections were subjected with H&E staining, Masson’s trichrome stain, Sirius red staining and immunohistochemical staining. Primary antibodies used were anti-α-SMA (ab124964, Abcam) and anti-collagen I (ab88147, Abcam).
TUNEL Staining
The apoptotic cells in the lung tissues were detected by TUNEL staining (CF488 TUNEL Cell Apoptosis Detection Kit, Servicebio) according to the manufacturer’s instructions. Frozen lung sections (4-μm) were defrosted for 20 min at room temperature, permeabilized with 0.2% Triton X-100 for 5 min on ice, and washed twice for 5 min in PBS. Then the samples were stained with TUNEL reaction mixture for 60 min at 37°C in dark, washed twice for 5 min in PBS and mounted with Mounting Medium with DAPI (ab104139, Abcam). The slides were visualized and fluorescent images were captured with fluorescence microscope (ZEISS).
Western Blot
The right lungs of mice were lysed and the protein concentrations were measured by BCA Protein Assay Kit (P0010, beyotime). An equivalent amount of protein samples were separated by 4–15% BeyoGel™ Plus Precast PAGE (Polyacrylamide gel electrophoresis) Gel (P0465S, beyotime), electrotransferred to PVDF membranes and incubated for 2 h at room temperature with primary antibodies: caspase-3 antibody (9662, Cell Signaling Technology), IL-1β antibody (31,202, Cell Signaling Technology), Phospho-NF-κB p65 antibody (3033, Cell Signaling Technology), NF-κB p65 antibody (BS1253, Bioworld) and GAPDH antibody (60004-1-Ig, Proteintech). Then, the membranes were incubated with secondary antibodies for 1 h at room temperature and exposured with the ChemiDoc XRS + System (Bio-Rad). The results were quantified using ImageJ system (1.52a).
Quantitative Real-time PCR (qPCR)
Total RNA was extracted using the Trizol reagent according to the manufacturer’s instructions (15596026, Invitrogen), and transcribed into cDNA (11120ES60, Yeasen). qPCR was performed using SYBR Green Master Mix (11202ES08, Yeasen), and analyzed on the ABI-7500 Real-Time PCR System. PCR primer sequences were listed in Supplementary Table 1.
Statistical Analysis
Data were presented as mean ± standard deviation (SD). Group comparisons were analyzed with one-way ANOVA after Shapiro-Wilk normality test for normality and Bartlett’s test for the homogeneity of variance. The analysis was performed by GraphPad Prism 8. p value <0.05 was considered statistically significant.
RESULTS
Compounds and Target Genes for Shenfu Injection
We obtained 137 compounds and 119 target proteins of Shenfu injection from TCMSP after duplicates exclusion. In addition to the hydrophobic compounds, we also list the hydrophilic compounds including mainly amino acids and nucleosides identified by column-switching HILIC–RPLC-MS/MS system (Song et al., 2015) (Table 3). Since the hydrophobic compounds were considered to be the main active ingredients, we identified 88 target genes based on the 137 compounds obtained from TCMSP after standardization on the Uniprot database.
TABLE 3 | Composite compounds of Shenfu injection.
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We first identified 2793 genes from the Genecards database, and then we retained 1396 genes with median target score greater than or equal to 4.86 (Target Score: maximum:124.57; minimum: 0.24; median:4.86). In addition, we obtained 322 genes from the OMIM database. Finally, a total of 1664 genes were obtained after eliminating the duplicates.
Gene Intersection of Shenfu Injection and Idiopathic Pulmonary Fibrosis
In order to obtain the intersected genes between Shenfu injection and IPF, we performed a venn analysis on the target genes of Shenfu injection and IPF. As shown in Figure 1A, a total of 46 genes were identified as intersected genes of Shenfu injection and IPF.
[image: Figure 1]FIGURE 1 | Network pharmacology analysis of Shenfu injection and IPF. (A) The intersection of targeted genes between Shenfu injection and IPF shown as Venn diagram. (B) The PPI network analysis: the node represents the protein and the edge represents the connection between proteins; the size of the node represents the importance of the gene in the network. (C) GO enrichment analysis of potential targets genes including biological process, cellular components and molecular function. (D) KEGG pathway enrichment analysis of the top 14 pathways.
Protein-Protein Interaction Network Analysis of Gene Intersection
To explore the relationship of the target genes, we constructed a PPI network using the string database. The PPI network contained 46 nodes and 272 edges and the average node degree was 11.8. We further visualized the PPI network by Cytoscape 3.7.2 software (Figure 1B). The red circles represent the hub genes. The bigger the circle, the more important the gene is in the PPI network. In the PPI network, the clustering coefficient was 0.613, and the network density and centralization were 0.288 and 0.454, respectively. Considering that the higher the node degree, the more important it is in the network, we then selected the degree of node as the evaluation parameter. As a result, we screened out 13 hub genes including IL-6, TNF, TP53, CASP3, JUN, PTGS2, CASP8, IL-1B, BDNF, NGF, ESR1, IL10 and CASP9 with degrees higher than average (median degree = 16) (Table 4).
TABLE 4 | Characterization parameters of hub genes.
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The GO analysis enriched 1048 biological processes, 34 cellular components and 67 molecular function items (p < 0.01) by using the Metascape platform (Figure 1C). Among the top five enrichments, in biological processes, genes were involved in cell death and response to stimuli, including positive regulation of programmed cell death, response to toxic substance, cellular response to organic cyclic compound, heat generation and response to lipopolysaccharide. In the cellular components, genes were enriched in the membrane-associated subcellular structures, including membrane raft, postsynapse, mitochondrial outer membrane, caveola and Golgi lumen. In the molecular functions, genes were enriched in protein domain specific binding; exogenous signal transduction pathways, including cytokine receptor binding and steroid binding; apoptosis-related functions including cysteine-type endopeptidase activity involved in apoptotic signaling pathway and endopeptidase activity.
Moreover, we performed KEGG enrichment analysis and found that the hub genes were mainly involved in infection and inflammation pathways. The top five enrichments include hpatitis B, tuberculosis, IL-17 signaling pathway, JAK-STAT signaling pathway and neurotrophin signaling pathway (Figure 1D).
Network of Target Genes and Pathways
After obtaining the pathways from the Metascape platform, we further used Cytoscape 3.7.2 software to visualize the relationships between the pathways and genes. As shown in Figure 2A, the red circles represent the target genes and the purple diamonds represent the pathways. There were 89 nodes in the network (55 pathways, 34 target genes), and the median of genes degree was 16.5. Among them, target genes with degrees higher than average were TNF, JUN, IL-6, IL-1B, NFKBIA, TP53, CASP3, IFNG, BCL2, CASP8 and BAX (Table 5), which may be important targets for Shenfu injection in the treatment of IPF. The median of pathways degree was nine. Pathways with degrees higher than average included pathways in cancer, infection/inflammation including tuberculosis, hepatitis B and IL-17 signaling pathway; and apoptosis (Table 6).
[image: Figure 2]FIGURE 2 | The network of target gene-pathway interactions and molecular docking analysis. (A) The network of target gene-pathway interactions. Red circle stands for target genes and purple diamond stands for pathways. The size of the red circle represents the importance of the target gene in this network. (B) Molecular docking analysis. 3D visualization of NFKBIA-Ginsenoside Re, CASP3-Ginsenoside Re and IL-1B-Ginsenoside Re interactions are presented.
TABLE 5 | Target gene network and node characterization parameters.
[image: Table 5]TABLE 6 | KEGG Pathway network and node characterization parameters.
[image: Table 6]Molecular Docking of Active Compounds and Targeted Proteins
We used Cytoscape 3.7.2 software to analyze active compounds (Table 7). We selected compounds including beta-sitosterol, beta-elemene, myristic acid, TMPEA and the main content Ginsenoside Re as active compounds targeting TNF, IL-6, IL-1B, CASP3 and NFKBIA proteins. Generally, the negative value of the docking score means that they can bind to each other, and the positive value means that they cannot bind. The smaller the score value, the stronger the binding force is. Molecular docking results showed that these five compounds could bind to the target proteins. The docking score of Ginsenoside Re- NFKBIA was −9.046 kcal/mol, Ginsenoside Re- CASP3 was −9.273 kcal/mol, and Ginsenoside Re- IL-1B was −7.806 kcal/mol, showing that Ginsenoside Re had a relatively strong affinity with NFKBIA, CASP3 and IL-1B (Figure 2B). These results indicated that Shenfu injection may be functional in the treatment of IPF by targeting NFKBIA, CASP3 and IL-1B by its main content Ginsenoside Re. The docking details were recorded in Table 8 and Supplementary Table 2.
TABLE 7 | Main active compounds characterization parameters.
[image: Table 7]TABLE 8 | Molecular docking score (kcal/mol).
[image: Table 8]Shenfu Injection Reduces BLM-Induced Pulmonary Fibrosis in Mice
We established bleomycin-induced pulmonary fibrosis on a mouse model. H&E staining of lung sections showed that bleomycin induced destruction of alveolar structures in mice, and the alveolar space was filled with fibrous tissue (Figure 3A). Shenfu injection-treated group showed lower score than bleomycin-treated group as assessed by Ashcroft scoring (p < 0.05, Figure 3F). Masson’s trichrome staining showed the deposition of extensive collagen fibers in the lung interstitium (Figure 3B). Sirius red staining showed birefringent red collagen I and green collagen III under polarized light microscopy (Figure 3C). Shenfu injection treatment remarkably ameliorated these pathological injuries and alleviated collagen deposition (Figure 3G,H). The expression of α-SMA and collagen I was analyzed by immunohistochemical staining on the lung sections. Our data showed that the expression of α-SMA and collagen I increased in bleomycin-treated group, and Shenfu injection treatment significantly inhibited the expression of α-SMA and collagen I in the lung sections compared with bleomycin-treated group (Figure 3D,E,I,J).
[image: Figure 3]FIGURE 3 | Shenfu injection alleviates pulmonary fibrosis. Representative photomicrographs of H&E staining (A) (n = 5), Masson’s trichrome staining (B) (n = 3) and Sirius red staining (C) (n = 3). Representative immunohistochemistry photomicrographs of α-SMA (D) (n = 3) and collagen I (E) (n = 3). Quantification of pulmonary fibrosis by Ashcroft score (F), Masson positive area (G), Sirius red positive area (H), α-SMA positive signals (I) and collagen I positive signals (J). Scale bar: 100 μm. The results are expressed as mean ± SD. ****p < 0.0001; ***p < 0.001; **p < 0.01; *p < 0.05. IOD, integrated optical density.
Shenfu Injection Reduces Pulmonary Fibrosis by Inhibiting Inflammation and Apoptosis
To verify the mechanisms of Shenfu injection in the treatment of pulmonary fibrosis proposed by network pharmacology analysis, we performed TUNEL staining to observe the apoptotic cells in the lung sections, qPCR to examine the mRNA level of NFKBIA, CASP3, and IL-1B, and Western blot to examine the expression levels of inflammation-related proteins, including caspase-3, IL-1β, phosphorylated NF-κB and total NF-κB in the lung tissues from the three groups. The results showed that the number of TUNEL-positive cells increased in BLM-treated group compared with the control, and Shenfu injection significantly reduced the number of TUNEL-positive cells induced by BLM treatment. (Figure 4). The mRNA and protein level of caspase-3 was also upregulated in BLM-treated group, and could be reversed in Shenfu injection-treated group (p < 0.05, Figure 5A,D,G). These results indicated that BLM treatment could induce apoptosis in pulmonary cells, and Shenfu injection inhibited the apoptosis process, which may be one of its mechanisms to alleviate subsequent pulmonary fibrosis.
[image: Figure 4]FIGURE 4 | Shenfu injection suppresses BLM-induced apoptosis. (A) Representative TUNEL staining using lung tissues 4 days after BLM treatment. (B) Quantification of TUNEL positive cells. Scale bar: 50 μm. The results are expressed as mean ± SD (n = 3 mice per group). ***p < 0.001, **p < 0.01.
[image: Figure 5]FIGURE 5 | Shenfu injection inhibits BLM-induced pulmonary fibrosis by targeting NFKBIA, CASP3 and IL-1B. (A) Western bot analysis of total NF-κB, Phospho-NF-κB, caspase-3 and IL-1β in each group. (B–E) Quantitative analysis of total NF-κB (B), Phospho-NF-κB (C), caspase-3 (D) and IL-1β (E) protein levels in each group (n = 3 mice per group). (F–H) Quantification of relative mRNA levels of NF-κB (F), caspase-3 (G) and IL-1β (H) in each group (n = 3 mice per group). Data are presented as mean ± SD. ****p < 0.0001; ***p < 0.001; **p < 0.01; *p < 0.05.
For the regulation of inflammatory process, we found that BLM treatment upregulated the protein and mRNA level of IL-1β, and Shenfu injection treatment significantly reduced the increased expression of IL-1β (p < 0.05, Figure 5A,E,H). In addition, BLM treatment upregulated mRNA level of NF-κB, and Shenfu injection treatment significantly reduced the mRNA level. Interestingly, the total protein level of NF-κB did not changed significantly. Since the phosphorylated NF-κB is the active form of this protein, we detected the protein level of phosphorylated NF-κB. It increased in BLM-treated group, and this increasement was significantly inhibited by Shenfu injection (Figure 5A–C,F), indicating that instead of affecting the total protein amount of NF-κB, Shenfu injection may function through inhibiting its phosphorylation. The above results together demonstrated that inhibition of inflammatory response is another mechanism of Shenfu in the treatment of pulmonary fibrosis.
DISCUSSION
Shenfu injection is a pure Chinese patent medicine modified from the classical Chinese medicine “Shenfu decoction” and extracted from ginseng and Fuzi by using the modern pharmaceutical technology. As “Extension of Famous Medical Prescriptions” records: “There is nothing as good as ginseng to nourish acquired Qi, and there is nothing as good as Fuzi to replenish innate Qi,” Shenfu injection is mainly used in infectious diseases, haemorrhage, hemorrhagic shock and other Yang Qi burst off Syndromes in clinics. It is also applied in the Qi deficiency Syndrome, such as cough, shock, panic, stomachache, diarrhea and so on. In traditional Chinese medicine, IPF is considered to be in the category of pulmonary arthralgia and cough, and its root is Qi deficiency of the lung and spleen. Therefore, Shenfu injection might have some effects on IPF based on the theory of traditional Chinese medicine. Based on the studies with modern medical research methods, the therapeutic mechanism of Shenfu injection could be attributed to the promotion of cell repair and inhibition of cell apoptosis, as well as inhibition of inflammation, oxidation, ischemia and hypoxia (Liu et al., 2012; Lv et al., 2017; Chen et al., 2020). For instance, a recent study found that Shenfu injection inhibited TLR4/NF-κB signaling pathway, reduced systemic inflammatory response and played a protective role in the post-resuscitation myocardial dysfunction (Gu et al., 2021). Apoptosis of alveolar epithelial cells and the abnormal repair of alveolar injury is considered to be the pathological basis of IPF, while inflammation plays an important role in the induction and acute exacerbation of IPF. These characteristics are also consistent with the therapeutic mechanism of the Shenfu injection.
In this study, network pharmacological analysis revealed 46 genes correlated with Shenfu injection and IPF. The results indicated that Shenfu injection has a potential therapeutic effect on IPF, and its curative effect may be exerted through anti-inflammation and anti-cell apoptosis, involving pathways in tuberculosis, hepatitis B, apoptosis and IL-17 signaling.
As IL-6 and TNF co-stimulate MIP1-α expression of alveolar macrophages in bleomycin-induced mice, researchers proposed that IL-6 and TNF are part of the cytokine network in bleomycin-induced pulmonary pathophysiology (Smith et al., 1998). IL-6 and TNF-α polymorphism analysis in IPF patients showed that IL-6 and TNF-α genes differed between the IPF and normal population and both related to the progression of IPF (Pantelidis et al., 2001). In lung tissue specimens, TNF-α and IL-1β were overexpressed in acute pulmonary fibrosis while presented a low expression level in old IPF patients, suggesting that TNF-α and IL-1β may be involved in the initiation of pulmonary fibrosis. Besides, the serum and BALF level of IL-1β is higher in IPF patients than healthy controls (Pan et al., 1996; Barlo et al., 2011). Shenfu injection alleviated lung injury in a rat systemic inflammatory response syndrome model by inhibiting NF-B activation and decreasing the plasma level of IL-6 and TNF-α (Wang et al., 2008). In a vascular endothelial cell damaging model, Shenfu injection cloud increase the level of Bcl2 protein and reduce caspase-3 and Bax levels, demonstrating that Shenfu injection has the function of anti-apoptosis and anti-oxidance (Hong et al., 2015). The molecular docking results showed that compounds of Shenfu injection could bind to these targets, especially its main content Ginsenoside Re had strong affinity with NFKBIA, CASP3 and IL-1B. Our results showed that Shenfu injection may interfere with inflammatory response and cell apoptosis by targeting NFKBIA, CASP3 and IL-1B.
IPF has the common photomechanics of epithelial damage, abnormal repairment and epithelial-mesenchymal transition with lung cancer, and it is considered to be associated with lung cancer. Researchers observed TP53 status in surgical resection of lung cancer in IPF patients, and found that the peripheral parts of fibrotic zone had high mutation rate of TP53 gene. Another research found that lung cancer with interstitial lung diseases had high risk for pleural invasion (Kawasaki et al., 2001; Hata et al., 2017). Moreover, a meta-analysis evaluated the function of Shenfu injection by objective tumor response, disease control rate, karnofsky performance score, adverse effects and indicators of cellular immune function, and the result indicated that Shenfu injection could improve immune function of lung cancer patients and reduce adverse effect of chemotherapy (Cao et al., 2017). The interaction mechanism between Shenfu injection and lung cancer are still unclear. A cohort study found that IPF has a high risk of lung cancer. After adjusting the risk of smoking, the rate ratio (RR) for the incidence of IPF with lung cancer was 8.25 (890 IPF patients, 5884 control participants, 95% CI 4.70–11.48) (Hubbard et al., 2000). Our results showed that Shenfu injection may exert anti-tumor function by regulating P53 and JUN, which may add beneficial effects to the treatment of IPF.
Notably, infection, inflammation and apoptosis participate in the process of IPF. Viral and bacterial infections play a role in the process of IPF by causing alveolar injury and apoptosis. A meta-analysis from 20 studies (634 IPF patients, 653 controls) analyzed 19 virus species, demonstrating that the incidence of IPF increased by the infection of Epstein-Barr virus (EBV), cytomegalovirus (CMV), human herpesvirus 7 (HHV7) and human herpesvirus 8 (HHV8) (Sheng et al., 2020). Tuberculosis and hepatitis B are a global health problem, especially in China. Tuberculosis induces pulmonary fibrosis via macrophage apoptosis, recruiting TNF-α, TGF-β, Th1 and Th2 cytokines. Chronic hepatitis B causes defective T cell to affect the immune system and accelerates the progress of live fibrosis (Dheda et al., 2005; Nebbia et al., 2012). Besides, researchers found that B cell activating factor (BAFF, one member of the TNF family) played a key role in bleomycin-induced lung fibrosis model by regulating the IL-1β and IL-17 pathway, and the expression of BAFF increased in BALF of IPF patients (François et al., 2015). Our results showed that Shenhua injection may interfere with tuberculosis, hepatitis B, apoptosis and IL-17 signaling to treat IPF.
Finally, to examine the effect of Shenfu injection in vivo, we used bleomycin-induced pulmonary fibrosis mouse model and applied Shenfu injection as daily treatment. Our data showed that Shenfu injection ameliorated the expression of α-SMA and collagen I, and remarkably reduced pulmonary fibrosis. We further validated that Shenfu injection inhibited the mRNA level of NFKBIA, CASP3, and IL-1B, it also inhibited NF-κB activation and reduced the protein expression levels of caspase-3 and IL-1β. Interestingly, our WB result of total protein NF-κB did not change significantly in the BLM-treated group and the Shenfu injection-treated group. Since the mRNA level may not always be consistent with the protein level, we considered that the total protein level of NFKBIA may be affected by other post-transcriptional modifications. At the same time, we found that Ginsenoside Re—the main component of Shenfu injection—could bind to NFKBIA and inhibit its phosphorylation. Therefore, we proposed a new mechanism from network pharmacology and our experiment that Shenfu injection may influence the activity of NFKBIA by inhibiting its phosphorylation by binding it with Ginsenoside Re, instead of affecting the total amount of NFKBIA protein. Inflammation plays an important role in IPF pathogenesis, and NF-κB coordinate with the expression of inflammation genes, that contribute to pulmonary fibrosis (Li and Verma, 2002). Besides, in human IPF and BLM-induced animal lung samples, excess alveolar epithelial cell apoptosis promotes pulmonary fibrosis (Hosseinzadeh et al., 2018). Our results validated the effectiveness of Shenfu injection in the treatment of IPF, and verified its mechanism as inhibiting inflammation and apoptosis as proposed by targeting NFKBIA, CASP3, and IL-1B (Figure 6). Currently, the interaction of cancer-related pathways and IPF is not clear. How Shenfu injection ameliorates pulmonary fibrosis by regulating cancer-related genes such as JUN and TP53 is worth study in the future.
[image: Figure 6]FIGURE 6 | Potential mechanism of Shenfu injection alleviating BLM-induced pulmonary fibrosis. Shenfu injection may have the function of anti-inflammation and anti-apoptosis by targeting NFKBIA, CASP3 and IL-1B, and alleviate BLM-induced pulmonary fibrosis.
CONCLUSION
According to network pharmacology-based analysis and animal experiment, we discovered that Shenfu injection has the therapeutic potential for IPF and provided possible mechanisms underlined. This is the first evidence for the feasibility of Shenfu injection in the treatment of IPF.
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Poria cum Radix Pini Rescues Barium Chloride-Induced Arrhythmia by Regulating the cGMP-PKG Signalling Pathway Involving ADORA1 in Zebrafish
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The traditional Chinese medicine Poria cum Radix Pini (PRP) is a fungal medicinal material that has been proven to play an important role in the treatment of arrhythmia. However, the mechanism of its effect on arrhythmia is still unclear. In this study, network pharmacology and metabolomics correlation analysis methods were used to determine the key targets, metabolites and potential pathways involved in the effects of PRP on arrhythmia. The results showed that PRP can significantly improve cardiac congestion, shorten the SV-BA interval and reduce the apoptosis of myocardial cells induced by barium chloride in zebrafish. By upregulating the expression of the ADORA1 protein and the levels of adenosine and cGMP metabolites in the cGMP-PKG signalling pathway, PRP can participate in ameliorating arrhythmia. Therefore, we believe that PRP shows great potential for the treatment of arrhythmia.
Keywords: arrhythmia, Poria cum Radix Pini, ADORA1, cGMP-PKG signalling pathway, zebrafish
INTRODUCTION
Arrhythmia is one of the most serious diseases of the cardiovascular system. Its negative effects include not only aggravating original heart disease and affecting the quality of life of patients but also inducing sudden cardiac death, which seriously threatens the life of patients (Krittayaphong et al., 2016). Approximately 600,000 people die from sudden cardiac death in China every year and approximately 390,000 people die from malignant arrhythmia every year in the United States (Wang et al., 2018; Kusumoto et al., 2018). The pathogenesis of arrhythmia is complicated. Molecular biology studies have revealed cardiac autonomic nerve dysfunction, such as excitement of the vagus nerve and inhibition of sympathetic nerves (de Araújo et al., 2018; Janssens and Michels, 2019). Abnormal structure and function of ion channels can cause arrhythmia (Torrente et al., 2020). The clinical treatment of arrhythmia is based mainly on Western medicine, such as propafenone, calcium channel blockers, and β-receptor blockers, but medical research has shown that antiarrhythmic drugs also have arrhythmic effects and that their improper use can cause more serious adverse reactions. Although the long-term use of these drugs can relieve symptoms, it results in an unsatisfactory prognosis and may even increase mortality, so there is an urgent need to explore new anti-arrhythmia treatment strategies (Brugada et al., 2020).
Poria cum Radix Pini (PRP) is a traditional Chinese medicine with a long history that was first referenced in the “Famous Doctors”. PRP consists of the white part of Poria cocos (Schw.) Wolf with pine roots in the middle (Ping, Guixin, Spleen Channel). Research shows that PRP has significant antitumour, spleen and stomach invigoration, swelling relief, mind-calming and tranquilization, immunity-enhancing and bacterium-inhibiting effects (Changhe, 2009).Pharmacological and clinical medicine research has shown that PRP can prolong sleep time and shows a synergistic effect with pentobarbital sodium. It has a good effect on most people who exhibit insomnia and difficulty falling asleep or who wake up easily (Shah et al., 2014). In addition, it can also inhibit tumour growth and exert antitumour effects by enhancing the body’s immune function. Triterpenes and polysaccharide compounds are the main active components of PRP (Xu et al., 2020; Yi et al., 2020). Studies have shown that triterpenes (poria cocoic acid) can inhibit the secretion of IL-2 and IFN-γ and affect the killing of target cells by cytotoxic T cells and the apoptosis of cardiomyocytes (Wu et al., 2014). Poria cocos polysaccharides can inhibit the occurrence of cardiac hypertrophy, improve haemodynamics, enhance myocardial systolic function, improve myocardial diastolic function and increase cardiac output in rats (Zhao et al., 2020b). Ergosterol compounds also exhibit good curative antitumour effects and prevent cardiovascular diseases (Kim et al., 2019), which shows that PRP presents great potential for the treatment of arrhythmia. However, the mechanism and core pathways involved in the PRP-based treatment of arrhythmia have not yet been reported, and further investigation is needed.
Databases such as the Encyclopedia of Traditional Chinese Medicine (ETCM) and the Bioinformatics Analysis Tool for Molecular Mechanisms of Traditional Chinese Medicine (BATMAN-TCM) are commonly used for network pharmacological analysis (Gong et al., 2019; Xu et al., 2019). This study is based on the use of these databases to predict the potential targets and biological pathways of PRP-based treatment of arrhythmia. Ultra-performance liquid chromatography/quadrupole time-of-flight mass spectrometry (UPLC/Q-TOF-MS) positive and negative detection modes were used to analyse alcohol extracts of PRP, and the main active ingredients were determined (Zhang et al., 2020). In addition, since zebrafish heart have a very similar electrophysiological behaviour to the human heart, thus, it has become a very interesting model for human heart system pathologies researches, like cardiomyopathy, arrhythmia, heart failure, structural and congenital heart disease etc (Gut et al., 2017; Cassar et al., 2020; Echeazarra et al., 2020). Specially, the advantage of zebrafish embryos is transparency which offer a possibility to observe heart physiology and pathology characteristics directly (Matrone et al., 2015; Crowcombe et al., 2016). Therefore, in our experiments, we prefer to use the BaCl2-induced arrhythmia zebrafish model to explore PRP treatment functions (Khisatmutdinova et al., 2006; Huang et al., 2013). A biological arrhythmia model in zebrafish was established with barium chloride (Liu et al., 2014). Then, through the correlation analysis of network pharmacology and metabolomics, the main pathway involved in the PRP-based treatment of arrhythmia was identified, and the mechanism of action of the PRP-based treatment of arrhythmia was further clarified through the quantitative analysis of key targets and metabolites in the pathway by reverse transcription polymerase chain reaction (RT-PCR) and metabolomics (Shi et al., 2020).
MATERIALS AND METHODS
Chemicals and Reagents
Verapamil hydrochloride was purchased from Shanghai Hefeng Pharmaceutical Co., Ltd. (Shanghai, China). Barium chloride was obtained from Chongqing Maoye Chemical Reagent Co., Ltd. Optimal LC grade acetonitrile was obtained from Merck (Merck, Darmstadt, Germany). Isopropanol, formic acid and nucleotides for metabolite analyses were purchased from Sigma-Aldrich (Spruce St., St Louis, MO, United States).
Preparation of Poria cum Radix Pini Extracts
PRP was obtained from Shaanxi Xingshengde Co., Ltd. (Shannxi, China) and identified by Prof. Ji-Qing Bai. The specimens were deposited at Shaanxi University of Chinese Medicine (Shaanxi, China). PRP was prepared via the following steps: precise weighing of 0.8 g PRP in a 50 ml conical bottle, dilution with 25 ml methanol, weighing, soaking for 30 min, ultrasonic processing for 60 min, cooling, and weighing again. Next, the solution was brought up to the desired weight with methanol and filtered. A 15 ml aliquot was then absorbed by continuous filtration, evaporated to approximately 1 ml in an evaporation dish in a water bath, diluted with methanol in a 5 ml capacity bottle, shaken, evaporated in an evaporating pan in a water bath, and then dissolved in deionized water for animal experiments.
Zebrafish Embryos and Treatment
Zebrafish embryos 72 h post fertilization (hpf) were purchased from Shanghai Fish Biotechnology Co., Ltd. and maintained in Holt buffer solution (15 mM NaCl, 0.5 mM KCl, 1 mM MgSO4, 1 mM CaCl2, 0.15 mM KH2PO4, 0.05 mM Na2HPO4, 0.7 mM NaHCO3, 5% methylene blue; pH 7.5) on a 14 h light/10 h dark cycle at 28 ± 1°C and pH 7.5 ± 0.5.
Zebrafish embryos were randomized into six groups and placed on 48-well cell culture plates (ten embryos per group, five embryos per well): control, model (barium chloride sterile saline solution 2.1 µg/ml, 2 ml), positive control (model + 0.45 µg/ml verapamil hydrochloride), and three treatment groups (PRP-H: model + PRP extract 162.60 µg/ml, PRP-M: model + PRP extract 121.95 µg/ml, PRP-H: model + PRP extract 97.56 µg/ml). Technical details of the establishment protocol for the barium chloride-induced arrhythmia model establishment protocol and the PRP treatment dosage design are shown in Supplementary File S1. After 24 h of incubation with sterile saline solution of barium chloride, verapamil hydrochloride, or PRP extract, the morphology of the zebrafish embryo hearts was observed. All animal handling and experimental conditions were approved by the Laboratory Animal Care and Use Committee of Shaanxi University of Chinese Medicine.
Identification of the Chemical Components of Poria cum Radix Pini
The concentration of PRP extract was 9.6 mg/ml. The PRP extract solution was analysed on a Waters Acquity H-Class UltraPerformance LC (Waters, MA, USA)/tandem 5600+ triple-quadruple time-of-flight mass spectrometer (QTOF-MS) system (AB SCIEX, MA, United States) using a Waters BEH C18 column (50 mm × 2.1 mm, 1.7 µm) with a gradient mobile phase of 0.1% formic acid aqueous solution (A) and 0.1% formic acid-acetonitrile solution (B) at a flow rate of 0.3 ml/min and a 30°C column temperature. The gradient program was as follows: 0–1 min, 2% B; 1–42 min, 2–100% B; 42–44 min, 100% B; 44–48 min, 100–2% B; 48–50 min, 2% B. The full scan and MS/MS experiments were performed under positive and negative modes by using an electrospray ionization (ESI) ion source. Information-dependent data (IDA) acquisition mode was used to switch automatically between MS and MS/MS acquisition with the following parameters: ion spray voltage floating: +5500 or −4500 V, declustering potential (DP): 40 V, ion source gas 1 and ion source gas 2 both set as nitrogen: 50 psi, curtain gas: 35 psi, source temperature: 500°C. The scanning range of parent ions (TOF-MS) was 100–2000 m/z. The eight strongest peaks exceeding 100 cps were collected by MS2, and the scanning range was 100–2000 m/z. Data were acquired using Analyst TF software (version 1.7.1, AB SCIEX). Component identification was performed by using PeakView™ software (version 2.2, AB SCIEX) and MasterView™ software (version 1.1, AB SCIEX) coupled with the TCM library database (version 1.0, AB SCIEX).
Network Pharmacology Prediction for Poria cum Radix Pini Therapy
According to the UPLC-TOF-MS/MS identification results, the screening for active components of PRP and the PRP target prediction for arrhythmia treatment were performed by network pharmacology analysis on ETCM (http://www.tcmip.cn/ETCM/index.php/Home/Index/), BATMAN-TCM (http://bionet.ncpsb.org.cn/batman-tcm/index.php) , Traditional Chinese Medicine Systems Pharmacology Database and Analysis Platform (TCMSP, http://tcmspw.com/tcmsp.php), Therapeutic Targets Database (TTD, http://db.idrblab.net/ttd/) and Genecards (https://www.genecards.org/) (Liu et al., 2016).
Common targets were identified between the screened active component-related targets and disease targets (‘arrhythmia’) by VENNY 2.1.0 (https://bioinfogp.cnb.csic.es/tools/venny/), and a relationship among these targets was generated by the STRING 11.0 database (https://string-db.org/). Then, the component-disease-target association network was constructed by Cytoscape software (version 3.7.2). Finally, the enrichment of Gene Ontology (GO) functions and pathways of selected key targets were examined by using the clusterProfiler package of R software (version 3.6.1) for RPR treatment function prediction (Yu et al., 2012).
Cardiovascular Morphological Observation and Sinus Venosus-Bulbus Arteriosus Distance Measurement
After incubation with Holt buffer solution from 60 to 72 hpf, zebrafish embryos were randomly selected (n = 10 each group) for the observation of cardiac morphology. The zebrafish embryos were fixed with 3% methylcellulose (AlfaAesar, Shanghai, China), and cardiac morphology observations (pericardial oedema, abnormal circulation, thrombosis, haemorrhage, etc.) and sinus venosus-bulbus arteriosus (SV-BA) distance measurement for heart tube looping quantification were performed on an ABX51 electron microscope (Olympus, Tokyo, Japan), and images were acquired under a DD71 digital camera (Olympus, Tokyo, Japan). The pericardial congestion area and the SV-BA straight line distance were calculated with ImageJ software (version 1.8.0, NIH, USA). Each experimental treatment was repeated three times (Lin et al., 2007; Gut et al., 2017; Echeazarra et al., 2020).
Acridine Orange Staining for Apoptosis Evaluation
Acridine orange (AO) is a nucleic acid-selective metachromatic dye: AO-stained apoptotic cells show yellow-green fragments, while normal cells show uniform green or yellow-green fluorescence (Antonio et al., 2017). To evaluate the cardiomyocyte apoptosis of zebrafish embryos after barium sodium exposure and rescue treatment, five live zebrafish embryos at 96 hpf from each group were randomly selected and washed with phosphate-buffered saline (PBS, pH 7.4) to remove exposure residues and then incubated in 2.5 mg/L AO solution at 28°C in the dark for 30 min. Next, the embryos were rinsed thoroughly in PBS twice and fixed in 3% methyl cellulose solution. Images of the dorsal side of fixed zebrafish were acquired under a BX51 push-around-type electronic fluorescence microscope (Tokyo, Japan) coupled with a DD71 digital camera under a green light source. The average fluorescence density of the particle number was calculated by Image J software (Jin et al., 2019).
Untargeted Metabolomic Analysis
Sample Preparation
For significant endometabolite selection, 30 live 72 hpf zebrafish embryos from each group were randomly selected and washed with PBS (pH 7.4) to remove exposure residues, placed in 1.5 ml centrifuge tubes, mixed with 1 ml of PBS solution, and centrifuged at 12,000 r/min for 10 min. Next, the PBS solution was aspirated, 1 ml of 80% methanol solution was added, and the mixture was ground and centrifuged at 12,000 r/min at 4°C for 10 min. Finally, the supernatant was extracted, concentrated and freeze-dried until use.
Untargeted Metabolomics UPLC-Q/TOF-MS Analysis
The freeze-dried zebrafish embryo sample was mixed with 250 µl of acetonitrile:water (1:1) solution prior to untargeted metabolomics analysis. The prepared samples were separated on a UPLC-QTOF-MS/MS system using a Waters UPLC®HSS T3 C18 column (2.1 × 100 mm, 1.7 µm), with a gradient mobile phase of aqueous solution +2 mM ammonium acetate+0.05% aqueous formic acid (A)-acetonitrile: isopropanol = 1:1 + 2 mM ammonium acetate-0.05% aqueous formic acid (B), at a flow rate of 0.3 ml/min and a column temperature of 40°C. The gradient program was as follows: 0–1.5 min, 2% B; 1.5–23 min, 1–60% B; 23–24 min, 60–98% B; 24–27 min, 98% B; 27–27.1 min, 27.1–33 min, 1% B. Full scans and MS/MS experiments with information-dependent data (IDA) acquisition mode were performed by using an ESI ion source with the following parameters: ion spray voltage floating: +5500or −4500 V, declustering potential (DP): 40 V, ion source gas 1 and ion source gas 2 both set as nitrogen: 50 psi, curtain gas: 35 psi, source temperature: 500°C. The scanning range of parent ions was 70–1200 m/z. The twelve strongest peaks exceeding 100 cps were collected by MS2, and the scanning range was 70–1200 m/z. Data were acquired using Analyst TF software (version 1.7.1, AB SCIEX). Metabolites were identified by using PeakView™ software (version 2.2, AB SCIEX) and MasterView™ software (version 1.1, AB SCIEX) coupled with “the Accurate Mass Metabolite Spectral Library” (version 1.0, AB SCIEX). The combined score of confidence setting parameters were as follows: mass error 40%, retention time 0%, isotope 20%, library hit 40%, and formula finder 0%.
Untargeted Differential Metabolome Screening
To identify targeted endo-metabolites, metabolite database matching data were extracted and converted to Excel files (*.xls) for matrix formation. Then, the pretreatment matrix was subjected to SIMCA-P 14.0 (Umetrics, Sweden) software for partial least squares (PLS) analysis between the control and model groups to identify the differential metabolome that corresponded to a statistical p value of < 0.05 and a variable importance in projection (VIP) value of > 1.0 (Liu et al., 2019). To select the therapeutic-related endo-metabolites among the control, model, positive control, PRP-H, PRP-M and PRP-L groups, the differential metabolome was next distinguished by PCA on the MetaboAnalyst 4.0 online platform (http://www.metaboanalyst.ca) (Xia et al., 2009).
Metabolic Pathway Enrichment
Further analyses were conducted to identify and visualize the effect of the PRP extract on the metabolic pathways related to arrhythmia. The differential metabolites screened by metabolomics and the key targets predicted on the basis of network pharmacology were input into the MetaboAnalyst database, with p <0.05 as the card value, and the pathway library (Kyoto Encyclopedia of Genes and Genomes (KEGG)) was selected for pathway enrichment analysis.
Targeted Metabolites Determination
To analyse the targeted metabolomic selection results, potential metabolite markers were quantitated by comparison to the areas of the peaks for the external standards (method validation is shown in Supplementary File S2, Supplementary Table S1).
Quantitative Reverse Transcriptase Polymerase Chain Reaction Analysis
After treatment at 96 hpf, zebrafish embryos were randomly selected (n = 30 each group) for qRT-PCR analysis. Thirty milligrams of zebrafish embryos was homogenized in TRIzol reagent (Servicebio Technology Co., Ltd., Wuhan, China) to extract total RNA. The extracted RNA was used as a template, and cDNA was synthesized by reverse transcription with appropriate primers according to the instructions of the Servicebio® RT First Strand cDNA Synthesis Kit (G3330, Servicebio, Wuhan, China). qRT-PCR was performed in an ABI 7900HT Fast Real-Time PCR system (Bio-Rad Bole Gradient, California, America). The primer sequences were as follows (ref. NM_001128584.1, 242 bp, 60°C, Servicebio): TTC​TGA​CCC​AAA​GTT​CCA​TCC​T (forward) and CTC​AAA​CTG​GCA​GGT​GAC​GAT (reverse). Levels of the Adenosine A1 Receptor (ADORA1) mRNAs were normalized to the GAPDH mRNA level and determined using the 2−ΔΔCt method, and all reactions were performed in triplicate.
Statistical Analysis
Statistical Program for the Social Sciences (SPSS) 26.0 was used for statistical analysis. All the data are expressed as the mean ± SD. One-way analysis of variance (ANOVA) was used to compare the data among the groups. GraphPad Prism 8 software was used to generate all graphics, and p < 0.05 was considered statistically significant.
RESULTS
UPLC/Q-TOF-MS Components Identification of Poria cum Radix Pini
Under the optimized chromatographic and mass spectrometry conditions, UPLC/Q-TOF-MS in positive and negative detection modes was used to analyse the PRP extracts (Figures 1A,B). The results showed that 31 compounds were identified in positive ion mode and 5 in negative ion mode (Supplementary File S3, Supplementary Table S2). According to the molecular weight, retention time, and MS/MS data, four compounds were identified: pachymic acid, glycyrrhetinic acid, oleanolic acid and adenosine (Figures 1C–F) (Supplementary File S3, Supplementary Table S3) (Qian et al., 2018).
[image: Figure 1]FIGURE 1 | UPLC/Q-TOF-MS total ion current chromatogram of the PRP alcohol extract. (A) Total ion current chromatogram in positive ion mode. Numbers represent the following compounds:1. Pachymic acid, 2. Glycyrrhetinic acid, 3. Oleanolic acid, 4. Adenosine. (B) Total ion current chromatogram in negative mode. The retention times of the four compounds were 30.317, 19.867, 33.012, and 0.55 min, respectively. (C) MS/MS spectrum of pachymic acid; (D) MS/MS spectrum of glycyrrhetinic acid; (E) MS/MS spectrum of oleanolic acid; (F) MS/MS spectrum of adenosine.
Network Pharmacological Analysis for Poria cum Radix Pini Therapy
By combining UPLC/Q-TOF-MS identification and database search results, 11 compounds were identified and selected (Table 1). For these compounds, 606 putative targets were predicted from the ETCM, TCMSP and Batman-TCM databases (Supplementary File S4, Supplementary Table S4). A total of 316 targets related to arrhythmia were obtained against the ETCM, TTD, and GeneCards databases (Supplementary File S4, Supplementary Table S5). In Figure 2A, we first extracted 58 intersection targets from the overlaps between the disease gene set and PRP target sets (Supplementary File S4, Supplementary Table S6). In the following study, the relationships of these 58 targets were connected as a PPI network for importance evaluation (Supplementary File S4, Supplementary Table S7). As shown in Figure 2B, the PPI k-means classification results suggested that 25 genes, iADORA1, ADORA2B, ADRA1A, ADRA1B, and ADRA1D, play a more important role in arrhythmia pathology and PRP treatment.
TABLE 1 | Chemical identification combining component characterization and database search.
[image: Table 1][image: Figure 2]FIGURE 2 | Network pharmacology prediction results. (A) ‘Component-disease-target’ intersection Venn diagram. (B) Intersection target PPI diagram. The closer the nodes were, the more likely they were to appear red. The larger the nodes, the closer the relationship was between the corresponding targets and other targets in the network. (C) ‘Component-disease-target’ network correlation diagram. (D) GO enrichment analysis - cellular component (CC). (E) GO enrichment analysis - molecular function (MF). (F) GO enrichment analysis - biological process (BP). (G) KEGG metabolic pathway analysis. Gene symbols were presented by PubMed Entrez ID.
To further explore PRP multicomponent and multitarget therapy functions, all 58 targets of the PPI network were mapped to “component-disease” connections, and then the “component-disease-target” network of PRP therapy was constructed by Cytoscape software (Figure 2C). This network included 70 nodes, which illustrated potential interplay among 1 disease type, 11 chemical components, and 58 targets. Since the node size is proportional to the importance of nodes involved in the pathway, 7 components involved in the therapy pathway, including adenosine, palmitic acid, caprylic acid, lauric acid, and adenine. In addition, 58 targets, such as ADORA1, ADORA2B, and CACNA1B, were considered potential therapeutic targets (Supplementary File S4, Supplementary Table S8).
GO analysis revealed that the targets were significantly enriched in 581 pathways for PRP therapy, specifically “complex ion channels and transmembrane transporters”, “ion channel activity and metal ion transmembrane transport protein activity”, and “myocardial contraction, the regulation of myocardial contractility and the regulation of blood circulation” (Figures 2D–F, Supplementary File S4, Supplementary Table S9). Similarly, KEGG pathway enrichment analysis showed that the targets were significantly enriched in 193 pathways for PRP therapy, specifically the “cGMP-PKG signalling pathway” and “calcium ion signalling pathway” (Figure 2G, Supplementary File S4, Supplementary Table S10). As the GO and KEGG analyses suggested that most adenosine receptors (ADORAs) under PRP treatment were involved in arrhythmia-related pathways, these 58 targets were used to perform metabolomic joint pathway analysis.
Poria cum Radix Pini can Rescue Barium Chloride-induced Cardiac Defects in Zebrafish Embryos
In the morphological phenotype observation, PRP extracts showed a significant and dose-dependent rescue function against barium chloride-induced morphological phenotypes (Figure 3A). Calculating the cardiac congestion area in zebrafish showed that the cardiac congestion area was 605.42% larger in the zebrafish model group than in the control group. However, the cardiac congestion areas in the positive control group, PRP-H group, PRP-M group and PRP-L group showed decreases of 81.44, 78.05, 74.22 and 47.54%, respectively, compared to that in the model group. These findings further proved that PRP can lessen the degree of cardiac congestion induced by barium chloride in zebrafish (Figure 3B, Supplementary File S5, Supplementary Tables S11, S11-1, S11-2). Compared with the control group, the model group zebrafish showed a 58.10% increase in the SV-BA distance. Compared to the model group, the SV-BA distance in the verapamil exposure group led to a significant 31.30% decrease, while the PRP-H, PRP-M, and PRP-L treatment groups showed 27.83, 25.96, and 16.82% decreases, respectively (Figure 3D, Supplementary File S5, Supplementary Tables S12, S12-1, S12-2).
[image: Figure 3]FIGURE 3 | The effect of PRP on the heart development of zebrafish embryos following barium chloride treatment. (A) Morphological observations of the heart development of zebrafish embryos under a microscope, with the heart shown in the yellow box (X10). (B) The cardiac congestion area of zebrafish embryos was calculated. (C) The results of acridine orange staining. The apoptosis of zebrafish embryos cardiomyocytes observed under fluorescence microscopy is shown in the yellow box (X10). (D) The SV-BA distance was measured. (E) The average fluorescence density was calculated.All data are presented as means ± SD, n = 6. *p < 0.05, **p < 0.01, control versus model; #p < 0.05, ##p < 0.01, model versus positive, PRP-H, PRP-M, and PRP-L.
Poria cum Radix Pini can Inhibit Cardiomyocyte Apoptosis in Zebrafish Embryos
After AO staining, compared with the control group, a large number of apoptotic cells (green debris particles) were found in zebrafish embryo hearts, and the average fluorescence density was 51.18% higher than that in the control group. At 96 hpf, the numbers of apoptotic cells in zebrafish embryo hearts were significantly and dose-dependently decreased in the PRP treatment group. Compared to the model group, the average fluorescence density of the PRP-H, PRP-M and PRP-L groups showed declines of 25.13, 22.20 and 14.50%, respectively. These results indicated that PRP could rescue barium chloride-induced apoptosis in the hearts of zebrafish embryos in a concentration-dependent manner (Figures 3C,E, Supplementary File S5, Supplementary Tables S13, S13-1, S13-2).
Poria cum Radix Pini can Regulate Metabolite Disorders Induced by Barium Chloride in Zebrafish Embryos
PLS analysis of the untargeted metabolome showed a distinct change in metabolite profiles between the model embryos and control embryos, represented by the substantial metabolomic perturbation of the cardiac system observed in these embryos (three experiments, Figures 4A,B). Then, significant features were selected based on a selected criterion with an adjusted p-value cut-off of <0.05. Statistical analysis of the metabolomics data from the barium chloride-treated group and the control group indicated significant differences in ions between these two groups, as shown in the loading plot (Figures 4C,D). The VIP values were also used to calculate the feature importance by the cut-off value of weight VIP > 1 (Figures 4E,F). Following the selection flow, a total of 17 potential differential metabolites were identified in positive and negative ion modes (Table 2), including amino acid components such as L-tyrosine, L-valine, L-tryptophan, indoleacrylic acid, and L-histidine and choline components such as glycerophosphocholine, L-acetylcarnitine and adenosine triphosphate.
[image: Figure 4]FIGURE 4 | Effects of PRP on metabolite alterations induced by barium chloride in zebrafish embryos. R2Y = 0.999, Q2 = 0.995 in positive ion mode; R2Y = 0.986, Q2 = 0.984 in negative ion mode; (A) 2D scores plot in positive ion mode; (B) 2D scores plot in negative ion mode; (C) Loading plot in positive ion mode; (D) Loading plot in negative ion mode; (E) VIP diagram in positive ion mode; (F) VIP diagram in negative ion mode; (G) PCA scores plot of different metabolites in each group; (H) Metabolic pathway enrichment analysis diagram.
TABLE 2 | Potential differential metabolites induced by barium chloride in zebrafish embryos.
[image: Table 2]Furthermore, to clarify whether PRP administration can regulate barium chloride-induced metabolite alterations, comparisons among the control group, model group, positive control group and PRP-H, PRP-M and PRP-L groups were analysed by using the MetaboAnalyst database. As shown in Figure 4G, the PCA score plot showed obvious sample clusters among the control, model, positive control and PRP-treated groups, where the PRP-H group and PRP-M group were close to the control group but separated from the model group. The results indicated that PRP treatment could improve barium chloride-induced metabolomic profile imbalance in zebrafish embryos.
Poria cum Radix Pini Rescues Metabolite Profiles From the ADORA1-Mediated cGMP-PKG Signalling Pathway
To further investigate the roles of the enriched metabolite pathways and dissect which of the screened targets contributed to these pathways, the candidate targets from the network pharmacology selection were mapped to 17 differential endometabolites by joint-pathway analysis on the MetaboAnalyst database (Figure 4H). Gene-metabolic pathway correlation analyses showed that the “cGMP-PKG signalling pathway” (p < 0.001) was highly enriched among the 72 enriched metabolic pathways. In this pathway, ADORA1 is a highly ranked protein that acts as an adenosine receptor to reduce cardiomyocyte calcium overload in the occurrence of arrhythmia diseases, and adenosine and cGMP are highly ranked metabolites (Szentmiklosi et al., 2015; Deb et al., 2019).
Next, by quantifying the levels of adenosine and cGMP in embryo samples using LC-MS in multiple reaction monitoring (MRM) mode, barium chloride induced a significant decreasing trend in adenosine by 63.30% and cGMP by 78.86% compared with the control ones. PRP therapy significantly reversed these changes: the adenosine and cGMP levels in the PRP-H group were increased by 75.84 and 231.35%, in the PRP-M group were increased by 66.71 and 159.57%, and in the PRP-L group were increased by 41.71 and 78.86%, respectively (Figures 5A,B, Supplementary File S6, Supplementary Tables S14–S15-2). ADORA1 expression was determined using qRT-PCR assays to examine how PRP treatment influenced barium chloride-induced arrhythmia in zebrafish embryos (Figure 5C, Supplementary File S6, Supplementary Tables S16, S16-1, S16-2). Interestingly, ADORA1 expression was significantly decreased by 81.65% (p < 0.01) in the model group. PRP therapy restored ADORA1 expression at three dosages, with increases of 320.53, 261.96, 184.56 and 154.58%, respectively. The results showed that PRP could increase the expression level of ADORA1 in the cGMP-PKG signalling pathway. These findings indicated that barium chloride disturbed the cGMP-PKG signalling pathway, which resulted in arrhythmia. This was attributed to ADORA1 downregulation associated with adenosine and cGMP decline and PRP treatment rescued these trends towards an imbalance.
[image: Figure 5]FIGURE 5 | PRP-mediated regulation of the levels of adenosine and cGMP metabolites and the expression level of ADORA1 in the cGMP-PKG signalling pathway. (A) Quantitative evaluation of adenosine metabolism; (B) quantitative evaluation of cGMP metabolic levels; (C) expression levels of ADORA1 in zebrafish determined by reverse transcription polymerase chain reaction; (D) ADORA1-mediated cGMP-PKG pathway map.
DISCUSSION
PRP is a traditional fungal medicinal material that is often used as the key medicine for the treatment of arrhythmia. Modern pharmacological studies have shown that PRP water decoction shows a similar central inhibitory effect to synergistic pentobarbital sodium, which further demonstrates its anti-arrhythmic effects, and it can be used together with Poria cocos to treat heart palpitations caused by deficiencies of the heart and spleen (Shah et al., 2014). In addition, its main active components, such as triterpenoids and polysaccharides, have been proven to play an important role in the treatment of arrhythmia (Wu et al., 2014; Li et al., 2015). Studies have indicated that cardiomyocyte apoptosis plays an important role in arrhythmia, and the severity of apoptosis is positively correlated with the arrhythmia score (Niu et al., 2020). In addition, zebrafish heart congestion, an extended SV-BA distance, pericardial oedema and other cardiac morphological changes can cause heart damage and arrhythmia. In this study, by observing the heart morphology of zebrafish with arrhythmia induced by barium chloride, it was found that PRP administration could significantly improve the cardiac congestion area, the SV-BA interval and the degree of myocardial cell apoptosis and promote the normal development of the heart in zebrafish, which further indicated the great potential of PRP for the treatment of arrhythmia. However, due to the complex pathogenesis of arrhythmia and the efficacy characteristics of multicomponent, multitarget and multipathway drugs, it is still a great challenge to explain the mechanism underlying the effects of PRP in the treatment of arrhythmia.
In the analysis of PPI and component-disease-target network pharmacology results, we found that the ADORA1 protein may be the main target in the PRP-based treatment of arrhythmia and that it participates in multiple signalling pathways, such as the cGMP-PKG, cAMP, and cardiac muscle contraction pathways. These pathways all play important roles in heart disease (Zhu et al., 2020). In addition, we verified through PCR that the expression levels of the ADORA1 protein in the PRP-treated groups were significantly higher than those in the model group. Studies have indicated that calcium overload in cardiomyocytes is one of the important causes of arrhythmias and that not only does adenosine affect the intracellular calcium ion current, but adenosine receptors can also cause arrhythmias by affecting calcium ion homeostasis (Greene et al., 2016). Among the adenosine receptors, ADORA1 shows the highest affinity for adenosine, which is mainly distributed in the sinoatrial and atrioventricular nodes and the atrial muscle of the heart and can play a role in myocardial protection by regulating oxygen free radicals, heat shock proteins, interleukins and L-type calcium channels (Goldman et al., 2010). Therefore, we highlight the finding that PRP can significantly restore the high gene expression of ADORA1 and thereby play a role in the treatment of arrhythmia.
In this study, the enrichment analysis of KEGG metabolic pathways showed that PRP can regulate a variety of signalling pathways, including the cGMP-PKG signalling pathway, the adrenergic signalling pathway in cardiomyocytes, and the calcium ion signalling pathway. Among these pathways, the cGMP-PKG signalling pathway showed the highest significance and can be regarded as one of the most critical signalling pathways in the PRP-based treatment of arrhythmia. The results of network pharmacology and metabolomics correlation analysis showed that the cGMP-PKG signalling pathway was the most significant, which was consistent with the network pharmacology prediction results, indicating that PRP may participate in the treatment of arrhythmia by regulating proteins and metabolites in the cGMP-PKG signalling pathway (Figure 5D). The adenosine receptor protein ADORA1 is activated and conjugates with the Gi protein to promote the phosphoinositide 3-kinase/protein kinase B (PI3K/Akt) signalling pathway. Studies have shown that the PI3K/Akt/eNOS signalling pathway has myocardial protective effects, such as antioxidative and antiapoptotic effects (Yao et al., 2014; Zhang and Zhang, 2021). NO is a factor that regulates heart relaxation. Its formation process involves L-arginine and nitric oxide synthase (NOS). Following the catalytic synthesis of NO and L-citrulline, calcium ions enter the cell and bind with calmodulin to form a complex to activate eNOS. The resulting NO diffuses into the intercellular space and crosses the membrane of adjacent target cells to activate SGC and convert GTP into cGMP (Silberman et al., 2010). cGMP activates the most important downstream target, PKG I. Activated PKG I acts on its downstream targets to regulate the inositol triphosphate receptor (IP3R) in cardiomyocytes and increase calcium ion regeneration in the sarcoplasmic reticulum, thereby inhibiting platelet activation, reducing cell apoptosis and exerting a negative inotropic effect on cardiomyocytes to protect the cardiovascular system (Zhang et al., 2007). Studies have also shown that the cGMP-PKG signalling pathway plays an important role in the cardioprotective mechanism of pretreatment and posttreatment. It can prevent cell necrosis-induced stress, reduce cell apoptosis and negative inotropic effects on cardiomyocytes, protect the cardiovascular system and reduce the occurrence of arrhythmias (Yu et al., 2018).
In the cGMP-PKG signalling pathway, the metabolites adenosine and cGMP play extremely important roles. In this study, the levels of adenosine and cGMP in zebrafish with arrhythmia were quantitatively determined after various treatments and were shown to be significantly higher in the PRP-treated groups than in the model group. These findings indicated that PRP could increase adenosine and cGMP metabolism, improve heart shape, and reduce the occurrence of arrhythmia in zebrafish. As an anti-arrhythmic drug, adenosine can induce independent potassium currents in the atrioventricular node, reduce the influx of calcium ions, slow atrioventricular conduction and reduce the occurrence of arrhythmia. Studies have indicated that inflammation and oxidative stress can be reduced by increasing adenosine levels and that drugs with such effects exert a protective effect against myocardial ischaemia-reperfusion injury in mice (Zhao et al., 2020a). The metabolite cGMP can activate protein kinase G to activate phosphodiesterase (PDE), cleave cAMP, inhibit the phosphorylation of muscle fibre membrane proteins, and reduce the intake of calcium ions through the cell membrane, thereby protecting the heart. Studies have shown that after administration, the release of cGMP in the isolated hearts of rats with myocardial ischaemia is increased, which inhibits ischaemia-induced cardiac sympathetic hyperactivity and cardiac electrophysiological instability and attenuates arrhythmia (He et al., 2020). Therefore, we believe that PRP can play a role in the treatment of arrhythmia by increasing the metabolic levels of adenosine and cGMP in the cGMP-PKG pathway.
The main advantage of this study was that we used the methods of network pharmacology and metabolomics correlation analysis to determine the pathways underlying the effects of PRP on arrhythmia and experimentally verified the key target ADORA1 and the main metabolites adenosine and cGMP in the pathway. PRP can interfere with arrhythmia by regulating the protein level of ADORA1 and the metabolic levels of adenosine and cGMP in the cGMP-PKG pathway. The above findings indicated that PRP is a Chinese herbal medicine with great potential for preventing and reducing the occurrence of arrhythmias.
CONCLUSION
This study used network pharmacology and metabolomics correlation analysis to explain the mechanism of PRP in arrhythmia. The results showed that PRP can significantly improve barium chloride-induced zebrafish cardiac congestion, shorten SV-BA spacing, and reduce myocardial apoptosis. By upregulating the expression level of the ADORA1 target and the metabolic levels of adenosine and cGMP in the cGMP-PKG signalling pathway, PRP plays a role in reducing arrhythmia. Therefore, we believe that PRP shows great potential as an adjuvant for the treatment of arrhythmia.
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Background: Recently, Chinese patent medicines (CPMs) have been widely used to treat children with influenza in China, with curative effects. Therefore, the efficacy and safety of such treatment require further evaluation. The present meta-analysis integrated data from several independent studies to determine overall treatment trends in children with influenza.
Methods: The following databases were searched for randomized controlled trials (RCTs) published from their inception to December 12, 2020: CNKI, Wanfang, SinoMed, PubMed, Cochrane library, and Embase. Two researchers independently extracted the data, assessed the methodological quality of the studies, and conducted a meta-analysis of the results using Review Manager 5.2. The results were assessed using forest plots, and publication bias was evaluated using a funnel plot.
Results: A total of 21 RCTs involving 2960 cases were included. Compared to oseltamivir alone, CPMs combined with oseltamivir reduced the duration of symptoms, including that of fever (mean difference [MD] = −0.64, 95% confidence interval [CI]: −0.86 to −0.41, P < 0.00001), cough (MD = −0.82, 95% CI: −1.02 to −0.62, P < 0.00001), nasal obstruction (MD = −0.88, 95% CI: −1.15 to −0.61, P < 0.00001), and sore throat (MD = −0.92, 95% CI: −1.26 to −0.57, P < 0.00001). Combined therapy also reduced the time of viral shedding (MD = −0.53, 95% CI: −0.70 to −0.36, P < 0.00001) and the occurrence of adverse drug reactions (ADRs) (RR=0.53, 95% CI: 0.34 to 0.83, P = 0.005).
Conclusions: CPMs combined with oseltamivir reduced the duration of symptoms, shortened the time of viral shedding, and reduced the number of ADRs. However, these results should be considered with caution because there was marked heterogeneity and publication bias in the research data. More rigorous RCTs should be designed to verify the effect of CPMs in children with influenza.
Keywords: influenza, children, Chinese patent medicine, oseltamivir, meta-analysis
INTRODUCTION
Influenza is an acute respiratory infectious disease caused by influenza virus. The disease is common worldwide and its main symptoms include fever, cough, nasal congestion, and sore throat (National Health Commission of the People’s Republic of China, 2018). During the influenza season, children are particularly vulnerable. According to data from the World Health Organization, the annual incidence of influenza in children ranges from 20 to 30% worldwide. In severe influenza seasons, the annual influenza infection rate in children can be as high as 50% (COMMITTEE ON INFECTIOUS DISEASES, 2018). Generally, children with influenza are treated using oseltamivir, peramivir, or zanamivir, with oseltamivir being the most commonly used (COMMITTEE ON INFECTIOUS DISEASES, 2019). Oseltamivir carboxylate, the active metabolite of oseltamivir, inhibits the neuraminidase activity of influenza virus and reduces transmission by preventing the release of the virus from infected cells. The best effect is achieved when drug treatment is initiated within 24 h of symptom onset. However, influenza virus has gradually developed resistance to oseltamivir (Govorkova et al., 2001; Kiso et al., 2004; Moscona, 2004; Moscona, 2009; Panning, 2013; Lina et al., 2018), and some patients have shown adverse drug reactions (ADRs) (Zhou et al., 2019). Therefore, oseltamivir may not remain a viable treatment for influenza in the long run, and new therapies should be developed to improve influenza treatment in children and reduce the use of antiviral drugs.
In Chinese patent medicines (CPMs), traditional Chinese medicine (TCM) based raw materials are processed into defined dosages and forms according to prescriptions. They are chemically stable; have a definite curative effect with relatively less toxicity and side effects; and can be carried and stored easily (Zhang, 2018). In general, children infected with influenza mostly manifest mild symptoms, such as fever, respiratory symptoms such as cough, sore throat, runny nose, and nasal congestion. A small proportion of children manifest gastrointestinal symptoms, such as nausea, vomiting, and diarrhea. The clinical symptoms of influenza in infants are often atypical. Neonatal influenza is relatively rare, but it can lead to pneumonia and symptoms of sepsis, such as lethargy, refusal to eat, and apnea. Children of different ages present different clinical manifestations at different stages of influenza. Many types of CPMs are used to treat influenza in children at different ages and disease stages (Cao et al., 2015). Such treatments have marked advantages and significant effects, reducing symptoms, shortening the disease course, and reducing complications (Yao et al., 2015; Rong et al., 2017; Wu 2018). Moreover, several RCTs have indicated that CPMs combined with oseltamivir have some curative effects in children with influenza (Xiong et al., 2020). For example, Xiaoer Chiqiao Qingre granules are generally used to treat children with symptoms such as fever, cough, nasal congestion, sore throat, and constipation. Evidence shows that Xiaoer Chiqiao Qingre granules can improve symptoms in children with acute upper respiratory tract infections and reduce the levels of inflammatory factors in the serum of these children; hence, their use can be promoted in clinical practice (Wang, 2019). Another study has shown that Xiaoer Chiqiao Qingre granules have a significant antipyretic effect in children with viral upper respiratory tract infections, quickening symptom improvement and showing high drug safety (Han et al., 2018). In another investigation, Lianhua Qingwen granules combined with oseltamivir have been shown to shorten the time to fever resolution, reduce the duration of symptoms. The children tolerated the combined treatment, hence, they can be used in clinical practice (Wang et al., 2020). Yinqiao San consists of Chinese medicines, such as Lonicera japonica (Thunb) and Forsythia suspensa (Thunb, Vahl). Studies have shown that it has inhibitory effects on various viruses. In animal experiments, it slightly protected mice from influenza A virus infection. Among the 17 chemical components separated from Yinqiao San, the main antiviral active components were identified as lignans and flavonoids. Specifically, the active components liquiritin and arctiin have relatively weak antiviral effects, reflecting the synergistic effect of TCM prescriptions (Shi et al., 2003). To a certain extent, the above research conclusions provide evidence for the use of CPMs in the treatment of children with influenza.
As the current clinical evidence is relatively scattered, no systematic evidence is available to support the role of CPMs in influenza treatment. The present study gathered and comprehensively evaluated data from clinical trials to increase the level of evidence and, thus, better evaluate the efficacy and safety of CPMs combined with oseltamivir in the treatment of children with influenza. In brief, we conducted a meta-analysis of the available published clinical evidence.
METHODS
Study Registration
This systematic review was registered in the PROSPERO (registration number: CRD42020188184).
Search Strategy
The following databases were searched from their inception to December 12, 2020: CNKI, Wanfang, SinoMed, PubMed, Cochrane library, and Embase. The following terms were searched in the abstract or title of the study (Influenza, Human OR Human Influenzas OR Influenzas, Human OR Influenza OR Influenzas OR Human Flu OR Flu, Human OR Human Influenza OR Influenza in Humans OR Influenza in Human OR Grippe) AND (Medicine, Chinese Traditional OR Traditional Chinese Medicine OR Traditional Medicine, Chinese OR Zhong Yi Xue OR Chinese Traditional Medicine OR Chinese Medicine, Traditional OR Chinese patent medicine OR Chinese Proprietary Medicine) AND (Oseltamivir OR GS 4104 OR GS4104 OR GS-4104 OR Tamiflu OR GS 4071 OR GS4071 OR GS-4071). We also manually searched for studies that met our inclusion criteria from other sources that were not included in the aforementioned databases. Two researchers (Duan N. F. and Liu B.) independently selected the eligible studies. The studies were retrieved in any language.
Inclusion and Exclusion Criteria
This systematic review was conducted according to the Preferred Reporting Items for Systematic Review and Meta-Analysis Statement (Moher et al., 2009). The inclusion criteria were as follows: 1) RCT study design; 2) patient age >1 year and <14 years (Cao et al., 2015; Geneva, 2017); 3) treatment group treated using oral CPMs combined with oseltamivir and control group treated with oseltamivir alone; 4) main outcome of time to fever resolution; secondary outcomes of duration of cough, nasal congestion, and sore throat and time of viral shedding; and safety outcome of any ADR; 5) meeting the influenza diagnostic criteria as follows: fever accompanied by acute respiratory symptoms, such as cough, nasal congestion, or sore throat, and positive nucleic acid test results; 6) time of <48 h from symptom onset to randomization (Ma et al., 2015); 7) twice daily oral oseltamivir dosage of 30 mg in patients weighing <15 kg, 45 mg in those weighing 15–23 kg, 60 mg in those weighing 24–40 kg, and 75 mg in those weighing >41 kg; 8) treatment course of 3–7 days (Cao et al., 2015). The exclusion criteria were as follows: 1) other antiviral drugs; 2) CPM injections; 3) outcome data format that failed to meet the requirements of the statistical analysis; 4) missing data on the key outcome of time to fever resolution.
Data Extraction and Risk of Bias Assessment
According to standard information extraction tables, two researchers (Duan N. F. and Liu B.) independently extracted the data. Throughout the process, disagreements were resolved by discussion or by involving another researcher (Lu C.). The basic information extracted from the articles included data on authors’ names, publication year, published region, type of study design, virus detection results, number of cases, age, time from symptom onset to randomization, course of treatment, randomization method, patient blinding method, researcher blinding method, inclusion and exclusion criteria, diagnostic criteria, efficacy evaluation criteria, therapeutic schedule, outcome indicators, and ADRs.
Two reviewers (Duan N. F. and Liu B.) independently assessed the risk of bias in each study using the criteria outlined in the Cochrane Handbook, (2019). Any disagreements were resolved by discussion or by involving another author (Lu C.). The risk of bias was assessed according to the following domains: 1) random sequence generation; 2) attrition bias; 3) allocation concealments; 4) blinding of participants and personnel; 5) blinding of outcome assessment; 6) incomplete outcome data; 7) selective outcome reporting; 8) other biases. Each potential source of bias was graded as high, low, or unclear, providing a quote from the study report and a justification of our judgment in the “risk of bias” table. In the table, red represents high risk, yellow represents unclear risk, and green represents low risk. We also added notes in the table when information on the risk of bias was related to unpublished data or correspondence with a trial author. When evaluating treatment effects, we considered the risk of bias in studies that contributed to the outcome.
Data Synthesis and Analysis
Review Manager 5.2 software was used to produce the risk of bias summary and calculate a summary statistic for each outcome in the meta-analysis. Risk ratios (RRs), Mantel–Haenszel tests, and 95% confidence intervals (CI) were used to analyze dichotomous data. Mean difference (MD), inverse variance, and 95% CI were used to determine continuous variables. The I2 values ranged from 0 to 100% and were categorized as follows: I2 <40%, might not be important; 30% < I2 <60%, moderate heterogeneity; 50% <I2 <90%, substantial heterogeneity; and 75% < I2 <100%, considerable heterogeneity (Higgins and Green, 2011). A fixed-effect model was used to pool the estimates. Potential sources of heterogeneity were identified using subgroup and sensitivity analyses. A random effects model was used to aggregate the results and, thus, minimize potential clinical heterogeneity. Differences were considered statistically significant at p-values of <0.05. We conducted a subgroup analysis of each CPM (Chinese patent medicine). The results are presented as forest plots. A funnel chart was used to analyze publication bias.
RESULTS
Search Results and Study Characteristics
A total of 740 studies were identified using the search strategy, including 160 from CNKI, 284 from Wanfang, 194 from SinoMed, 14 from PubMed, 4 from the Cochrane library, and 84 from embase. Of these 370 duplicate studies were excluded, and 332 more studies were excluded after abstract review. Of the remaining 38 studies, 17 were excluded after full text review. Ultimately, 21 RCTs involving 2,960 cases were included (Song and Zhang, 2018; Zhang, B. Y. et al., 2018; Zhang, Y. H. et al., 2018; Su, 2019; Yin, 2019; Zhou, 2019; Zhao et al., 2019; Long, 2020; Liu, 2020; Qian, 2020; Wu, 2020; Chen et al., 2019; Li, 2019; Yan, 2020; Zhu et al., 2019; Liu et al., 2020; Fang, 2018; Liu, 2018; Gao and Wang, 2020; Kuang and Wang, 2020; Du et al., 2020). The flowchart of the screening process is presented in Figure 1. Two researchers independently extracted the data from the literature. There were 1,485 and 1,475 cases in the treatment and control groups, respectively. All 21 RCTs were published in China and included seven kinds of CPMs: Xiaoer Chiqiao Qingre granules, Kanggan granules, Lianhua Qingwen granules, Xiaoer Resuqing granules (oral liquid), Xiaoer Shuanghuanglian mixture, Siji Kangbingdu mixture, and Xiaoer Niuhuang Qingxin powder. The data were published between 2018 and 2020. All cases tested positive for influenza virus. The treatment course was 3–7 days. Nine studies reported ADRs (Zhang, B. Y. et al., 2018; Yin, 2019; Zhou, 2019; Zhao et al., 2019; Long, 2020; Liu, 2020; Qian, 2020; Wu, 2020; Gao and Wang, 2020). The baseline characteristics were consistent across the studies. The detailed characteristics of the studies are presented in Table 1.
[image: Figure 1]FIGURE 1 | Flow chart of including and excluding studies.
TABLE 1 | Characteristics of included studies.
[image: Table 1]Methodological Quality Assessment
Assessment of the risk of bias in the 21 trials (Figure 2) showed that all studies implemented randomized grouping, 12 trials used random number tables, while the remaining nine trials did not report a specific random allocation method. One study (Zhou, 2019) used a blinding method, but it was unclear whether single or double blinding was implemented. The remaining studies did not provide blinding information. Regarding allocation concealment, 12 studies used a random number table method (Zhang, B. Y. et al., 2018; Su, 2019; Zhao et al., 2019; Long, 2020; Chen et al., 2019; Zhu et al., 2019; Liu et al., 2020; Fang, 2018; Liu, 2018; Gao and Wang, 2020; Kuang and Wang, 2020; Du et al., 2020), but it was unclear whether the randomly assigned researchers and allocation concealment researchers were third-party personnel. Therefore, the studies were rated as having an unclear risk. The remaining studies were also rated as having an unclear risk. With regard to incomplete outcome data and selective reporting, seven studies reported the results according to preset outcome indicators and were, thus, rated as having a low risk (Fang, 2018; Song and Zhang, 2018; Chen et al., 2019; Su, 2019; Zhao et al., 2019; Zhou, 2019; Zhu et al., 2019). The remaining studies failed to clarify whether the outcome indicators were established in advance and were, therefore, rated as having an unclear risk. With regard to other biases, one study was suspected of reporting plagiarized data and, therefore, was rated as having a high risk. The remaining studies showed no obvious other biases and, thus, were rated as having a low risk.
[image: Figure 2]FIGURE 2 | Assessment of risk of bias in the 21 trials.
Primary Outcome
Time to Fever Resolution
Nineteen studies involving 2,700 cases reported the time to fever resolution (Song and Zhang, 2018; Zhang, B. Y. et al., 2018; Zhang, Y. H. et al., 2018; Su, 2019; Yin, 2019; Zhou, 2019; Zhao et al., 2019; Long, 2020; Liu, 2020; Qian, 2020; Wu, 2020; Chen et al., 2019; Li, 2019; Zhu et al., 2019; Liu et al., 2020; Fang, 2018; Gao and Wang, 2020; Kuang and Wang, 2020; Du et al., 2020). The forest plot showed significant differences between the treatment and control groups (MD = −0.64, 95% CI: 0.86 to −0.41, p < 0.00001; Figure 3). The heterogeneity was high (I2 = 99%, p < 0.00001). A random effects model was used to analyze the data.
[image: Figure 3]FIGURE 3 | Forest plot of time to fever resolution.
Secondary Outcomes
Duration of Cough
Fourteen studies involving 1876 cases reported the duration of cough (Song and Zhang, 2018; Zhang, B. Y. et al., 2018; Su, 2019; Yin, 2019; Zhao et al., 2019; Long, 2020; Liu, 2020; Qian, 2020; Zhu et al., 2019; Liu et al., 2020; Liu, 2018; Gao and Wang, 2020; Kuang and Wang, 2020; Du et al., 2020). The forest plot (Figure 4) showed significant differences between the treatment and control groups (MD = −0.82, 95% CI: 1.02 to −0.62, p < 0.00001), and the heterogeneity was high (p < 0.00001, I2 = 94%). The random effects model was used to analyze the data.
[image: Figure 4]FIGURE 4 | Forest plot of duration of cough.
Duration of Nasal Congestion
Eleven studies involving 1,245 cases reported the duration of nasal congestion (Zhang, B. Y. et al., 2018; Su, 2019; Zhao et al., 2019; Long, 2020; Liu, 2020; Qian, 2020; Wu, 2020; Yan, 2020; Liu, 2018; Kuang and Wang, 2020; Du et al., 2020). The forest plot (Figure 5) showed significant differences between the treatment and control groups (MD = −0.88, 95% CI: 1.15 to −0.61, p < 0.00001), and the heterogeneity was high (I2 = 96%, p < 0.00001). The random effects model was used to analyze the data.
[image: Figure 5]FIGURE 5 | Forest plot of duration of nasal congestion.
Duration of Sore Throat
Eleven studies involving 1,365 cases reported the duration of sore throat (Song and Zhang, 2018; Zhang, B. Y. et al., 2018; Yin, 2019; Long, 2020; Liu, 2020; Wu, 2020; Yan, 2020; Zhu et al., 2019; Liu, 2020; Liu, 2018; Du et al., 2020). The forest plot (Figure 6) showed significant differences between the treatment and control groups (MD = −0.92, 95% CI: 1.26 to −0.57, p < 0.00001), and the heterogeneity was high (I2 = 98%, p < 0.00001). The random effects model was used to analyze the data.
[image: Figure 6]FIGURE 6 | Forest plot of duration of sore throat.
Time of Viral Shedding
Three studies involving 626 cases reported the time of viral shedding (Liu, 2018; Zhou, 2019; Zhu et al., 2019). The forest plot (Figure 7) showed significant differences between the treatment and control groups (MD = −0.53, 95% CI: 0.70 to −0.36, p < 0.00001). The heterogeneity was low (I2 = 15%, p = 0.31); therefore, we used the fixed effects model to analyze the data.
[image: Figure 7]FIGURE 7 | Forest plot of time of viral shedding.
Safety Analysis: ADRs
Nine studies involving 1,115 cases reported ADRs (Zhang, B. Y. et al., 2018; Yin, 2019; Zhou, 2019; Zhao et al., 2019; Long, 2020; Liu, 2020; Qian, 2020; Wu, 2020; Gao and Wang, 2020). The forest plot (Figure 8) showed significant differences between the treatment and control groups (RR = 0.53, 95% CI: 0.34 to 0.83, p = 0.005). There was no heterogeneity (I2 = 0%, p = 0.81); therefore, we used the fixed effects model to analyze the data.
[image: Figure 8]FIGURE 8 | Forest plot of ADRs.
Subgroup Analysis
We conducted a subgroup analysis of each CPM. There were subgroup differences in terms of time to fever resolution (90.2%), duration of cough (92.4%), nasal congestion (93%), and sore throat (81.5%). Regarding time to fever resolution, 11 studies were included in the Xiaoer Chiqiao Qingre granules subgroup, with 94% heterogeneity within the subgroup, two studies were included in the Kanggan granules subgroup, with 99% heterogeneity within the subgroup, and two were included in the Lianhua Qingwen granules subgroup, with 99% heterogeneity within the subgroup. Regarding duration of cough, eight studies were included in the Xiaoer Chiqiao Qingre granules subgroup, with 95% heterogeneity within the subgroup, and two studies were included in the Lianhua Qingwen granules subgroup, with 0% heterogeneity within the subgroup. Regarding duration of nasal congestion, seven studies were included in the Xiaoer Chiqiao Qingre granules subgroup, with 96% heterogeneity within the subgroup. Regarding duration of sore throat, six studies were included in the Xiaoer Chiqiao Qingre granules subgroup, with 99% heterogeneity within the subgroup. The remaining subgroups had only one study each, hence, within-group heterogeneity could not be analyzed.
Sensitivity Analysis
Sensitivity analysis was performed to investigate potential sources of heterogeneity by observing changes in data after deletion of individual studies one by one. With regard to fever, cough, nasal congestion, and sore throat, the heterogeneity remained >90% after removal of individual studies one by one (details are shown in Supplementary Table 2). The heterogeneity results did not change significantly.
Evaluation of Publication Bias
Time to fever resolution was used as the outcome; 19 studies were included (Song and Zhang, 2018; Zhang, B. Y. et al., 2018; Zhang, Y. H. et al., 2018; Su, 2019; Yin, 2019; Zhou, 2019; Zhao et al., 2019; Long, 2020; Liu, 2020; Qian, 2020; Wu, 2020; Chen et al., 2019; Li, 2019; Zhou, 2019; Liu, 2020; Fang, 2018; Gao and Wang, 2020; Kuang and Wang, 2020; Du et al., 2020), and the effect size MD was used as the horizontal axis to create a funnel chart (Figure 9). The graph was not completely symmetrical, indicating the possibility of publication bias.
[image: Figure 9]FIGURE 9 | Funnel plot of time to fever resolution.
DISCUSSION
In the present meta-analysis, the MD values for fever, cough, nasal congestion, sore throat, and viral shedding were >0.5, as shown in the forest plots, indicating that the combination of drugs shortened the course of influenza by 0.5 days. The above data reflects the trend of time reduction. In terms of ADRs, the RR was 0.53, indicating that the combination of drugs can reduce ADRs by half (Dobson et al., 2015). These results showed that, compared with oseltamivir alone, CPMs combined with oseltamivir shortened the time to fever resolution, shortened the time of symptom relief, shortened the time of viral shedding, and reduced the occurrence of ADRs, indicating that CPMs play an active role in the treatment of influenza in children. But due to the uneven quality of the current research, it will affect the reliability of the results. In order to get more accurate recommendations, we need more clinical data in the future.
However, the four outcomes of fever, cough, nasal congestion, and sore throat showed high heterogeneity. Different CPMs have different drug compositions and treatment directions, which may lead to high clinical heterogeneity (Hu et al., 2010). Therefore, we take each CPM as a subgroup and performed subgroup analysis to observe the level of heterogeneity. Differences were high among the subgroups, and subgroup analysis did not reduce the heterogeneity, possibly because there was uneven distribution among the subgroups in terms of the number of studies and cases. Except for the Xiaoer Chiqiao Qingre granules, Kanggan granules, and Lianhua Qingwen granules subgroups, all subgroups only included one study each; therefore, further comparative studies are needed to further evaluate the sources of heterogeneity. In the Xiaoer Chiqiao Qingre granules subgroup, which included the largest number of studies and cases, the heterogeneity was high. Taking time to fever resolution as an example, there were 11 studies in the Xiaoer Chiqiao Qingre granules subgroup, and the heterogeneity within the group was high (p < 0.00001, I2 = 94%), possibly because the statistical unit of the outcome was time; hence, it was possible that the statistician could not accurately measure time data or that the children could not accurately express their own feelings, misleading the statistician’s judgment. Some studies did not clearly indicate whether the child was hospitalized. Moreover, when children’s data are reported by the family, the error is greater, resulting in inaccurate data (Kang et al., 2000).
We attempted to identify another source of heterogeneity. By contrast detailed characteristics of included studies, it was found that the reason for the large heterogeneity maybe due to the difference in age range and the fluctuation range of the time from onset of symptoms to randomization (Wang et al., 2009; Wang et al., 2008). The age range in the present study was 1–14 years, and the time from symptom onset to randomization was <48 h. Children of different ages have different immunity, and the time of appearance and disappearance of symptoms after infection also differs. Such a large age and time span may lead to greater data differences and increased heterogeneity. Therefore, we analyzed subgroups stratified according to age. However, in the included studies, the average age of the patients was concentrated in the 5–10 years age range, and the standard deviation values of age were uneven; hence, accurate grouping was not possible (details are shown in Supplementary Figure 10). We also planned to use time from symptom onset to randomization in subgroup analysis, but the average time was concentrated around 24 h, and the standard deviation values were uneven in some cases; hence, accurate grouping could not be performed (details are shown in Supplementary Figure 11). For both sets of data, age and time from symptom onset to randomization, the values recorded in the studies were averages; hence, we could not eldetermine the number of cases in each age subgroup and the specific time from symptom onset to randomization. More detailed information could not be obtained from the original text of each study, and no reply was received after sending the email. Both the above factors may have led to greater heterogeneity, the source of which could not be clarified. Later, we conducted sensitivity analysis and found that the heterogeneity results lacked significant changes, indicating that the included studies were relatively stable, but also that no source of heterogeneity was found. Finally, the four outcomes were combined using the random effects model. Finally, the four outcomes are combined using a random effects model. The main reason is that the RCTs of each study are not rigorous in the details of certain links. Future RCTs of children should be divided into age groups as much as possible. Every RCT should be registered. The test process and details have been carefully described to make the research more accurate and rigorous (Li et al., 2007; Liu and Xia, 2007).
To assess methodological quality, we tried to contact the corresponding authors of each study by phone or email to inquire about the details of the trials, but we did not received responses. Therefore, it was unclear whether strict operating procedures, such as allocation concealment and blinding methods, were used during the tests. The methodological quality of the included studies was poor; therefore, the reliability of the results is questionable and it is unclear whether the studies were actual RCTs (Tang et al., 1999; Moher et al., 2009).
A comprehensive analysis of the funnel chart results revealed publication bias. There were gaps in the upper left and lower right corners of the graph, indicating that some negative results were not published. In a further search for unpublished studies, we found no unpublished negative results in previous studies, possibly because there is a lack of awareness of registration in clinical research or because there are limited studies on this subject, making it impossible to obtain comprehensive evidence and, thus, leading to publication bias.
The composition of CPMs is diverse (details are shown in Supplementary Table 3), and different ingredients act through different mechanisms in the human body. The combination of modern biomedical technology and TCM has shown a synergistic effect. Using omics and network pharmacology theory, researchers have gradually discovered the mechanisms of some Chinese medicines. Both Lonicera japonica (Thunb) and Forsythia suspensa (Thunb, Vahl) have significant synergistic benefits, conferring antipyretic and anti-free radical damage effects and improving immunity (Duan and Ma, 2009; Zhou et al., 2015). The mechanisms underlying the antipyretic effects of Bupleurum chinense (DC) and Scutellaria baicalensis Georgi are regulation of PGE2 and cAMP and inhibition of the synthesis or release of the endogenous pyrogens TNF-α and β-EP (Yang, 2012; Zhu et al., 2015; Yao et al., 2018). Forsythia suspensa (Thunb, Vahl) has been shown to have antipyretic effects (Wang and Zhao, 2010). One experiment confirmed that phillyrin, the active ingredient of Forsythia suspensa (Thunb, Vahl), can inhibit influenza A virus infection, most likely by downregulating a certain gene (Duan et al., 2012). Baicalin combined with phillyrin can downregulate the expression of the influenza A virus nucleoprotein gene transfected into HeLa cells, and it showed a synergistic effect within a certain concentration range (Huang et al., 2018). Studies have found that (R, S)-goitrin in Isatis tinctoria L inhibits influenza virus replication by increasing the production of IFN-β and interferon-induced transmembrane 3 (Luo et al., 2019). Modern pharmacological studies have found that Isatis tinctoria L has anti-inflammatory, anti-viral, antipyretic, and immunity enhancement effects, and is often used clinically to treat various infections, such as pharyngitis and tonsillitis (Yang, 2016). Studies have shown that the effect of Platycodon grandiflorus (Jacq.) A.DC in reducing phlegm and relieving cough is positively correlated with the content of platycodin (Xie et al., 2019). Platycodin capsules can reduce the frequency of cough and asthma, and increase the excretion of phenol red in the respiratory tract. The excretion of phenol red can indirectly reflect the amount of secretion in the respiratory tract. At this time, the amount of secretion in the respiratory tract increases, which is conducive to thinning the thick sputum attached to the respiratory tract mucosa, making it easier to fall off from the airway wall, which has the effect of reducing phlegm and relieving cough (Jin and Chen, 2015). Studies have shown that pulegone, the active ingredient of Nepeta tenuifolia Benth, has a good anti-inflammatory protective effect on Lipopolysaccharide poisoning model mice, which can inhibit the release of inflammatory factors and reduce inflammatory cell infiltration. The mechanism of its anti-inflammatory effect is related to the intervention and regulation of the activation of NLRP3 inflammasome (Wen, 2017). When influenza virus is combined with bacterial infection, combined prescription drugs can show the therapeutic advantage. The six CPMs included in the present study contain Forsythia suspensa (Thunb, Vahl). Among them, Lianhua Qingwen granules, Xiaoer Resuqing granules, and Xiaoer Shuanghuanglian mixture use Lonicera japonica (Thunb) and Forsythia suspensa (Thunb, Vahl) in combination. Xiaoer Chiqiao Qingre granules and Xiaoer Resuqing granules use Bupleurum chinense (DC) and Scutellaria baicalensis Georgi in combination. The drug composition of Lianhua Qingwen granules and Xiaoer Resuqing granules contains Isatis tinctoria L. Nepeta tenuifolia Benth is contained in the medicine composition of both Xiaoer Chiqiao Qingre granules and Siji Kangbingdu Mixture. By combining ancient theory and modern technology, researchers can possibly clarify the drug mechanisms of TCM, thereby guiding treatment with clinical prescription drugs.
In future clinical practice, combination medications may provide new ideas to treat children with influenza, promoting the use of CPMs and TCM for this purpose (Ru et al., 2017; Gao and Wang, 2018; Liu et al., 2019). They are especially effective at shortening the time to fever resolution and relieving the symptoms of influenza (Wang et al., 2010; Duan et al., 2011; Wang et al., 2011; He et al., 2019; Yoshino et al., 2019). This is consistent with the conclusions of the present study.
CONCLUSION
In conclusion, the present meta-analysis demonstrated the efficacy and safety of CPMs combined with oseltamivir in the treatment of children with influenza. It provides evidence that combination therapy can be used to treat children with influenza. However, because most of the studies included in this analysis were of low quality and the analysis results showed high heterogeneity, there is no strong evidence to support this conclusion, which needs to be verified in future high-quality, well-designed, multi-center RCTs. At the same time, future studies should focus on improving objectivity in outcome measurements and methodological quality by adopting a rigorous experimental design. In future clinical research, the publication of RCTs should follow strict registration procedures, and standards should be unified as much as possible.
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Sepsis is a dysregulated systemic response to infection, and no effective treatment options are available. Acacetin is a natural flavonoid found in various plants, including Sparganii rhizoma, Sargentodoxa cuneata and Patrinia scabiosifolia. Studies have revealed that acacetin potentially exerts anti-inflammatory and antioxidative effects on sepsis. In this study, we investigated the potential protective effect of acacetin on sepsis and revealed the underlying mechanisms using a network pharmacology approach coupled with experimental validation and molecular docking. First, we found that acacetin significantly suppressed pathological damage and pro-inflammatory cytokine expression in mice with LPS-induced fulminant hepatic failure and acute lung injury, and in vitro experiments further confirmed that acacetin attenuated LPS-induced M1 polarization. Then, network pharmacology screening revealed EGFR, PTGS2, SRC and ESR1 as the top four overlapping targets in a PPI network, and GO and KEGG analyses revealed the top 20 enriched biological processes and signalling pathways associated with the therapeutic effects of acacetin on sepsis. Further network pharmacological analysis indicated that gap junctions may be highly involved in the protective effects of acacetin on sepsis. Finally, molecular docking verified that acacetin bound to the active sites of the four targets predicted by network pharmacology, and in vitro experiments further confirmed that acacetin significantly inhibited the upregulation of p-src induced by LPS and attenuated LPS-induced M1 polarization through gap junctions. Taken together, our results indicate that acacetin may protect against sepsis via a mechanism involving multiple targets and pathways and that gap junctions may be highly involved in this process.
Keywords: sepsis, acacetin, network pharmacology, molecular docking, macrophage
INTRODUCTION
Sepsis is a severe systemic inflammatory response to microbial infection, and lipopolysaccharide (LPS) is well known to induce this phenomenon (Chen et al., 2020). D-Galactosamine (GalN)-sensitized mice administered LPS and mice administered only LPS by intratracheal instillation are recognized as promising experimental models of fulminant hepatic failure (FHF) and acute lung injury (ALI) (Zhang et al., 2019; Liu et al., 2020a). Macrophage polarization is involved in the pathogenesis of sepsis, an uncontrolled inflammatory response caused by infection or acute insult (Fan et al., 2020). Excessive M1 polarization may lead to exacerbated inflammatory reactions and initiate injury in the host.
Acacetin (5,7-dihydroxy-40-methoxyflavone), an O-methylated flavone monomer, is a bioactive constituent found in various plants, including Sparganii rhizoma, Sargentodoxa cuneata and Patrinia scabiosifolia (Hu et al., 2020; Lu et al., 2021). Acacetin has diverse biological functions, including anti-inflammatory, antioxidant, and anti-microbial activity, and exerts protective effects on cardiac tissue and neurons (Singh et al., 2020). Various studies have reported the anti-inflammatory activity of acacetin in vitro and in vivo. For example, acacetin was shown to attenuate ALI in LPS-induced mice via augmenting haem oxygenase-1 (HO-1) activity (Sun et al., 2018) and to protect against GalN/LPS-induced liver injury by suppressing the TLR4 signalling pathway (Cho et al., 2014). Moreover, acacetin strongly inhibited the expression of the pro-inflammatory cytokines inducible nitric oxide synthase (iNOS) and COX-2 in LPS-activated RAW264.7 cells and in a mouse model of tetradecanoyl phorbal acetate (TPA)-induced tumours (Pan et al., 2006). These results suggest that acacetin ameliorates sepsis by inhibiting inflammation and promoting redox homeostasis, but the underlying molecular mechanism remains unclear.
Network pharmacology is an effective method for screening drug-disease targets and for predicting the possible underlying mechanisms via bioinformatics analyses (Li et al., 2020; Xia et al., 2020; Zhang et al., 2021). For example, acacetin was shown to be a bioactive compound in Sparganii rhizoma, which has anti-gastric cancer activity as determined by network pharmacology analysis (Lu et al., 2021). Acacetin is also the active ingredient in Sargentodoxa cuneata and Patrinia scabiosifolia, which improve pelvic inflammatory diseases related to dampness-heat stasis syndrome as determined by network pharmacology analysis (Hu et al., 2020). In this study, we investigated the potential targets of acacetin in subjects with sepsis and predicted the underlying mechanisms by network pharmacology coupled with molecular docking and experimental validation.
MATERIALS AND METHODS
Reagents
Acacetin (MedChemExpress, molecular weight: 284.26 g/mol), LPS (Sigma, 055:B5, L2880), and Gap27 (MedChemExpress) were used in the experiments.
Animals and Model Treatment
Healthy male C57BL/6 mice (8–12 weeks old, 24–26 g) were purchased from the Animal Experimental Centre of the Fourth Military Medical University, China. All mice were bred in a specific pathogen-free animal facility at the Department of Biochemistry and Molecular Biology, School of Basic Medical Science, Xi’an Jiaotong University Health Science Center. All animal experiments were approved by the Institutional Animal Ethics Committee of Xi’an Jiaotong University (no. 2017–666). All animal experiments were performed in accordance with standard animal research guidelines. C57BL/6 mice were randomly assigned to one of six groups (n = 5): the control group, acacetin treatment group, LPS-induced ALI model group, LPS + acacetin treatment group, LPS/GalN-induced FHF model group and LPS/GalN + acacetin treatment group. ALI was induced by the intratracheal injection of LPS (5 mg/kg) (Zhang et al., 2019), and FHF was induced by the intraperitoneal injection of GalN (800 mg/kg) and LPS (40 μg/kg) (Liu et al., 2020a). An equivalent amount of PBS was administered to mice in the control group. Two hours before the intraperitoneal injection of acacetin (50 mg/kg) to the solvent comparison and treatment groups, acacetin was dissolved in 5% core oil. The mice were sacrificed at 10 h after ALI modelling and at 6 h after FHF modelling.
Histology
The lung and liver tissues were collected and fixed in a 4% paraformaldehyde solution for 48 h. The tissues were dehydrated, embedded in paraffin, and sliced into 5 μm-thick sections. The sections were stained with haematoxylin and eosin (H & E) reagent and visualized under a light microscope.
ELISA
To assess the effects of acacetin on pro-inflammatory mediators, appropriate ELISA kits (Jioin, Shanghai, China) were used. The levels of the pro-inflammatory mediators TNF-α, IL-6, and IL-1β in lung and liver homogenates from LPS-induced mice were measured.
Cell Culture
RAW264.7 macrophages were obtained from academician Rikard Holmdahl (Sweden Medical Inflammation Research of the Karolinska Institute). The cells were cultured in a thermostatic incubator at 37°C and 5% CO2. This cell line, used to screen for molecular mechanisms, was cultured in DMEM (Gibco, Thermo Fisher Scientific, Inc.) supplemented with 10% FBS (Gibco, Carlsbad, CA, United States) and 1% streptomycin/penicillin. The cells were passaged when they reached 70–80% confluence.
MTT Assay
RAW264.7 cells were cultured in a 96-well plate at 5 × 103 cells/well. Cells in the treatment groups were administered different amounts of acacetin (1, 5, and 10 μMol) dissolved in DMSO, while those in the model group were administered LPS (100 ng/ml), and those in the control and blank (no cells) groups were administered an equivalent amount of medium before growth for an additional 24 h. Then, MTT solution was added and continuously incubated at 37°C for 4 h. The medium in each well was discarded, after which 150 μl of DMSO was added, and the cells were shocked on a microvibrator for 5 min. The optical density at 490 nm was determined with a plate reader (VICTOR X5, PerkinElmer, MA, United States).
Flow Cytometry
The experimental groups were divided into a control group, an LPS model group, and treatment groups that were administered different amounts of acacetin (1, 5, 10 μMol). Groups other than the control and LPS model groups were pre-treated with acacetin for 4 h and then stimulated with LPS (100 ng/ml) for 24 h. Flow cytometry was performed on single-cell suspensions of RAW264.7 macrophages. For intracellular staining, cells were fixed and permeabilized using BD Cytofix/Cytoperm solution (BD Biosciences, NJ, United States). The following monoclonal antibodies were used: the M1-type surface markers CD86-PE (1:150; BD Biosciences, NJ, United States) and iNOS-PEcy7 (1:150; BD Biosciences, NJ, United States). Samples were measured by flow cytometry (Guava, Millipore), and the data were analysed using Flow Jo software (TreeStar Inc., OR, United States).
Western Blotting
The cell grouping, stimulation, and culture were carried out as described for the flow cytometry experiment. The cells were harvested and lysed with radioimmunoprecipitation assay (RIPA) buffer and phenyl methyl sulfonyl fluoride (PMSF), and the protein content was confirmed by the BCA method. Equivalent amounts of protein from each sample were loaded onto 10% SDS-PAGE gels and then transferred onto PVDF membranes (EMD Millipore, CA, United States). After being blocked with 10% skimmed milk for 2 h, the blots were probed with the following primary antibodies: CD86 (1:1,000; cat. no. ab53004; Abcam), iNOS (1:800; cat. no. ab15323; Abcam), p65 (1:1,000; cat. no. ab16502; Abcam), p-p65 (1:1,000; cat. no. ab86299; Abcam), Src (1:1,000; cat. no. 2109T; CST), p-Src (1:1,000; cat. no. 6943T; CST), Cx43 (1:1,000; cat. no. AP1541b; Abcepta) and GAPDH (1:2,000; cat. no. bs-2188R; BIOSS). The cells were gently incubated overnight at 4 °C and subsequently incubated with the corresponding secondary antibodies diluted 1:5,000 with 5% skimmed milk. The membranes were washed with TBST, incubated with ECL reagent (GE Healthcare Life Sciences, United Kingdom) and developed. Quantity One software (Bio-Rad, Hercules, CA, United States) was used to analyse the collected images.
Quantitative RT-PCR
The cell culture and stimulation were performed as described for Western blot analysis. Only one acacetin (10 μmol) treatment group was used. After stimulation, the cells were harvested with TRIzol reagent (Life Technologies, CA, United States), and total RNA was extracted and reverse transcribed into cDNA using a ReverTraAce RT kit (Thermo Fisher, MA, United States). Real-time quantitative PCR was carried out using SYBR Green Master Mix (Roche, Germany) according to the manufacturer’s protocols. The following gene primer sequences were obtained from Shanghai Gene Pharma: CD86, 5′-ACG​GAG​TCA​ATG​AAG​ATT​TCC​T-3′ (forward), 5′-GAT​TCG​GCT​TCT​TGT​GAC-ATA​C-3′ (reverse); iNOS, 5′-GTT​TAC​CAT​GAG​GCT​GAA​ATC​C-3′ (forward), 5′-CCT​CTT​GTC​TTT-GAC​CCA​GTA​G-3′ (reverse); and β-actin, 5′-CAC​GAT​GGA​GGG​GCC​GGA​CTC​ATC-3′ (forward), 5′-TAA​AGA​CCT​CTA​TGC​CAA​CAC​AGT-3′ (reverse). mRNA abundance was quantified using the Ct values obtained by 2−ΔΔCt comparative method.
Network Pharmacology Approach
The acacetin chemical formula was imported into the Swiss Target Prediction database (http://swisstargetprediction.ch/) for drug-target prediction analysis, and the keyword “sepsis” was then searched in the Gene Cards database (https://www.genecards.org/) to identify disease targets. The overlapping targets among compound and sepsis targets were used to draw a Venn diagram.
The protein-protein interaction (PPI) network was obtained by introducing these potential overlapping targets of acacetin and sepsis into the STRING database (https://string-db.org) with the species limited to “Homo sapiens” and a confidence score >0.9. The results were further visualized by Cytoscape 3.7.0. The degree of freedom was reflected by the node size and colour. Subsequently, the top four key targets were identified as hub targets based on their degree, centrality and proximity to hub proteins.
The hub targets were converted into their Ensembl gene names (www.ensembl.org/biomart/), and the OmicShare server (http://www.omicshare.com/) was then used for the analysis. The converted Ensembl gene names were used as input, and Gene Ontology (GO) enrichment and Kyoto Encyclopaedia of Genes and Genomes (KEGG) enrichment analyses were performed. The molecular function (MF), biological process (BP) and cellular component (CC) terms enriched in the targets were determined, and pathway enrichment of the top 20 pathways was visualized with the R package.
These results were summarized and loaded into Cytoscape 3.7.0 to construct the acacetin-target-GO-KEGG-sepsis network. In the network, edges represent interactions between nodes, and nodes represent drugs, diseases, BPs, pathways and targets.
Molecular Docking
The 3D crystal structures of ESR1 (PDB code: 5ACC), COX-2 (gene: PTGS2, PDB code: 4RRX), SRC (PDB code: 4U5J) and EGFR (PDB code: 6JZ0) were obtained from the Protein Data Bank (PDB). The 2D structure of acacetin was downloaded from the ZINC15 database (https://zinc15docking.org/). The original ligand active site residues were identified from the PDB coordinates and recorded. The protein structures were prepared by removing all nonreceptor atoms, including water, ions, and miscellaneous compounds, using Discover Studio Visualizer. Docking experiments were performed using CDOCKER with receptor-ligand interactions. The -CDOCKER_INTERACTION_ENERGY value was determined to evaluate bonding. The binding results were visualized as 3D and 2D diagrams using Discovery Studio Visualization version 4.5 (Accelrys, Inc., San Diego, CA 92121, CA, United States).
Statistical Analyses
Statistical evaluations were performed using the GraphPad Prism 5 package (GraphPad Software Inc., San Diego, CA, United States). Multiple comparisons were performed by one-way ANOVA followed by Tukey’s post hoc significant difference test. p values less than 0.05 indicate statistical significance.
RESULTS
Protective Effect of Acacetin Against Sepsis in vivo
To assess the protective effect of acacetin against sepsis, we utilized LPS-induced FHF and ALI models. Compared with the control group, the FHF model group showed congestion, oedema, inflammatory cell infiltration, and a broadened pulmonary interval (p < 0.05), and the ALI model group showed more inflammatory areas in the portal vein and more necrotic hepatocytes (p < 0.05). Compared with the FHF and ALI model groups, the acacetin group showed less severe lung and liver injury symptoms as determined by HE staining (Figures 1B,D), and the injury scores of the acacetin group were significantly lower than those of the model group (Figures 1E,I; p<0.05). The levels of IL-1β, IL-6 and TNF-α in the liver and lung tissues of the model group were significantly higher than those in the control group tissues, while those in the acacetin group were decreased compared to those in the control group (Figures 1F–H,J–Lp < 0.05). These results indicated that acacetin improves liver and lung injury by decreasing the levels of IL-1β, IL-6 and TNF-α.
[image: Figure 1]FIGURE 1 | The protective effect of acacetin against sepsis in vivo. (A) and (C) Methods to generate two inflammatory models and diagram showing the drawing time. (B) and (D) Histopathological damage to the lung (× 200) and liver (× 200). (E) and (I) Lung and liver injury scores. The lung (F) and liver (J) homogenate levels of IL-1β (G), (K) IL-6 (H), and (L) TNF-α were determined by ELISA. The data are expressed as the mean ± SEM (n = 5). *p < 0.05, **p < 0.01, ***p < 0.001, compared with the control group; #p < 0.05, ##p < 0.01, ###p < 0.001, compared with the LPS-stimulated group.
Protective Effect of Acacetin Against Sepsis in vitro
Macrophage polarization is involved in the pathogenesis of sepsis. To assess the protective effect of acacetin on sepsis and the underlying mechanism in vitro, we observed its effect on M1 macrophage polarization induced by LPS in RAW264.7 cells. As shown in Figure 2A, treatment with 1, 5, and 10 μMol acacetin had no toxic effects, and the agent was thus used at these nontoxic concentrations in further experiments. Compared with those in the control group, the CD86 and iNOS protein levels, number of positive cells determined by flow cytometry, and mRNA levels were increased in the LPS-stimulated group. Compared with LPS, acacetin attenuated the CD86 and iNOS protein levels (Figures 2B,E,F), the number of positive cells determined by fluorescence-activated cell sorting (FACS) (Figures 2C,D,G) and the mRNA levels (Figures 2H,I). Additionally, exposure to various doses of acacetin (1, 5, and 10 μMol) attenuated the expression of CD86 and iNOS in M1-type cells in a concentration-dependent manner (p < 0.05). These phenomena revealed that acacetin helped to quickly reduce the CD86 and iNOS levels in M1-type macrophages.
[image: Figure 2]FIGURE 2 | The protective effect of acacetin against sepsis in vitro. (A) The effect of acacetin on cell viability as determined by the MTT assay. The protein levels (B, E, F), positive cells identified by FACS (C, D, G), and mRNA levels (H, I) of the M1 polarization markers CD86 and inducible nitric oxide synthase (iNOS) in RAW264.7 cells. The data are expressed as the mean ± SEM (n = 3). *p < 0.05, **p < 0.01, and ***p < 0.001 compared with the control group; #p < 0.05, ##p < 0.01, ###p < 0.001 compared with the LPS-stimulated group.
Elucidating the Mechanisms Underlying the Effects of Acacetin on Sepsis via a Network Pharmacology Approach
The canonical SMILES string for acacetin was input into the Swiss Target Prediction database to identify the targets of acacetin, and a total of 99 potential drug targets were found. There were 2,497 potential targets of sepsis in the GeneCards database. As shown in Figures 3A,4 common targets were included in the acacetin-sepsis target Venn diagram. The 49 intersectional targets were imported into the STRING database to explore the relationships among these targets (Figure 3A). A PPI network of the 49 common targets between acacetin and sepsis was constructed based on degree value screening, and EGFR, PTGS2, SRC and ESR1 were identified as the core targets (Figure 3B). GO and KEGG analyses were performed, and the core targets of EGFR, PTGS2, SRC and ESR1 were input into the Omicshare database to identify the possible mechanism by which acacetin affects sepsis. GO analysis of the CC terms showed that the four core targets were mainly associated with membrane rafts, the membrane microdomain and the membrane region (Figure 3C). GO analysis of BP terms showed that the four core targets were mainly related to the ovulation cycle, steroid hormones and reproductive structure development (Figure 3D). GO analysis of MF terms showed that the four core targets were mainly associated with connexin (Cx) binding, NOS activity regulation, oestrogen receptor binding and protein kinase binding (Figure 3E). KEGG analysis revealed that the four core targets were closely associated with the gap junction, endocrine resistance, oxytocin signalling, proteoglycans in cancer, bladder cancer and human cytomegalovirus infection pathways (Figure 3F). Figure 3G shows the acacetin-sepsis-target-GO-KEGG network.
[image: Figure 3]FIGURE 3 | The underlying mechanisms by which acacetin affects sepsis as determined by a network pharmacology approach. (A) All of the targets of acacetin and sepsis and the 49 intersecting targets of acacetin and sepsis were identified via a Venn diagram and PPI network. (B) The top four hub genes/targets of both acacetin and sepsis were identified and arranged according to their degree value with an algorithm using Cytoscape software. (C–F) With the OmicShare service R-language packages, the four core targets were subjected to GO analyses of cellular component (CC), biological process (BP), and molecular function (MF) terms and KEGG pathway analysis. The bubble diagram shows the top 20 terms related to the activity of acacetin against sepsis. (G) Network constructed from the bioinformatics analysis results highlighting the detailed interactions between acacetin-targets-GO-KEGG-sepsis. Hub targets are represented by a red V, and the top 20 BP terms and pathways involved in the activity of acacetin against sepsis are shown in green.
[image: Figure 4]FIGURE 4 | Molecular docking and experimental validation of acacetin binding core targets predicted by network pharmacology. (A) EGFR, SRC, PTGS2 and ESR1. All pictures show the 3D docking of ligands in the active binding pocket, with the hydrophobic effect area and the 2D interaction patterns between the ligands and proteins and the important interactions between the ligand atoms and amino acid residues of the proteins being displayed. (B–C) The expression levels of Src and phosphorylated Src were assessed via Western blotting. The data are expressed as the mean ± SEM (n = 3). *p < 0.05, **p < 0.01, and ***p < 0.001 compared with the control group; #p < 0.05, ##p < 0.01, ###p < 0.001 compared with the LPS-stimulated group.
Molecular Docking and Experimental Validation of the Binding of Core Acacetin Targets Predicted by Network Pharmacology
Molecular docking was carried out to investigate potential binding modes and interactions between acacetin and its key targets (Figure 4A). For the docking interaction energy score, the targets were ranked as PTGS2 > SRC > ESR1 > EGFR (Table 1). The carbonyl, methoxy and hydroxy groups are thought to be the key groups that bind residues containing H donor moieties at the terminus (Zhao et al., 2019); (Lin et al., 2019); (Duan et al., 2014); (De Savi et al., 2015); (Blobaum et al., 2015) For the specific proteins in the EGFR complex, the residues involved in the formation of H-bonds included ALA 743, THR 790, VAL726, and THR 854. With regard to the SRC docking results, the key residues involved in H-bonds were MET 341, VAL 281 and LEU 393. In the ESR1 complex, THR 347 and MET343 emerged as key residues between the methoxyl group at the 4’ position of acacetin and the target. In the COX-2 (PTGS2) complex, TYR 355 was identified as the only key residue involved in H-bonds. Moreover, known standard or positive molecules of the four targets were subjected to the same simulation (Supplementary Figure S1). The molecular docking results indicated that acacetin can interact with PTGS2, SRC, ESR1 and EGFR to form compact complexes. Src is a prototype of the highly conserved Src family kinase (SFK) proteins, and our results indicated that the expression of p-src in RAW264.7 cells was significantly increased after LPS stimulation and reduced after treatment with acacetin (Figures 4B,C; p <0.05).
TABLE 1 | Interaction of acacetin and hub targets by discovery studio
[image: Table 1]Experimental Validation of the Acacetin Binding Signalling Pathway Predicted by Network Pharmacology
Further network pharmacological analysis and GO and KEGG analyses indicated that gap junctions may be highly involved in the protective effects of acacetin against sepsis. We confirmed the role of gap junctions in the effects of acacetin on LPS-induced M1 polarization in RAW264.7 cells. As shown in Figures 5A,D, the expression levels of Cx43 were significantly increased after LPS stimulation but reduced after treatment with acacetin. As shown in Figures 5B,C,E,F the protein expression levels of CD86, iNOS, p65, and p-p65 were revealed by Western blotting. Notably, p-p65, CD86 and iNOS protein expression was significantly decreased in the Gap27 group compared with the LPS group (p<0.05). Together, these results suggest a prospective role for gap junctions in attenuating the effect of acacetin on M1-type macrophages.
[image: Figure 5]FIGURE 5 | Experimental validation of the acacetin binding signalling pathway predicted by network pharmacology. The expression levels of Cx43, CD86, iNOS, P65 and phosphorylated P65 (A–G) were assessed via Western blotting. The data are expressed as the mean ± SEM (n = 3). *p < 0.05, **p < 0.01, and ***p < 0.001 compared with the control group; #p < 0.05, ##p < 0.01, ###p < 0.001 compared with the LPS-stimulated group.
DISCUSSION
Sepsis is a global healthcare issue and continues to be the leading cause of death from infection. In clinical practice, the use of antimicrobial agents to fight infection is key to the treatment of sepsis. Over the past few decades, natural products, such as anti-bacterial and anti-inflammatory drugs, have been used for the herbal treatment and prevention of human diseases (McBride Margaret et al., 2020). Acacetin is a natural flavonoid found in various plants, including Sparganii rhizoma, Sargentodoxa cuneata and Patrinia scabiosifolia. Our results indicated that acacetin improved liver and lung injury by decreasing the levels of IL-1β, IL-6 and TNF-α, and acacetin expedited the reduction in CD86 and iNOS expression in M1-type macrophages. Previous reports have indicated that acacetin has anti-inflammatory effects. For example, acacetin was shown to suppress the LPS-induced upregulation of iNOS and COX-2 in murine macrophages and TPA-induced tumour promotion in mice (Pan et al., 2006). Acacetin was also shown to attenuate mouse ALI induced by endotoxin by augmenting HO-1 activity (Wu et al., 2018) and to block kv1.3 channels and inhibit human T cell activation (Zhao et al., 2014). These results demonstrate that acacetin has anti-inflammatory and antioxidative effects on sepsis, but the underlying molecular mechanism remains unclear.
We herein further investigated the mechanisms underlying the effects of acacetin on sepsis by performing network pharmacology analysis coupled with experimental validation and molecular docking. All potential targets of acacetin and sepsis were methodically obtained, and the top four overlapping targets in the PPI network were EGFR, PTGS2, SRC and ESR1. EGFR prevents the translocation of gut-residing pathogenic and cancer-associated protein kinases and is a key target for late-onset neonatal sepsis and cancer (Knoop et al., 2020; Singh et al., 2021). Our results identified ALA 743, THR790, VAL726, THR854 and ASP855 as the key EGFR residues in the binding pocket. PTGS2, also known as COX-2, has been reported to have an anti-inflammatory effect, and acacetin can reportedly relieve sepsis by inhibiting COX-2 activity (Pan et al., 2006; Wu et al., 2018; Fatemi et al., 2020). Due to the structural specificity of the COX-2 protein, only TYR 355 was identified as the key residue involved in H-bonds. Moreover, ESR1, as the target of the ShenFuHuang formulation in a zebrafish model, was associated with septic syndrome in patients with COVID-19 (Liu et al., 2020b). Our results highlighted THR 347 and MET343 as the key residues residing between the methoxyl group at the 4’ position of acacetin and ESR1, which is also consistent with the binding site for the original ligand. Additionally, cellular Src is the prototype of highly conserved SFK proteins. Evidence suggests that siglec-G deficiency ameliorates hyperinflammation and immune collapse in patients with sepsis by regulating Src activation (Li et al., 2019). With regard to the Src docking results, MET 341, VAL 281 and LEU 393 were identified as the key residues of the binding pocket with the original ligand ruxolitinib. Thus, based on its prediction as a core target and its association with macrophages and sepsis, Src deserves to be further studied in vitro. Our western blot results suggested that phosphorylated Src plays an important role in the anti-septic activity of acacetin. Together, our results showed that acacetin had a preferential affinity for all four targets, confirming the prediction results obtained by network pharmacology analysis.
GO and KEGG analyses were performed to analyse the interactions among multiple targets and pathways, and the top 20 enriched BPs and signalling pathways were shown to be associated with the therapeutic effects of acacetin on sepsis. Membrane raft, oestrogen receptor activity, and human cytomegalovirus infection are related to the effects of acacetin on sepsis. In a previous study, lipid raft microdomains were shown to be essential components of phagolysosomal macrophage membranes and to play an essential role in antifungal immunity (Schmidt et al., 2020). Moreover, human cytomegalovirus infection was shown to potentially impact immunity (Cox et al., 2021). Thus, our subsequent research will be performed using macrophages. Further network pharmacological analysis indicated that gap junctions may be highly involved in the protective effects of acacetin against sepsis. Cxs are basic components of gap junctions, and Cx43 is a common Cx family member that is widely expressed in immune cells and involved in a variety of immune regulatory processes (Glass et al., 2015). In a previous study, ATP release through Cx43 was reported to be important for inhibiting inflammation and bacterial burden (Balázs et al., 2015). Our results showed that the gap junction selective blocker gap27 could significantly decrease the protein expression of p-p65, CD86 and iNOS. p-p65 is the key target of the classic inflammation-related NF-κB signalling pathway, CD86 is a surface marker of M1-polarized macrophages, and iNOS is a pro-inflammatory molecule associated with the inflammatory process. Our previous research on Cx43 showed that carbenoxolone decreased monocrotaline-induced pulmonary inflammation in rats by decreasing the expression of Cxs in T lymphocytes (Zhang et al., 2020). Angiotensin II induced RAW264.7 macrophage polarization toward the M1 phenotype through the Cx43/NF-κB pathway (Wu et al., 2020). Our findings highlighted gap junctions in macrophages as a new potential target for sepsis, and most importantly, showed that acacetin inhibited the LPS-induced increase in Cx43 expression. Interestingly, the anti-inflammatory effect of acacetin via gap junctions has not been reported. Together, these results suggest that gap junctions attenuate the effects of acacetin on sepsis.
CONCLUSION
Our results suggest that acacetin protects against sepsis via a mechanism involving multiple targets and pathways and that gap junctions are highly involved in this process.
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Background: “Treating the same disease with different methods” is a Traditional Chinese medicine (TCM) therapeutic concept suggesting that, while patients may be diagnosed with the same disease, they may also have different syndromes that require distinct drug administrations.
Objective: This study aimed to identify the differentially expressed genes and related biological processes in dyslipidemia in relation to phlegm–dampness retention (PDR) syndrome and spleen and kidney Yang deficiency (SKYD) syndrome using transcriptomic analysis.
Methods: Ten ApoE−/− mice were used for the establishment of dyslipidemic disease–syndrome models via multifactor-hybrid modeling, with five in the PDR group and five in the SKYD group. Additionally, five C57BL/6J mice were employed as a normal control group. Test model-quality aortic endothelial macrophages in mice were screened using flow cytometry. Transcriptomic analysis was performed for macrophages using RNA-Seq.
Results: A quality assessment of the disease–syndrome model showed that levels of lipids significantly increased in the PDR and SKYD groups, compared to the normal control group, p < 0.05. Applying, in addition, hematoxylin and eosin staining of aorta, the disease model was also successfully established. A quality assessment of the syndrome models showed that mice in the PDR group presented with typical manifestations of PDR syndrome, and mice in the SKYD group had related manifestations of SKYD syndrome, indicating that the syndrome models were successfully constructed as well. After comparing the differentially expressed gene expressions in macrophages of the dyslipidemic mice with different syndromes, 4,142 genes were identified with statistical significance, p < 0.05. Gene ontology analysis for the differentially expressed genes showed that the biological process of difference between the PDR group and the SKYD group included both adverse and protective processes.
Conclusion: The differentially expressed genes between PDR syndrome and SKYD syndrome indicate different biological mechanisms between the onsets of the two syndromes. They have distinctive biological processes, including adverse and protective processes that correspond to the invasion of pathogenic factors into the body and the fight of healthy Qi against pathogenic factors, respectively, according to TCM theory. Our results provide biological evidence for the TCM principle of “treating the same disease with different treatments.”
Keywords: macrophages, traditonal Chinese medicine, dyslipidemia, phlegm-dampness retention syndrome, spleen and kidney Yang deficiency syndrome, RNA-Seq
INTRODUCTION
As life quality increases and dietary patterns change, multiple factors are beginning to give rise to a growing morbidity of dyslipidemia in humans. A recent epidemiological study has shown that dyslipidemia is closely linked to cardiovascular and cerebrovascular diseases, including coronary atherosclerotic heart disease and cerebral infarction (Li et al., 2019). It is estimated that the overall morbidity of dyslipidemia in Chinese adults has reached 40.40% and is continuing to rise (Chu et al., 2016).
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Dyslipidemia is characterized by abnormalities in the quantity and quality of lipids in the plasma, including lower high-density lipoprotein cholesterol (HDL-C) levels and higher triglyceride (TG), total cholesterol (TC), and low-density lipoprotein cholesterol (LDL-C) levels (Sarzynski et al., 2015). Lipid and cholesterol accumulation (Pantos et al., 2007) in the vascular wall may lead to endothelial dysfunction. Dyslipidemia is an independent and changeable risk factor shortening the onset time of atherosclerosis (Ciccone et al., 2011). The 2013 American College Foundation of Cardiology and American Heart Association guidelines on the management of blood lipids in atherosclerotic cardiovascular disease recommended that management of dyslipidemia is the key to controlling risk factors for ischemic cardiovascular events (Stone et al., 2014).
Numerous clinical studies and laboratory experiments have ascertained the satisfactory efficacy of TCM with respect to dyslipidemia, enriching the therapies available for the disease (He et al., 2018). Taking berberine orally has been shown to lower TG and cholesterol levels (Hu et al., 2012), and the oral administration of Monascus rice has also been found to significantly reduce the levels of blood lipids and to be well tolerated (Lin et al., 2005). An important effect of TCM lies in the accurate discrimination of TCM syndromes of dyslipidemia, which is the basis of TCM diagnosis and treatment. The differentiation of syndromes is brought about through the collection of clinical information (i.e., “TCM symptoms”) of patients via integrated TCM diagnostic methods, including looking, listening, and questioning the individual, and feeling their pulse, as well as analyzing and summarizing the etiological factors and pathogenesis according to the TCM theoretical approach.
As individuals present with different TCM symptoms, dyslipidemic patients may exhibit various syndromes that can be considered different TCM subtypes of dyslipidemia. For example, spleen and kidney Yang deficiency (SKYD) syndrome and phlegm–dampness retention (PDR) syndrome are both common in patients with dyslipidemia. In addition, the vascular endothelium is responsible for delivering nutrients in a dynamic way (Eelen et al., 2020), while dyslipidemia acts as a risk factor of cardiovascular disease, potentially by promoting endothelium dysfunction—a prerequisite for the occurrence of atherosclerotic manifestations (Scicchitano et al., 2019). A critical mechanism of endothelium dysfunction is oxidative stress. Excessive nitric oxide (NO) binding with hyperoxides can form a peroxynitrite anion (ONOO−), and ONOO− triggers oxidative stress of the vascular endothelium and endothelial injury through its oxidative effect (nitrification) on proteins, exacerbating the endothelial injury. Accordingly, the severity of endothelial injury can be indicated by ONOO− levels.
Our team has been studying the integration of TCM differentiation and Western medicine diagnosis alongside investigating endothelial injury differences as the characteristics between SKYD syndrome and PDR syndrome in dyslipidemia. Findings from our previous research have suggested that dyslipidemic patients with SKYD syndrome and PDR syndrome exhibit different serum ONOO− concentrations, reflecting the difference in TCM syndromes in a certain sense (Chen et al., 2016). Consequently, we theorize that different syndromes of dyslipidemia may correspond to different degrees of endothelial injury. In dyslipidemia, macrophages play a pivotal role in the process of endothelial injury. Recognizing this critical effect of macrophages, and following on from our previous study series, the present study focuses on aortic endothelial macrophages and explores the characteristics of the endothelial injury between individuals with SKYD syndrome and those with PDR syndrome as well as dyslipidemia.
In dyslipidemia, monocytes that migrate to the endothelium differentiate into macrophages via macrophage colony stimulating factors, and then damage the vascular endothelium. Macrophages consist of two subtypes, M1 and M2 macrophages (Davies and Taylor, 2015). Lactate dehydrogenase stimulates the expression of adhesion molecules and chemokines, thereby differentiating monocytes into macrophages through various pathways. M1 macrophages can release inflammatory factors that facilitate the progression of inflammation and further impair vascular endothelial cells (Pesce et al., 2009). M2 macrophages release anti-inflammatory factors that are involved in angiogenesis and tissue growth and delay the progression of inflammation (Moore and West, 2019). A prior study established that macrophages are indispensable in the formation of atherosclerosis (Yamada et al., 1998). Moreover, according to TCM theory, the two subtypes exhibit antagonistic characteristics, corresponding to “healthy Qi” (the ability to combat evils, preventing disease) versus “evil Qi” (pathogenetic factors, factors damaging healthy Qi). The interactions between healthy Qi and evil Qi are characterized by “healthy energy–evil struggles, mutually opposing and constraining, and the rule of waxing and waning” in the occurrence and development of diseases and syndromes.
Disease–syndrome combination is a significant mode for TCM diagnosis and treatment in the clinic. Furthermore, in this context, the in-depth investigation of diseases and syndromes requires biological studies using disease–syndrome animal models in agreement with the traits of TCM theories to apprehend the underlying mechanisms. The characteristics of such models, such as rigorous controls, high repeatability, and success rates, make it easier to regulate the research cycle, repetitively perform experiments, collect more data, and comprehensively analyze the data. Hence, the establishment of an appropriate disease–syndrome animal model is increasingly attracting research attention.
An important element of TCM syndrome research is the investigation of biological mechanisms and the characteristics of syndromes using animal models. Accordingly, we developed a disease–syndrome animal model in the present study for analysis. The quality of a disease–syndrome animal model can affect the accuracy and credibility of any study based on it. We employed multifactor-hybrid modeling and established dyslipidemic mouse models featuring SKYD syndrome and PDR syndrome, based on the model used in our previous study, so that the quality of the animal models could be ensured as much as possible. The disease model replicated the core physiopathologic process present during the occurrence and development of a disease, and the syndrome models each simulated the core etiology and pathology during the onset of a syndrome.
Transcriptomics is a technique used to study gene transcription and regulation related to TCM syndromes and is conducive to in-depth biological research toward a better understanding of the pathogenesis of TCM syndromes, and so warrants more prevalent application in TCM syndrome research (Jiang and Li, 2020). Gan et al. (2020) studied Yin deficiency–heat syndrome using transcriptomics technology and obtained its potential biomarkers. Currently, though, studies concerning the characteristics of SKYD syndrome and PDR syndrome in relation to dyslipidemia are rarely reported. Our study focuses on the two-way impacts between the severity of endothelial injury and macrophages, and analyzes the differences in biological processes and signaling pathways between different TCM syndromes (subtypes) of dyslipidemia using transcriptomic techniques. Thus, this study provides a reference for in-depth mechanical research of TCM syndromes and studies of the targets of TCM drugs.
MATERIALS AND METHODS
Figure 1 presents an overview of the study’s materials and methods, described in full below.
[image: Figure 1]FIGURE 1 | Flowchart of the study.
Experimental Animals
The animals featured in the research comprised 10 apolipoprotein E knockout (ApoE−/−) mice—male, 6 weeks old, body mass about 20 ± 5 g—and five C57BL/6J mice of the same strain—male, 6 weeks old, body mass about 20 ± 5 g. All animals were raised in the Beijing Changyang Xishan Farm; the rearing environment incorporated a room temperature of 21–25°C, 50%–70% humidity, and 12 h of alternating shade. The ethics of this study were approved by the animal ethics review committee of the Institute of Basic Theories of Chinese medicine, Chinese Academy of Chinese Medical Sciences, approval no. 201908006 (Beijing, China).
Experimental Reagents and Model-Making Feed
Main Reagents for the Experiment
LDL cholesterol test kit (Nanjing Jiancheng Bioengineering Institute Co., Ltd.); total cholesterol lipoprotein test kit (Nanjing Jiancheng Bioengineering Institute Co., Ltd.); HDL cholesterol test kit (Nanjing Jiancheng Bioengineering Institute Co., Ltd.); triglyceride test kit (Nanjing Jiancheng Bioengineering Institute Co., Ltd.); FITC anti-mouse F4/80 antigen (BM8.1) (Tonbo Biosciences Co., Ltd.); PE anti-human/mouse CD11b (M1/70) (Tonbo Biosciences Co., Ltd.); hematoxylin–eosin (HE) staining solution (Aijia Biotechnology Co., Ltd.).
Experimental Modeling Feed
The dyslipidemic feed formula consisted of 63.6% basal feed +15% lard +20% sucrose +1.2% cholesterol +0.2% sodium cholate, provided by Beijing Keaoxieli Feed Co.
Modeling and Evaluation Methods of Animal Models of Diseases and Syndromes
Modeling Methods
The PDR Group
Five ApoE knockout mice were randomly selected and fed a high-fat diet for 4 weeks, from Weeks 1–4 (the disease model was constructed at 2 weeks, and the syndrome model was constructed at 2 weeks).
The SKYD Group
Five ApoE knockout mice were randomly selected and given 0.1% propylthiouracil by gavage at a dose of 10 mg/(kg·d) during Weeks 1–4 (constructing the syndrome model), and high-fat chow for 2 weeks during Weeks 5 and 6 (constructing the disease model).
The Normal Control Group
Five C57BL/6J mice were given normal chow for modeling for a total of 4 weeks from Weeks 1–4.
Model Evaluation Methods
Model evaluation was completed as follows: 1) evaluation of model quality of dyslipidemia by means of serum lipid index testing and aortic pathology staining; 2) evaluation of model quality of the PDR group and the SKYD group by observing the characteristic manifestations of the syndromes.
Sampling and Macrophage Screening Methods
Mice were fasted without water for 18 h before sampling and given anesthesia for execution.
Animal Serum
Animals in the PDR group, the SKYD group, and the NC group, after taking whole blood, placed in conventional serum tubes, 3,000 rpm for 10 min, separated serum, divided and immediately stored in −80°C refrigerator.
Animal Tissues
Aortic tissues were taken from animals in the PDR group and the SKYD group.
Macrophages
Aorta of animals from the PDR group and the SKYD group were isolated and removed intact, digested by adding trypsin, sieved and ground, digestion was terminated, centrifuged, supernatant was decanted, re-suspended by adding PBS, centrifuged again, supernatant was decanted, and labeled with FITC anti-mouse F4/80 antigen (BM8.1) and PE anti-human/mouse CD11b (M1/70), blown and re-suspended, and stored away from light. After labeling the macrophages, the macrophages were screened by fluorescence-activated cell sorting (FACS) using the MoFlo XDP Ultra-Fast Flow Cell Sorting System (Beckman Coulter Co., Ltd.). (See Supplementary Material S1).
Measurement of Indicators
General Observation of the Model
Observing and recording mental status, body hair glossiness, movement, feces, etc.
Lipid Index Testing
Serum testing of TG, TC lipoprotein, HDL-C, and LDL-C levels in each group.
Aortic Histopathology
Specimens were fixed in 10% neutral formalin at room temperature for 24 h. The specimens were fixed for 48 h at room temperature using freshly prepared 4% formaldehyde, followed by paraffin embedding and sectioning. Specimens were cut into 4 mm-thick sections and subjected to histological HE staining to observe the morphological features of the vascular endothelium.
After staining, the slices were photographed and examined using an optical microscope (AE41; Motic) equipped with a digital scanner (Panoramic MIDI; 3DHISTECH) to record images of the stained slices.
Macrophage Transcriptomic Sequencing and Data Analysis
Total RNAs of macrophages were extracted in accordance with the TRIzol® manual (Life Technologies, Inc., Gaithersburg, MD, United States). Preparation of library and sequencing of transcriptomes were carried out using Illumina HiSeq X Ten (Novogene Bioinformatics Technology Co., Ltd., Beijing, China). The mapping of 100-bp paired-end reads to genes was undertaken using HTSeq v0.6.0 software, while fragments per kilo base of transcript per million fragments mapped (FPKM) were also analyzed. Raw reads from RNA-Seq libraries were trimmed to remove the adaptor sequence and the reads with adaptor contaminants and low-quality reads (the mass value Q score <5 of the base number accounts for more than 50%) and reads from N (N indicates that the base information that cannot be determined) which was >10%.
After filtering, reference genome and gene model annotation files were downloaded from a genome website browser (NCBI/UCSC/Ensembl). Indexes of the reference genome were built using Bowtie (version 2.0.6) and paired-end clean reads were aligned to the reference genome using TopHat (version 2.0.9). Bowtie was used for a Burrows–Wheeler transform algorithm for mapping reads to the genome, and TopHat can generate a database of splice junctions based on the gene model annotation file and thus achieve a better mapping result than other non-splice mapping tools.
For the quantification of gene expression level, HTSeq (version 0.6.1) was used to count the read numbers mapped for each gene. The reads per kilo base of transcript per million mapped reads (RPKM) of each gene was calculated based on the gene read counts mapped to this gene. A differential expression analysis was performed using the DESeq R package (3.18.1). The p values were adjusted using the Benjamini and Hochberg method. A corrected p value of 0.05 and absolute fold change of 2 were set as the threshold for significantly differential expression.
Gene ontology (GO) enrichment analysis of differentially expressed genes (DEGs) was implemented using the clusterProfiler R package, in which gene length bias was corrected. GO terms with a corrected p value of less than 0.05 were considered significantly enriched by DEGs.
Statistical Methods
Subject-related data were statistically processed by applying SPSS (version 19.0) statistical software. The measurement data were expressed as the mean plus or minus the standard deviation. A one-way analysis of variance with randomized group design was used for comparison between groups; Fisher’s least significant difference test was used for two-way comparison, if the data variance was the same; Tamhane’s test was used for two-way comparison, if the variance was not the same; and the difference was considered statistically significant at p < 0.05. The test level was α = 0.05, and the confidence interval for parameter estimation was 95%.
RESULTS
General Information and Macro Behavioral Performance
Ten ApoE knockout mice and five C57BL/6J mice of the same strain without deletion were used in the experiment, with 15 mice entering into the resulting analysis. Before sampling, the mice in the PDR group had exhibited loss of body hair brightness, lethargy, and laziness; the mice in the SKYD group had showed arching of the back and curling up, tranquil, lethargy, lying down, and a propensity to pile up.
Comparison of Blood Lipid Indexes
Evaluating the lipid indexes, compared with the NC group, TG, TC, and LDL-C levels were found to be significantly higher in the PDR group and the SKYD group, p < 0.05. Compared with the NC group, no significant statistical differences were perceived between the HDL-C indexes of the PDR and SKYD groups. No significant statistical differences were seen between the PDR and SKYD groups when comparing TG, TC, and HDL-C levels. Also, no statistically significant differences were found in the comparisons of the TG, TC, HDL-C, LDL-C, and LDL-C indexes between the PDR and SKYD groups. These results are summarized in Tables 1–4.
TABLE 1 | Total cholesterol index in three groups of mice (mean ± standard deviation).
[image: Table 1]TABLE 2 | Triglycerides index in three groups of mice (mean ± standard deviation).
[image: Table 2]TABLE 3 | HDL-C index in three groups of mice (mean ± standard deviation).
[image: Table 3]TABLE 4 | LDL-C index in three groups of mice (mean ± standard deviation).
[image: Table 4]Comparison of HE Staining Examination
The aortas from the PDR group and the SKYD group were examined using HE staining. The endothelial surface of the vessels was observed to be smooth, the inner, middle, and outer membranes showed clear, and no obvious lipid deposition or lipid streak production was seen. See Figure 2.
[image: Figure 2]FIGURE 2 | The aorta was stained with hematoxylin and eosin. Scale bars represent 100 μm.
Transcriptome Sequencing Analysis of Macrophages in Mice With Dyslipidemia Syndrome Model
Analysis of DEGs in Macrophages of Mice With Different Syndromes of Dyslipidemia Generated by RNA Sequencing
After comparing the DEG expressions in macrophages in dyslipidemic mice with different syndromes, 4,142 genes were identified with statistical significance, p < 0.05. Among them, 1,781 genes were upregulated and 2,361 genes were downregulated. See Figure 3.
[image: Figure 3]FIGURE 3 | Quantitative comparison of gene expression levels in aortic macrophages of mice with dyslipidemia: PDR group vs. SKYD group.
Through additional reference to bioinformatics information, a total of 284 DEGs were selected in this study for in-depth analysis of content related to vascular endothelial injury. In a comparison of the 74 DEGs between the PDR group and the SKYD group, the number of reads in the PDR group was statistically higher than that in the SKYD group, p < 0.05. See Supplementary Material S2.
GO Enrichment Analysis of DEGs Associated With Vascular Endothelial Injury in Macrophages
Through GO enrichment analysis based on DEGs, macrophage sequencing data of mice in the PDR group and the SKYD group were analyzed, focusing on the enrichment results of biological processes related to vascular endothelial injury.
The differential pathways that were upregulated in the PDR group compared to the SKYD group primarily included the arachidonic acid (AA) metabolic process, epoxygenase P450 pathway, response to interferon-gamma, and cellular response to interferon-beta, as illustrated in Figure 4.
[image: Figure 4]FIGURE 4 | Different biological process of upregulation in the group with PDR syndrome compared with the group with SKYD syndrome.
The differential pathways that were upregulated in the SKYD group compared to the PDR group primarily included blood vessel morphogenesis, angiogenesis, response to growth factor, cellular response to growth factor stimulus, chemotaxis, and taxis. See Figure 5.
[image: Figure 5]FIGURE 5 | Different biological process of upregulation in the group with SKYD syndrome compared with the group with PDR syndrome.
DISCUSSION
Dyslipidemia may significantly increase the morbidity and mortality associated with cardiovascular diseases (Lee et al., 2017). Prior research has found that effective control of blood lipid levels may reduce the possibility of relapsed coronary heart disease and its mortality (Mozaffarian et al., 2015). Therefore, proactive diagnosis and treatment for dyslipidemia, the most critical risk factor of atherosclerosis, is essential for decreasing the incidence and mortality of coronary heart disease and cerebral infarction (Rhee et al., 2019).
Treatment based on syndrome differentiation is the quintessence of TCM (Xu et al., 2021). Syndromes as a distinctive concept in TCM are the core content of the theory and provide vital evidence for treatment and prescription. TCM treatment has been shown to offer advantages in the management of dyslipidemia (Sham et al., 2014; Xu et al., 2019). The predominant mechanisms encompass inhibiting cholesterol absorption in the intestines and biological synthesis of endogenous lipids, regulating lipoprotein lipase activity and cholesterol transport, promoting the conversion of cholesterol into bile acids and cholesterol emission, and the regulatory effects of lipid metabolism-related transcription factors in TCM drugs (Bei et al., 2012). Syndromes represent conclusions made regarding the location and nature of the current stage of a disease, focusing on the pathological changes of the body’s response state at a certain stage of a disease. In the context of the current study, the precise discrimination of exact TCM syndromes of dyslipidemia is the prerequisite and basis of TCM treatment. Therefore, TCM syndrome research is a critical link in TCM modernization, wherein biological syndrome research is most significant, providing evidence for the onset and evolution of syndromes and effective mechanisms behind specific interventions for syndromes.
RNA-Seq is a next-generation approach using high throughput sequencing available for low-abundance genomes. It is sensitive for gene structure analysis and gene expression and function assessments to unveil internal molecular mechanisms behind specific biological processes and the pathogenesis of diseases. The features of these genes consist of classic genetic features (nucleotide sequence changes) and epigenetic features (heritable phenotype changes without nucleotide sequence alterations). Transcriptomics can provide gene expression information under certain conditions and reveal the mechanism of action of specific genes, which is consistent with the TCM theory that diseases express different syndromes under the influence of internal and external causes. Our study investigated the syndrome–biological mechanism of dyslipidemia using RNA-Seq.
Our previous serum metabonomics studies of dyslipidemic patients with PDR syndrome and SKYD syndrome found that the accumulation of harmful metabolites is the predominant metabolic trait in patients with PDR syndrome, while a lack of protective metabolites is the main metabolic feature in patients with SKYD syndrome. Further analysis has shown that oxidation and inflammatory responses are essential contributors to the different metabolic characteristics between the two syndromes (Chen et al., 2019). Thus, in-depth study of SKYD syndrome and PDR syndrome in dyslipidemia necessitates research concerning oxidation and inflammatory responses.
Macrophages are pivotal in the formation of atherosclerosis following oxidative stress damage to the vascular endothelium. M1 macrophages can promote inflammation and tissue damage, while M2 macrophages can release anti-inflammatory factors and enhance plaque stability. Endothelial dysfunction and the subsequent oxidative inflammatory reaction represent the core pathological mechanism of dyslipidemia. Macrophages are recruited toward endothelial cells, which is an early stimulus of atheromatous plaque formation (Tiwari et al., 2008) and the chief basis of the incidence of atherosclerosis. Based on our previous research, in the present study, we established the disease–syndrome animal models for and explored the characteristics of the aortic endothelial macrophages between PDR syndrome and SKYD syndrome of dyslipidemia, using RNA-Seq. Our findings from the current research are presented in the following subsections.
Quality Assessment of the Dyslipidemia Disease Model Using Serum Lipids Analysis and HE Staining of the Aorta Revealed Success in Disease Modeling
Compared with the NC group, TG, TC, and LDL-C levels significantly increased in mice of the PDR and SKYD groups and exceeded the upper limit of the normal range, in conformity to the diagnostic criterion of dyslipidemia. The HE staining of the aorta revealed a smooth endothelial surface and clear borders between inner, medial, and outer layers in mice from the PDR and SKYD groups, without pronounced lipid accumulation and fatty streaks. These results indicated that there were no pathological manifestations of atherosclerosis in the mice of the two groups. The HE staining results implied the satisfactory quality of the dyslipidemia modeling.
However, there were no significant differences in TG, TC, HDL-C, and LDL-C levels between the PDR and SKYD groups. Therefore, the differences in transcriptomic traits and biological results between the two groups based on RNA-Seq in subsequent studies may not be caused by the disease itself, but by syndromes (subtypes).
Quality Assessment of the Two Syndrome Models (PDR, SKYD) Through Behavioral Tests Indicated the Feasibility of Syndrome Modeling
The characteristics of mice in the PDR group included their being fat in body shape, with a reduced brightness of hair, lethargy, slow responses, lazy to move, as well as soft, formed, and sticky feces, consistent with clinical manifestations of PDR syndrome. The behavioral features of mice in the SKYD group incorporated matted hair, slight paw and nail coloration, shrinking of the body, tranquil, fatigue, sleepiness, sticking together, low-temperature tail, decrease in food and water intake, and loose and watery stools. These were in agreement with clinical manifestations of SKYD syndrome. These results indicate that syndrome modeling can simulate typical symptoms of the corresponding syndrome.
Transcriptomic Data of Macrophages Showed Pro-Inflammatory Activities in the Vascular Endothelium in Dyslipidemic Mice With PDR Syndrome and SKYD Syndrome, but the Mechanisms Were Different
IFN-γ and IFN-β Expressions Were Upregulated in Macrophages in Dyslipidemic Mice With PDR Syndrome, Promoting Endothelial Inflammation
It is known that interferon gamma (IFN-γ) can facilitate the progression of inflammatory diseases—for example, inflammatory bowel disease and atherosclerosis. In-vitro and in vivo studies have found IFN-γ may damage epithelial cells and endothelial barrier integrity (Ng et al., 2015). Moreover, IFN-γ exerts significant impacts on the biological properties of the vascular endothelial cells. It may initiate vascular remodeling around microvascular endothelial cells (Chrobak et al., 2013). Monocyte-derived macrophages are induced by the pro-inflammatory factor IFN-γ, which are of vital significance during plaque formation. Both IFN-γ and macrophages are major players in oxidative stress. Just like other pro-inflammatory factors, IFN-γ acts as a significant trigger of the synthesis and release of reactive oxygen species (Schroecksnadel et al., 2006).
Interferon beta (IFN-β) mRNA can effectively induce endothelial chemokine expression (Buttmann et al., 2007). It enhances endothelial cell adhesion to eosinophils mainly through upregulating vascular cell adhesion molecule-1 and intercellular adhesion molecule-1 expressions (Kobayashi et al., 2008). IFN-β fuels the formation of macrophage foam cells via a macrophage scavenger receptor class A (SR-A)-mediated cholesterol influx and an ATP-binding cassette transporter (ABCA1)-mediated efflux of mechanisms, thus expediting the incidence of atherosclerosis (Boshuizen et al., 2016).
Under TCM, PDR syndrome is a type of sthenia syndrome. The phlegm evil is both the pathological product and pathogenic factor, impeding the delivery and movement of Qi, thus resulting in body fluid stagnation and hydrops or damp evil accumulation and phlegm. Turbid phlegm can block the vessels and bring about damage that causes blood vessels to be blocked. This then affects the operation of Qi and blood, resulting in their poor operation, which can lead to the occurrence of diseases over time. Finally, the vascular endothelium is impaired.
Our results showed that IFN-γ and IFN-β expressions in macrophages were upregulated in dyslipidemic mice with PDR syndrome, and at significantly higher levels than in mice with SKYD syndrome. This finding suggests that vascular endothelial injury induced by IFN-γ and IFN-β overexpression in vascular endothelial macrophages is a characteristic of PDR syndrome in dyslipidemia.
Macrophage Chemotaxis and Taxis Were Enhanced in Dyslipidemic Mice With SKYD Syndrome, Promoting Endothelial Inflammation
Macrophages are inflammatory cells, and their accumulation can stimulate cytokine and chemokine release, initiating immune responses and accelerating plaque formation (Liehn et al., 2006). The secreted chemokines infiltrate atherosclerotic plaques at an early stage (Weber et al., 2008). Despite the role in lipid accumulation, macrophage foam cells also release pro-inflammatory factors and chemokines, further stimulating vascular endothelial cells, fueling vascular endothelial inflammation, and exacerbating the disease (Kleemann et al., 2008). A prior study found that resveratrol could exert a protective effect on the heart via inhibiting endothelial cell migration and monocyte chemotaxis (Cicha et al., 2011).
The TCM mechanism of SKYD syndrome in dyslipidemia refers to spleen–kidney Yang deficiency. The spleen and kidneys are weak, which will cause the loss of Qi and Yang. The deficiency of spleen Yang and kidney Yang can lead to the loss of a warm body. The function of Qi is abnormal, which causes the decrease of its protective effect. Furthermore, as the body lacks warmth from Yang–Qi and corresponding protection, the vascular endothelium can be easily injured.
Our results showed that macrophage chemotaxis and taxis were significantly enhanced in dyslipidemic mice with SKYD syndrome, compared with the PDR mice. This finding suggests that vascular endothelial injury induced by enhanced macrophage chemotaxis and taxis was the main characteristic of the SKYD syndrome in dyslipidemia.
The above results demonstrate that different biological processes resulted in vascular endothelial injury in PDR syndrome and SKYD syndrome with dyslipidemia, indicating different injury mechanisms of the two syndromes. These results also imply that there exist biological bases behind the pathogenesis of TCM syndromes.
Transcriptomic Data of Macrophages Showed Protection for the Vascular Endothelium in Dyslipidemic Mice With PDR Syndrome and SKYD Syndrome, but the Mechanisms Were Different
AA Metabolic Process and Epoxygenase P450 Pathway Levels Increased in Macrophages in Dyslipidemic Mice With PDR Syndrome, Exerting Protection Effects on the Vascular Endothelium
Growing evidence has shown that AA metabolism is crucial in maintaining vascular homeostasis, closely associated with the occurrence and development of cardiovascular diseases (Xue et al., 2015). AA is an amphiphilic compound affecting endothelial cell migration; without the involvement of receptor-specific signaling, it affects endothelial cell metabolism and membrane viscosity (Jensen et al., 2007). AA metabolic pathways are pivotal in platelet activation and gastric damage (Rukoyatkina et al., 2018). Suppressing AA metabolism can further block endothelial cell migration, inducing cell apoptosis (Jantke et al., 2004). A recent study has reported that Panax notoginseng saponins combined with aspirin inhibited platelet activity via enhancing AA metabolism (Wang et al., 2021).
Cytochromes P450 (CYP450) refer to a third pathway for AA metabolism (Roman, 2002). CYP450 metabolites of AA in endothelial cells may impact endothelial function. AA is metabolized by CYP450 and cyclooxygenase (COX) into bioactive eicosanoids, exerting vascular protection effects (Spiecker and Liao, 2005). AA is also metabolized by CYP450 and COX into four regioisomeric epoxyeicosatrienoic acids (EETs) used for bioprotection and cardioprotection (Xu et al., 2011). EETs have multiple nutritive functions, including the anti-inflammatory effect, in their cardioprotection (Node et al., 1999). Decreases in EETs expressions may lead to the onset of cardiovascular diseases and endothelial dysfunction (Bellien et al., 2012).
Our analysis showed significant upregulations of AA metabolic process and epoxygenase P450 pathway levels in macrophages in dyslipidemic mice with PDR syndrome, compared to the SKYD mice. These results indicate that endothelial protection from macrophages via AA and CYP450 overexpressions is another trait of PDR syndrome in dyslipidemia.
Biological Process Items, Including Angiogenesis, Blood Vessel Morphogenesis, Response to Growth Factor, and Cellular Response to Growth Factor Stimulus, Whose Activities Were Significantly Enhanced for Macrophages in Dyslipidemic Mice With SKYD Syndrome, Which Facilitated Angiogenesis and Vascular Repair
Angiogenesis consists of multiple, intricate, highly coordinated processes in which endothelial cells with dynamic changes are of great importance (Potente et al., 2011). Angiogenesis may occur in the pathological environment (Alvarez Arroyo et al., 1998) and be initiated by endothelial cell activation. The genetic program of endothelial cells triggers the modulation of angiogenic phenotype. Macrophages are significant regulators for tissue homeostasis, growth and repair, and morphogenesis. The growing endothelial cells can respond to extracellular signaling molecules, such as extracellular matrix molecules, chemokines, growth factors, and cell adhesion molecules (Jeong et al., 2017). Growth factors and cytokines secreted from macrophages (Lucas et al., 2010) may promote the formation of new blood vessels via recruiting new blood vessels and modifying the extracellular matrix (Corliss et al., 2016). Vascular endothelial growth factors (VEGFs) are considered the most robust booster for angiogenesis, increasing the survival of endothelial cells and enhancing mitosis (Dvorak, 2005). Numerous studies have demonstrated that VEGFs are expressed in macrophages (Guo et al., 2018). They can stimulate assorted cell functions of endothelial cells via high-affinity binding to two tyrosine kinase receptors, VEGF receptor (VEGFR) 1 and VEGFR2 (Zachary, 2003).
Our study found that the top biological process items enriched in macrophages in dyslipidemic mice with SKYD syndrome were angiogenesis, blood vessel morphogenesis, response to growth factor, and cellular response to growth factor stimulus, whose activities were significantly enhanced, compared to the PDR group. This finding suggested that angiogenesis and vascular repair via enhancing macrophage chemotaxis and taxis are another critical feature of SKYD syndrome in dyslipidemia.
The above results indicate that vascular protection mechanisms are distinct between PDR syndrome and SKYD syndrome in dyslipidemia. This further implies different protection mechanisms in the two syndromes, which in turn further corroborates that there exist biological bases behind the pathogeneses of TCM syndromes.
According to the results presented in Sections Transcriptomic Data of Macrophages Showed Pro-Inflammatory Activities in the Vascular Endothelium in Dyslipidemic Mice With PDR Syndrome and SKYD Syndrome, but the Mechanisms Were Different and Transcriptomic Data of Macrophages Showed Protection for the Vascular Endothelium in Dyslipidemic Mice With PDR Syndrome and SKYD Syndrome, but the Mechanisms Were Different, vascular endothelial injury was induced by different biological processes in PDR syndrome versus SKYD syndrome in dyslipidemia. But there was also found to be angiogenesis and vascular repair in the pathogenetic process. The two opposite processes—injury and repair—are consistent with the TCM tenet that “healthy Qi and evil Qi are struggling throughout the incidence and dynamic development of diseases and syndromes.” As the injury effect outweighs the repairing effect, the state of diseases takes place.
Different Transcriptomic Characteristics of Aortic Endothelial Macrophages Between Dyslipidemic Mice With PDR Syndrome and SKYD Syndrome are Manifested by Distinct Biological Control Processes During Both Harmful and Protective Biological Processes, Indicating Different Biological Bases Behind Different Syndromes of the Same Disease and Providing Biological Evidence for the TCM Principle of “Treating the Same Disease With Different Treatments”
See Figure 6.
[image: Figure 6]FIGURE 6 | There are different biological processes of macrophages in the dyslipidemia PDR syndrome group and the SKYD group.
In the TCM clinic, Western medicine diagnosis is often combined with TCM syndrome diagnosis for the management of a disease. Research about the association between Western diseases and TCM syndromes is believed to be one of the most important steps for modern TCM diagnostics studies. Based on the confirmation of a Western disease, disease–syndrome research can not only elucidate the biological bases for TCM differentiation but also help to advance innovative research on the “disease–syndrome therapy formula” and thereby provide precise and rational treatment.
Previous TCM syndrome research has emphasized harmful factors in a syndrome scenario, without much attention to the body’s self-protection in this process. The present study, however, did both, focusing on an analysis of harmful factors and protective factors, and thereby providing an innovative dimension. The unity of opposites—protective and harmful effects—is achieved through dynamic balancing between healthy Qi and evil Qi via mutual conflicts, mutual restriction, and mutual repulsion. Diseases can occur when evil Qi outstrips healthy Qi, per the TCM principle that affirms, “when there is sufficient healthy Qi inside, pathogenic factors have no way to invade the body; where pathogenic factors accumulate, the parts of the body must be deficient in the healthy Qi.” TCM treatment should be implemented based on the accurate discrimination of diseases and syndromes and precisely resolve issues by correcting an imbalance between healthy Qi and evil Qi through prescriptions and formulas.
Our transcriptomic analysis of aortic endothelial macrophages in dyslipidemic mice with PDR syndrome and SKYD syndrome provided notable results, as follows. First, DEGs were identified between dyslipidemic mice with PDR syndrome versus SKYD syndrome, proving different biological mechanisms during the pathogenesis of different syndromes, from the perspective of syndrome research. Second, there were found to exist different biological processes between PDR syndrome and SKYD syndrome in dyslipidemic patients, including harmful and protective biological processes. When evil Qi invades the body to produce harmful effects, healthy Qi also responds to it and thereby generates protective responses in a syndrome scenario, which corresponds with the TCM principle that “healthy Qi and evil Qi are struggling throughout the incidence and dynamic development of diseases and syndromes.” Therefore, the occurrence of syndromes can be understood to be a result of healthy energy–evil struggles. This, in turn, may help to explain why TCM treatment for one disease with various therapies and formulas can achieve satisfactory efficacy, in that it could be attributed to different drugs targeting different biological processes. Our work offers biological mechanisms for the TCM theories “treating different syndromes with different treatments” and “formula corresponding to the syndrome.” Third, though patients may be diagnosed with the same disease (i.e., dyslipidemia), different formulas should be selected according to their particular syndromes (i.e., giving consideration to the distinct biological processes occurring within PDR syndrome vs. SKYD syndrome). Our study provides biological evidence behind the TCM principle of “treating the same disease with different treatments,” embodying the scientificity of “treatment based on syndrome differentiation.”
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K. galanga is an aromatic medicinal herb. It is locally to India and distributed in China, Myanmar, Indonesia, Malaysia, and Thailand. K. galanga is a Traditional Chinese Herb Medicine (TCHM), which has been applied to treat cold, dry cough, toothaches, rheumatism, hypertension and so on. In addition, it has been used widely as spices since its highly aromas. The aim of this review is to compile and update the current progresses of ethnomedicinal uses, phytochemistry, pharmacology and toxicology of K. galanga. All the data on K. galanga were based on different classical literary works, multiple electronic databases including SciFinder, Web of Science, PubMed, etc. The results showed that ninety-seven compounds have been identified from rhizome of K. galanga, including terpenoids, phenolics, cyclic dipeptides, flavonoids, diarylheptanoids, fatty acids and esters. Modern pharmacology studies revealed that extracts or secondary metabolites of the herb possessed anti-inflammatory, anti-oxidant, anti-tumorous, anti-bacterial, and anti-angiogenesis effects, which were closely related to its abundant ethnomedicinal uses. In conclusion, although previous research works have provided various information of K. galanga, more in-depth studies are still necessary to systemically evaluate phytochemistry, pharmacological activities, toxicity and quality control of this herb.
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INTRODUCTION
K. galanga is from a dried rhizome of herb Kaempferia galanga L., belonging to the important family Zingiberaceae and genus Kaempferia. It also called sand ginger, aromatic ginger in different areas. K. galanga is native to India, and commonly found in China, Myanmar, Indonesia, Malaysia, and Thailand (Wang and Tang, 1980; Santhoshkumari and Devi, 1991). In Southern China, such as Guangxi, Guangdong, Yunnan are the main producing areas of K. galanga. In China, being a source of valuable bioactive compounds, it was used as a folk medicine due to its good curative effect on rheumatism, dry cough, colic, muscle pain, inflammations, as well as tumors (Park et al., 2005; Liu et al., 2010; He et al., 2012). In India, K. galanga was used in the treatment of intestinal wounds and urticarial (Nazar et al., 2008; Seth and Maurya, 2014). In Malaysia, K. galanga was also applied for abdominal pain and postpartum care in woman (Hirschhorn, 1983). Moreover, it could also be used as food condiment. According to Sivarajan and Balachandran (1994), K. galanga was used to treat phlegm, fever, cough, meanwhile, it also exerts good effect as a diuretic, anabolic, and carminative.
To date, phytochemical studies have discovered many chemical compounds of the plant, mainly terpenoids, phenolics, diarylheptanoids and flavonoids. Also, it has revealed that the components or extracts from K. galanga exhibit anti-inflammatory, anti-oxidant, anti-tumorous, anti-angiogenesis, and other effects in Figure 1 (Umar et al., 2014; Wu et al., 2015; Zhou et al., 2015; Yao et al., 2018; Srivastava et al., 2019). However, pharmacological researches mainly focus on the crude extracts and characteristic compounds especially trans ethyl p-methoxycinnamate. Furthermore, many active components in the extracts of K. galanga have not been fully investigated yet as well as the mechanisms of action. In addition, biological evaluations should take appropriate effective dose, the frequency of administration and duration of treatment into consideration. Thus, there are many issues worthy of further study.
[image: Figure 1]FIGURE 1 | Primary reactions and constituents supporting various biological effects of K. galanga. The TCHM shows antitumor, anti-inflammatory, anti-oxidant, anti-sunburn, antimicrobial, vasodilatory, anti-angiogenic and anti-osteoporosis activities, et al. Multiple types of constituents (see Table 3) are contributed to such evident pharmacological profiles of this plant.
Although previous reports provided great inspiration and help for us (Umar et al., 2011; Munda et al., 2018; Elshamy et al., 2019; Kumar, 2020), we are more concerned about the application of K. galanga in ethnomedicine, its relationship with phytochemistry, modern pharmacology, and its toxicity. Herein, we conducted a comprehensive review on the phytochemistry, pharmacology, toxicology and ethnomedicinal uses of K. galanga. We also discuss the limitations of the current studies of the herb and suggest areas of interest for potential future research. We hope to provide valuable information for future in-depth investigations and applications of the herb.
REVIEW METHODOLOGY
The literature for this review was collected from different classical literary works, multiple electronic databases including SciFinder, Web of Science, PubMed, Science Direct, Wiley, Springer, CNKI, and PhD, MSc dissertations in Chinese and Pharmacopoeias prior to December 2020 on phytochemistry, pharmacology, toxicology and ethnomedicinal uses of K. galanga. A total of 97 publications were collected after preliminary screening, among them, 24 publications used for traditional uses, 34 publications used for phytochemistry, 39 publications used for pharmacological activities. The search terms “Kaempferia galanga L” and “K. galanga essential oils” were used with no exact time limit. Identify potential full-texts of eligible papers, and check additional and unpublished citations for all relevant references.
ETHNOMEDICINAL USES
K. galanga has been considered as an important herbal medicine with a long history in China, on the basis of its wide spectrum of biological activities. K. galanga was listed in the Chinese medical classic “Compendium of Materia Medica” (Ming dynasty), and it had a good effect on the treatment of pains and cold-damp dysentery. According to the Pharmacopoeia of the People’s Republic of China, K. galanga is pungent, warm natured in flavor and belonging to the stomach meridian, and has the action of activating Qi, warm interior, remove digestion and relieve pain.
In addition, K. galanga showed significant increase in urine volume and also increased level of sodium and potassium in urine which proves as a strong diuretic agent. Therefore, the results provided a quantitative basis to explain the traditional folkloric use of K. galanga as a diuretic agent (Mohammad et al., 2016).
The traditional methods of K. galanga are to decoct in water or mash for external use, and a dose of 6–9 g for oral medication is recommended by the Chinese Pharmacopoeia (China Pharmacopoeia Commission, 2015). In addition, although K. galanga was widely used, there were few studies on its side effects. The ethnomedicinal uses of K. galanga are listed in Table 1.
TABLE 1 | Ethnomedicinal uses of K. galanga.
[image: Table 1]PHYTOMEDICINAL FORMULATIONS
K. galanga has been used as a phyto-ingredient in some classical medicinal formulations. It was combined with other herb to treat common pains, cold, digestive disorders as formulations, and these formulations could be made into different dosage forms or decocted with water depending on the maximum efficacy to use them. (Kanjanapothi et al., 2004). The traditional formulations containing K. galanga are listed in Table 2.
TABLE 2 | Classic prescriptions of K. galanga.
[image: Table 2]TOXICOLOGY
Although K. galanga has long been used as TCHM, its systematic toxicity and safety evaluations are still unclear. The acute and subacute toxicity tests of its rhizomes ethanol extract (maximum single oral dose up to 5,000 mg/kg (b. w.), and daily dose of 1,000 mg/kg (b. w.) for 30 consecutive days) showed that it has no significant toxicity regarding to the morbidity and mortality (Amuamuta et al., 2017).
Similarly, Kanjanapothi et al. have reported that the maximum tolerated dose (MTD) of ethanol extract of rhizomes of K. galanga was up to 5,000 mg/kg and no death occurred in rats by oral administration. Hematological analysis showed no difference in any parameter tested between control and test group in male and female. Moreover, no abnormal in pathology and histopathology, and no irritation in the skin. Besides, in 28 days subacute toxicity studies, there was no death occurred when the ethanolic K. galanga extract was treated the dosage of 25, 50 or 100 mg/kg (Kanjanapothi et al., 2004). Therefore, K. galanga is safe for the vital organs during treatment depending on the above toxicological studies.
PHYTOCHEMISTRY
Chemical characteristics of K. galanga showed the existence of various types of secondary metabolites such as terpenoids, phenolics, cyclic dipeptides, diarylhaptanoids, flavonoids, polysaccharides, and essential oils. A total of 97 compounds have been obtained from the rhizome of K. galanga. In this article, we will present each types of compounds in Table 3, and structures in Figures 2-7.
TABLE 3 | Chemical constituents isolated from K. galanga.
[image: Table 3][image: Figure 2]FIGURE 2 | Chemical structures of main volatile components in K. galanga.
[image: Figure 3]FIGURE 3 | Structures of terpenoids isolated from K. galanga.
[image: Figure 4]FIGURE 4 | Structures of phenolics isolated from K. galanga.
[image: Figure 5]FIGURE 5 | Structures of cyclic dipeptides and flavonoids isolated from K. galanga.
[image: Figure 6]FIGURE 6 | Structures of diarylheptanoids, fatty acids and esters isolated from K. galanga.
[image: Figure 7]FIGURE 7 | Structures of polysaccharides and other compounds isolated from K. galanga.
Volatile Constituents
The species of the chemical constituents of essential oils has been studied for many years. They were isolated by steam distillation or supercritical fluid extraction, and analyzed by GC-MS. Volatile oils are generally composed of esters, hydrocarbons, terpenes and aromatic compounds. The 19 major compounds of essential oils are esters and terpenoids such as ethyl cinnamate, p-methoxycinnamate, pentadecane, δ-selinene, borneol, eucalyptol (Fan et al., 2005; Zhou et al., 2006; Zhang, 2007; Cui et al., 2008; Wang et al., 2009; Sutthanont et al., 2010; Liu et al., 2014; Luo et al., 2014; Raina and Abraham, 2016; Yang et al., 2018) (Table 4; Figure 2).
TABLE 4 | Major compounds of essential oils of K. galanga.
[image: Table 4]These essential oils show various promising pharmacological and therapeutic potentials, particularly, ethyl cinnamate and p-methoxycinnamate (Peter, 2004; Raina and Abraham, 2016). What’s more, K. galanga. has always been used as food flavoring and aromatic, due to its flavor and fragrances, which might be up to ethyl p-methoxycinnamate (Srivastava et al., 2019).
Terpenoids
Terpenoids were the representative class of compounds isolated from K. galanga. To date, 26 terpenoids (1–26, Figure 3) have been isolated and identified, which included monoterpenoids, sesquiterpenoids and diterpenoids. Most of them were isopimarane type diterpenoids with the typical structural features of two double bonds of △15(16), △8(9) and/or △8(14).
Among them, 3-caren-5-one (1) was a monoterpene ketone, which was isolated from methanolic extract of K. galanga firstly (Kiuchi et al., 1987). More recently, four new diterpenoids 6, 19, 20, 26 were isolated and elucidated. Kaemgalangol A (6) was isolated from the chloroform fraction of methanol extract of K. galanga, and it was remarkable that 6 contained a rare 9,10-seco-isopimarane skeleton (Ningombam et al., 2018). From the hexane fraction of 95% ethanol extract of K. galanga, diterpenoids 19 and 20 were also identified (Tungcharoen et al., 2020). Compound 26 was isolated from the chloroform fraction of 75% ethanol extract of K. galanga (Yao, 2018).
Phenolics
Phenolics (27–41, Figure 4) are compounds with a phenolic hydroxyl group (Li et al., 2017a; Hua et al., 2018). Depending on the existing literatures, 16 phenolic chemical constituents were found. Among them, 27–29 were hydroxybenzoic acids, and 35–37 were hydroxycinnamic derivatives. In addition, phenolic acids may be found in plants as in the form of glycosides (Masullo et al., 2015), such as 31 and 41 (Yao et al., 2018). Besides, 40 and 41 were first isolated and their structures were elucidated by the NMR, HR-MS and IR (Wu, 2016; Yao et al., 2018).
Cyclic Dipeptides
Cyclic dipeptides (42–57, Figure 5) are formed by cyclization of two amino acids through peptide bonds. They are the simplest members in the most common cyclic peptide family found in nature. A total of 16 cyclic dipeptides have been reported (Yao, 2018).
Flavonoids
The parent nucleus structure of flavonoids is 2-phenylchromone. The flavonoids isolated from K. galanga were all free monomers (58–60, Figure 5), and the substituents are usually methoxy and phenolic hydroxyl groups (Wu, 2016; Jiao et al., 2017). Kaempferol (58) (Chen et al., 2012) and luteolin (59) (Liu et al., 2018) had protective effects on lung injury by regulating multiple cellular pathways. Moreover, 58 (Schwarz et al., 2014) have been reported to exert anti-corona virus effects, indicating its potential in the treatment of COVID-19. Similarly, its relative, compound 59 could dose-dependently inhibit the SARS coronavirus cleavage activity with low micromole inhibitory activity (EC50 = 10.6 μM) (Yi et al., 2004), particularly, it could also inhibit the 3CLPro of SARS-CoV2 with IC50 value of 20.2 μM (Ryu et al., 2010). In silicon docking indicated that 59 could interact with a series of key targets of SARS-CoV-2 (3CLpro, PLpro, Spro and RdRp) to exert potential anti-corona virus activity (Yu et al., 2020).
Diarylheptanoids
Diarylheptanoids (61–68, Figure 6) have a 1,7-diphenylheptane skeleton. Based on the skeleton, diarylheptanoids could be divided into linear and cyclic structural types. Linear diarylheptanoids occurred frequently in plants of Zingiberaceae family, and all the diarylheptanoids isolated from K. galanga were linear.
The first report of two novel sulfonated diarylheptanoid epimers focused on the identification of kaempsulfonic acid A (67) and B (68) (Wang et al., 2013). More recently, cyclic diarylheptanoids were isolated and elucidated. The two compounds, 62 and 61 were very similar to each other, while the difference was the substituents, 62 had one phenolic hydroxyl replaced by one glucosyl moiety. In addition, a linear diarylheptanoid 65 was isolated and elucidated (Yao, 2018; Yao et al., 2018).
Fatty Acids and Esters
Fatty acid and esters were included in K. galanga, currently, 11 fatty acid and esters (69–79, Figure 6) have been analyzed and identified from K. galanga (Wu, 2016; Yao, 2018).
Polysaccharides
Recently, the water-soluble polysaccharides (80–88, Figure 7) from K. galanga. (KGPs) were extracted and purified for the first time, and further investigated by different spectroscopic techniques such as HPGPC, FTIR, IC. Results showed that fucose (80), arabinose (81), xylose (82), rhamnose (83), mannose (84), galactose (85), glucose (86), glucuronic acid (87), and galacturonic acid (88) were the main components of KGPs, and their the molar ratio is 0.37: 3.12: 1.23: 3.09: 1.00: 6.39: 1.36: 0.91: 1.27, which significantly indicated that KGPs were heterogeneous acidic polysaccharides (Yang et al., 2018).
Other Compounds
Apart from those chemical constituents mentioned above (1–88), K. galanga also contained other eight compounds (89–97 Figure 7). Three pyroglutamic acids (89–91), two steroids (96–97) and three aromatic compounds (92–95) have been isolated and identified (Wu, 2016; Yao, 2018).
Molecular docking assay was used to investigate the effect of 92 as coronavirus polymerase (RdRp) inhibitor, and the results showed its potential anti-coronavirus activity with the binding energies showed −5.54 kcal/mol. Moreover, further studies are required to determine the potential uses of 92 in COVID-19 treatment (El-Aziz et al., 2020). Meanwhile, β-sitosterol (96) have been reported to have inhibitory activity against the SARS-CoV 3CLpro with IC50 value of 47.8 μg/ml (Lin et al., 2005).
Elemental Composition
K. galanga was abounded with mineral elements K, P, Mg, Ca, Al, Fe, Na and Mn, and the content of K was the highest, amounting to 18,600 μg/g (Huang et al., 2012).
PHARMACOLOGICAL ACTIVITIES
K. galanga have gained much attention with its comprehensive pharmacological potential to treat a variety of human diseases. Modern pharmacological investigations have revealed that the extracts and natural products identified from K. galanga exhibited comprehensive bioactivities, including antitumor, antioxidant, anti-inflammatory and anti-tuberculosis, etc. Besides, the aqueous extract from its leaves have been reported to exert antinociceptive activity and anti-inflammatory activities in a dose dependently manner, supporting its traditional uses in the remedy of treat pain and mouth ulcer (Sulaiman et al., 2008). In addition, the kill of booklice by its essential oil, indicating its potential in the development of a natural insecticide and repellent for controlling stored grain pests (Liu et al., 2014). The more detailed pharmacological reviews were as follows.
Antitumor Activity
According to the previous reports, the extracts and active components of K. galanga showed potential inhibitory effects on many types of tumors, such as gastric cancer, colon carcinogenesis, oral cancer and multiple myeloma. Although K. galanga preparations traditionally are used as an alternative medicine for tumor, there is little scientific evidence available about the use of K. galanga as an anticancer agent. Reports indicate that the anticancer signaling mechanisms of K. galanga extracts and compounds include inhibition of the growth of tumor cells, apoptosis and cytotoxicity, among others.
Multiple constituents isolated from K. galanga showed antitumor activity. It is reported that both trans-and cis-ethyl p-methoxycinnamate (34, 39) could exert anti-carcinogeneic effect in an in vitro EBV assay with IC50 values of 5.5 and 9.5 μM (Xue and Chen, 2002). Trans-ethyl p-methoxycinnamate (34) was examined on HSC-3 and Ca922 lines by MTT assay. The MTT assay showed 34 could exert potent cytotoxicity in HSC-3 (IC50 = 0.075 mg/ml) and Ca922 (IC50 = 0.085 mg/ml) cell lines (Ichwan et al., 2019). In addition, 34 could also dose dependently induce apoptosis, and affected the cell cycle progress of the cell cycle of HepG2 cells (Liua et al., 2010). Trans-p-methoxycinnamic acid (37) (40 mg/kg b.w.) exhibited ameliorating anticancer effects in DMH-induced rat colon carcinogenesis by regulating of various processes, such as proliferation, invasion, angiogenesis, apoptosis and inflammation (Gunasekaran et al., 2019). The diarylheptanoid compounds sandaracopimaradiene-9α-ol (10), kaempulchraol I (11), kaempulchraol L (14) revealed anti-cancer effect in human HeLa (IC50 = 75.1, 74.2 and 76.5 μM, respectively) and HSC-2 cancer cells (IC50 = 69.9, 53.3 and 58.2 μM, respectively) by using MTT assay (Ningombam et al., 2018).
The essential oils from the K. galanga have displayed moderate antitumor activity. Flow cytometry (FCM) was used to evaluate the effect of volatile oil on cell cycle and apoptosis of MKN-45 cells. The growth inhibition rates of gastric cancer were 57.2, 28.0 and 5.0% respectively in the high-, medium-, and low-dose volatile oil-treated groups (1.56, 0.78, 0.39 g/d), and the gastric cancer cells (MKN-45 cells) were arrested at G0/G1phase. The results showed the high-dose volatile oil-treated group was effective for inhibiting the growth of gastric cancer by comparing to cyclophospha (CTX)-treated group (78.9%) (Xiao et al., 2006). The ethanolic extract of K. galanga and its major bioactive constituent trans-ethyl p-methoxycinnamate (34) could exert cytotoxic activity against cholangiocarcinoma cells (CL-6). The ethanolic extract inhibited CL-6 cell growth at doses of 125 and 250 μg/ml, with 80 and 94% inhibitory, and IC50 values of 64.2 and 49.19 μg/ml, respectively (Amuamuta et al., 2017). Recently, the methanolic and acetonic extracts of K. galanga leaves have been reported to exert moderate cytotoxic activities (LC50 = 4.78 and 0.11 μg/ml, respectively) in the brine shrimp lethality bioassay (Rahman et al., 2019). The water-soluble polysaccharides isolated from K. galanga could inhibit the growth of H22 solid tumors, while exert protective effects on the thymus and spleen of solid tumor bearing mice (Yang et al., 2018).
Anti-Inflammatory Activity
The traditional applications of K. galanga in the remedy of abdominal pains and toothache are mostly depend on its anti-inflammatory effects. The mechanism behind the anti-inflammatory action of K. galanga is associated with the presence of bioactive metabolites by inhibiting the release of inflammatory factors.
The anti-inflammatory effect of trans-ethyl p-methoxycinnamate (34) was assessed using the cotton pellet granuloma assay in rats in vivo, and in vitro using the human macrophage cell line (U937). It strongly inhibited granuloma tissue formation in rats and the release of IL-1 and TNF-α, which were significantly inhibited in both in vivo and in vitro models (Umar et al., 2014). Kaempferol (58) exerted potent inhibitory activity on HMC-1 mast cell-mediated inflammatory response stimulated by lipopolysaccharide (LPS) demonstrated by MTT assay. The release of IL-6, IL-8, IL-1β and TNF-α significantly decreased at the dose of 40 μmol/L (Zhou et al., 2015). Moreover, diarylheptanoids 61, 63, 65, 66, have been reported to inhibit nitric oxide (NO) production on LPS-induced macrophage RAW264.7 cell lines with IC50 values of 27.85, 46.98, 26.98 and 17.26 μM, respectively (Yao et al., 2018).
The leaves of K. galanga have been reported to exert potent anti-inflammatory activity in a modified carrageenan-induced paw-edema test, supporting its traditional applications of ulcers and pains (Sulaiman et al., 2008). The various extracts of K. galanga exerted anti-inflammatory effects in vivo. In carrageenan induced acute inflammation test, the successive petroleum ether fraction (SPEF) showed 39.16% effect (300 mg/kg b.w., p.o.), followed by the successive ethyl acetate fraction (SEAF), alcohol fraction (SAF) and alcoholic extract with respective 10.0, 22.5 and 5.0% effects. In adjuvant-induced chronic inflammation test, the SPEF and diclofenac extract obviously reduced inflammation (5 and 100 mg/kg b.w., p.o., 7 days) (Jagadish et al., 2016).
Anti-Oxidant Activity
The anti-oxidant activity is an important value for the further development of natural products, since oxidation reactions are associated with many diseases (Liu and Ng, 2000). In the past few years, crude extracts with anti-oxidant activity from K. galanga has been evaluated using several methods as follows.
It is reported that the essential oil extracted by ultrasound-enhanced subcritical water extraction (USWE) exerted significant DPPH, free radical and superoxide anion radical scavenging effects, suggesting its strong anti-oxidant effects (Ma et al., 2015). The methanolic extract of K. galanga showed high antioxidant activity in DPPH, ABTS, and NO scavenging assays (IC50 = 16.58, 8.24 and 38.16 μg/ml, respectively) (Ali et al., 2018). Further, the K. galanga leaves showed weakly antioxidant activity in DPPH scavenging assay, and IC50 values were 611.82 and 702.79 μg/ml, respectively (Rahman et al., 2019). The antioxidant activity of various extracts of K. galanga were tested by DPPH and ABTS assays respectively. The results showed that K. galanga had good antioxidant activity, among the five extracts, the activity of chloroform fraction was the best, and its SC50 on DPPH and ABTS were about 4 and 2 times that of the positive control (VC) respectively, followed by the ethyl acetate, n-butanol fraction, while petroleum ether fraction was poor and the water fraction was basically inactive (Xiang et al., 2018).
Insecticidal and Repellent Activity
The methanolic extract and essential oil of K. galanga rhizome, as well as their isolates trans-ethyl p-methoxycinnamate (34) and trans-ethyl cinnamate (38) exhibited strong insecticidal and repellent properties.
Two compounds 34 and 38 with excellent nematicide activity had been obtained from petroleum hexane extracts. After treatment 72 h, the LC50 of 34 against Meloidotyne incongnita, Bursaphelenchus xylophilus, Ditylenchus destructor, M. eloidogyne hainensis, M. enterolobii were 1.49, 2.81, 10.09, 26.67 and 14.47 mg/L. The LC50 values of 38 against M. incongnita, B. xylophilus, D. destructor, M. eloidogyne hainensis, M. enterolobii were 17.79, 29.70, 43.21, 57.64 and 36.94 mg/L, respectively (Zhang et al., 2010). 34 and 38 also had potent insecticidal activity against the larvae of polyphagous insect Spodoptera littoralis (Noctuidae) (LD50 = 0.47 and 0.65 μg/mL, respectively) (Pandji et al., 1993).
The essential oil, and its main constituents, 38, 34 and 39 showed contact toxicity against the booklouse Liposcelis bostrychophila Badonnel. Among them, 38 was the most effective with LC50 value of 21.4 g/cm2, 34, 39 and the essential oil exhibited moderately effects with LC50 value of 44.6 and 43.4 68.6 g/cm2, respectively. In addition, fumigant toxicity (LC50 = 1.5 mg/L air) of the essential oil against the booklouse also was observed (Liu et al., 2014). The essential oil as well as 34 and 38 showed nematicidal activity against the cereal cyst nematode with LC50 value of 91.78, 83.04 and 100.60 μg/ml, respectively, while borneol and 1, 8-cineole only showed slight nematicidal toxicity (LC50 = 734.89 and 921.21 μg/ml, respectively) (Li et al., 2017b).
The toxicity of the methanol extracts against Bursaphelenchus xylophilus and Meloidotyne incongnita were tested. The results showed that the mortality of extracts from K. galanga against B. xylophilus and M. incongnita with 100% mortality at 1,000 mg/L after 24 h (Choi et al., 2006).
Antimicrobial Activity
Trans-ethyl p-methoxycinnamate (34) exerted potent antibacterial activity against Pseudomonas aeruginosa, Escherichia coli, Staphyloccocus aureus, Aspergillus niger and Monilia albican in disk diffusion and test tube experiments, and the MIC values were 0.625 1.25, 2.5, 2.5 and 10 mg/ML, respectively (Han et al., 2011). The essential oil of K. galanga showed potent antimicrobial activity against Candida albicans (fungus); Staphylococcus aureus ATCC 25923, S. faecalis and Bacillus subtilis (three Gram-positive bacteria); Salmonella typhi, Shigella flexneri, Escherichia coli ATCC 25922 (three Gram-negative bacteria) in agar disc diffusion test, with the inhibition zones was 12–16 mm and 8–12 mm against Gram-positive and Gram-negative bacteria respectively, while it potently inhibited C. albicans with an inhibition zone of 31 mm, comparing to that (25 mm) of standard antifungal (Clotrimazole) (Tewtrakul et al., 2005). Similarly, agar well diffusion test was employed to assess antifungal potential of ethanolic extract of K. galanga, and the results showed a potent antifungal effect of this extract against Malassezia spp. (MIC = 5 mg/ml) (Parjo et al., 2018).
Antidiabetic Activity
Diabetes has become the third major non-infective disease threatening human health after cardiovascular disease and tumor (World Health Organization, 2013). The effect of kaempferol (58) on the correlation factors of chronic complications of type 2 diabetic rats was observed. Rats in administration group were given respective drug (50, 100, 200 mg/kg) every day, and set the model, normal control, and positive control (metformin hydrochloride 0.2 g/kg) groups. After 10 weeks, compared with diabetic model group, 58 administration could reduce blood lipid levels, along with reducing MDA, AR, TNF-α, and IL-6 levels and increasing SOD levels. Moreover, 58 could prevent and treat the chronic complications of type 2 diabetic rats by reducing blood glucose, insulin resistance, reducing the AR pathway as well as anti-oxidation and anti-inflammation. The antidiabetic activity of 58 was comparable to that of positive control at the dose of 200 mg/kg (Wu et al., 2015).
Anti-Tuberculosis Activity
The anti-tuberculosis effect of 34 was determined by resazurin microtitre assay (REMA) on Mycobacterium tuberculosis H37Ra and H37Rv strains. The results demonstrated that 34 had a significant anti-tuberculosis activity, and its MIC values were in the range of 0.242–0.485 mM. This study showed K. galanga and its isolate 34 had anti-tuberculosis effects, however, the molecular mechanisms of action of 34 should be further explored by in-depth studies and clinical trials (Lakshmanan et al., 2011).
Vasodilatory Activity
Previous reports have shown that trans-ethyl cinnamate (38) could exert vasorelaxant activity, which was in line with traditional role of K. galanga in the treatment of high blood pressure. It could dose dependently inhibit the tonic contractions induced by high concentrations of K+ and phenylephrine (PE) (IC50 = 0.3 ± 0.05 and 0.38 ± 0.04 mM, respectively). Mechanistic studies revealed that its vasorelaxant activity could be attributed to the inhibition of influx of Ca2+ into vascular cells and the release of prostacyclin and NO from the endothelial cells. Hence, the traditional use of the herb in treating hypertention may be explained well by the vasorelaxant activity of 38 (Othman et al., 2002). In the anaesthetized rats, the dichloromethane extract of K. galanga could exert vasorelaxant activity by lowering the basal mean arterial pressure (MAP). Moreover, the active compound, 38 was identified by bioassay-guided fractionation and isolation (Othman et al., 2006).
Sedative Activity
The hexane extract of K. galanga demonstrated potent sedative effects (1.5 and 10 mg) by reducing the activity of locomotor. Moreover, trans-ethyl p-methoxycinnamate (34) and trans-ethyl cinnamate (38) as well as showed significant sedative activity (14 and 12 μg) (Huang et al., 2008). The acetone extract of K. galanga exerted sedative activity at the dose of 200 mg/kg in mice (b.w., p.o.) (Ali et al., 2015).
Anti-Angiogenic Activity
The anti-angiogenic effects of ethanol extract, trans-ethyl p-methoxycinnamate (34) and kaempferol (58) of K. galanga exhibited potent anti-angiogenic effect assessed by zebrafish angiogenic assay. Further investigations for action mechanism of 34 indicated that it inhibited the migration and tube formation of human umbilical vein endothelial cells in vitro, and blocked vessel formation induced by bFGF on Matrigel plug assay in vivo (He et al., 2012).
Anti-Osteoporosis Activity
Kaempferol (58) showed inhibitory effects of osteoclastogenesis in the autophagy inhibition process of RAW 264.7 cells in the presence of 50 μM, and obviously inhibited the expression of p62/SQSTM1. Moreover, the potential role of 58 for the treatment of bone metabolism disorders could be explored through in-depth study of the role of p62/SQSTM1 in autophagy (Chang-Ju et al., 2018). Kaempferide (60) could prevent osteolysis induced by titanium particle and inhibit osteoclast genesis in mice at 12.5 μM, indicating a potential agent with anti-osteoporosis activity (Jiao et al., 2017).
Antithrombotic Effect
The ethanolic extract of K. galanga was orally administered (7, 14 and 28 mg/20 g b.w.) in a mouse thrombotic model induced by collagen-epinephrine. Bleeding time prolongation and the survival rate of mice was observed after 7 days extract pre-treatment. The results showed the greatest antithrombotic potency of K. galanga extract had similarities with the positive control (aspirin) at its highest dose (28 mg/20 g b.w.). Thus, the herb had great chance to be an antithrombotic agent in further studies (Saputri and Avatara, 2018).
Hypopigmentary Effect
Kaempferol (58) was investigated for the effect on tyrosinase activity, melanin content, and cell proliferation in human normal melanocytes. The effects of various concentration (1–100 μM) of kaempferol upon proliferation, melanin synthesis and tyrosinase activity in human normal melanocytes were observed. The results showed 58 could strongly inhibit tyrosinase activity and melanin content of melanocyte without more toxicity or adverse side effect on proliferation of melanocytes, and suggested 58 was a promising tyrosinase inhibitor (Shang et al., 2011).
Anti-Sunburn Activity
It was reported that trans-ethyl p-methoxycinnamate (34) could protect skin from sunburn. In order to investigated anti-sunburn activity of 34, in vitro percutaneous solution was established, and the percutaneous absorption of 34 was studied. Modified Franz diffusion cells were used for in vitro permeation studies, and the nude mouse skin was used as transdermal barrier. The concentration of 34 in the receptor solution was determined by HPLC, and it also displayed a certain extent of sunscreen efficacy. The results showed that, accumulative permeation amount of 34 within 10 h was 0.2949 mg/cm2 and indicated it was suitable for the development of natural sunscreen cosmetic products (Li et al., 2013).
The ethanolic rhizome extract of K. galanga and its main constituent 34 were evaluated for their UV protective properties. The results demonstrated K. galanga presented high UVB protection with SPF range of 8.57–22.34 μg/ml, and its main constituent 34 also demonstrated UV protective effect (Panyakaew et al., 2020).
CONCLUSION AND PERSPECTIVE
This review summarizes the latest researches of different extracts and active compounds of K. galanga in the fields of ethnomedicine uses, phytochemistry, toxicology and pharmacology. As stated above, the ninety-seven bioactive phytochemicals including terpenoids, phenolics, cyclic dipeptides, flavonoids, diarylheptanoids, fatty acids and esters, and others, have been isolated and identified from K. galanga, suggesting the presence of potential structural diversity of K. galanga, among them, isopimarane-type diterpenoids as the mainly characteristic constituents. Furthermore, numerous pharmacological studies have revealed that various crude extracts and some chemical components exerted multiple biological activities, in particular, antitumor, anti-inflammatory and anti-oxidant activities.
Although phytochemistry studies have isolated some compounds from the rhizomes of this plant, no study has documented the constituents separated from the leaves. Thus, the chemical studies on the leaves of this plant are necessary to strengthen. Besides, new compounds are need to be explored for enriching material basis of K. galanga.
Most pharmacological studies of K. galanga concentrated on the activities of its crude extracts, particularly volatile oil and ethanol extract. However, the underlying mechanisms of activities and exact chemical constituents are still little knowledge. Therefore, further elucidating the relationships of pharmacological mechanisms of bioactive constituents are still required. Gratefully, an emerging technology, DNA-encoded library (DEL) and especially the natural product DNA-encoded library (nDEL) has already showed their potential in identification of protein targets of natural products, thus could be used to handle this issue (Ma et al., 2019; Xie et al., 2020). Compounds that isolated from K. galanga could be efficiently annotated with unique DNA tags by using the nDEL technology to form a K. galanga focused nDEL. Screening of the K. galanga focused nDEL against various protein targets will definitely help to illuminate the target network of K. galanga in the future.
With regard to the safety profile of K. galanga, existing studies have provided only limited information. More systematic toxicology studies are still needed to be carried out in the future on the extracts and purified compounds of K. galanga.
For further improving the species, the following aspects also need to be paid attention to. Innovative breeding designs supported by information on the genomic resources and appropriate technologies could play a potential role to realize stable growth in K. galanga productivity and quality (Bohra et al., 2020). In addition, to develop an agrotechnology to commercialize the production of K. galanga and bioprospect in K. galanga is required to identify secondary metabolite and develop novel technologies to overcome some diseases (Jnanesha and Kumar, 2018). On the other hands, clarifying biosynthetic pathways of bioactive natural products will make a significant contribution to pave the way for their manufacture. (Thomford et al., 2018; Gao and Lei, 2020). Moreover, plant proteomics of K. galanga could open new perspectives for ethnobotanical and phytomedicine research purposes, indicating the use of medicinal plants for the treatment of certain diseases (Pedrete, et al., 2019).
In terms of quality control, the information about the cultivation environment, cultivars, processing, transportation, storage time, and quantitative studies of the index components are scarcely in the existing studies. It is worth noting that the dual quality control, chemical benchmark and effect benchmark has been generally accepted (Li et al., 2019; Zhu et al., 2019). Therefore, the quality standard of it could be supported by the effect benchmark. Moreover, the effect benchmark offer basis to Q-biomarker research strategy, which could provide reference of methodology for the quality control study of K. galanga (Geng et al., 2019; Lu et al., 2020).
In summary, this review provides a comprehensive analysis on ethnomedicinal uses, phytochemistry, pharmacology and toxicology of K. galanga, and proposed future research directions. Based on this, we hope to highlight the potential value of K. galanga and provide some new research directions in further studies.
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Paeoniflorin (PF) is a monoterpene glucoside with various biological properties, and it suppresses allergic and inflammatory responses in a rat model of urticaria-like lesions (UL). In the present study, we treated OVA-induced mice presenting UL with PF at four circadian time points (ZT22, ZT04, ZT10, and ZT16) to determine the optimal administration time of PF. The pharmacological effects of PF were assessed by analyzing the scratching behavior; histopathological features; allergic responses such as immunoglobulin E (IgE), leukotriene B4 (LTB4), and histamine (HIS) release; inflammatory cell infiltration [mast cell tryptase (MCT) and eosinophil protein X (EPX)]; and mRNA levels of inflammatory cytokines such as interleukin (IL)-12, IL-6, interferon-γ (IFN-γ), and IL-4. It was demonstrated that PF significantly alleviated scratching behavior and histopathological features, and ZT10 dosing was the most effective time point in remission of the condition among the four circadian time points. Moreover, PF decreased the serum levels of IgE, LTB4, and HIS, and PF administration at ZT10 produced relatively superior effectiveness. PF treatment, especially dosing at ZT10, significantly reduced the number of mast cells and granules and diminished the infiltration of MCT and EPX in the skin tissues of mice with UL. Furthermore, the oral administration of PF effectively decreased the inflammatory cytokine levels of IL-12 mRNA. In conclusion, different administration times of PF affected its efficacy in mice with UL. ZT10 administration demonstrated relatively superior effectiveness, and it might be the optimal administration time for the treatment of urticaria.
Keywords: urticaria-like lesion, paeoniflorin, allergic response, inflammatory cell infiltration, inflammatory cytokine, chronotherapeutic
INTRODUCTION
Urticaria is characterized by the rapid appearance of pale to bright wheals, erythema, and pruritus on the skin (Schaefer, 2017). Sometimes, the condition is life-threatening and has detrimental effects on the quality of life of patients (Maurer et al., 2011) with angioedema and intense pruritus. Immunoglobulin E (IgE) mediates the accumulation and degranulation of mast cells play a central role in the pathogenesis of urticaria, which results in the release of histamine (HIS) and other inflammatory mediators (Church et al., 2018). Furthermore, urticarial lesions are characterized by lymphocytic infiltration. Antihistamines or monoclonal antibodies are usually prescribed to treat urticaria. However, occasionally, little response, recurrence of symptoms, and side effects such as headache, drowsiness have been observed in some patients (Maurer et al., 2013; Bernstein et al., 2014; Cordeiro Moreira et al., 2016). Moreover, urticaria exacerbates nocturnally, displaying changing patterns in symptom attacks during the day and night (Maurer et al., 2009). Therefore, a safe, effective, selective, and optimal timing of therapy for urticaria has gained attention.
The physiological events and disorders of all creatures on the earth are interlinked to circadian rhythms, such as the sleep-wake cycle, body temperature, immune responsiveness, and anaphylactic reactions (Nakao et al., 2015). Although specific cellular and molecular mechanisms remain largely undefined, the circadian clock was regarded as a potent regulator of IgE/mast cell-mediated allergic reaction (Nakao et al., 2015). Nocturnal symptoms are common in atopic dermatitis and asthma, being related to the diurnal rhythm of inflammatory cell populations (Mackay et al., 1994; Lissoni et al., 1998; Raherison et al., 2006; Fishbein et al., 2015). Moreover, urticaria-like symptoms such as itching, wheals (hives), angioedema, or both, undergo circadian variations, and they exacerbate more frequently at night (Maurer et al., 2009). It has been long recognized that pharmacological effects could be enhanced by time-varying administering drugs of the disease displaying diurnal rhythmicity in severity (Koyanagi et al., 2003). We posit that time-varying drugs may function the treatment efficacy in urticaria.
Paeoniflorin (PF), extracted from the roots of Paeonia lactiflora Pall. (Shi et al., 2014; Wang et al., 2015), is a monoterpene glucoside with many biological properties. PF is one of the principal bioactive components of total glucosides, and it has been prescribed for redness, fever, and pain in rheumatoid arthritis patients in China for many years (Wang et al., 2015). Crucially, PF has been found to exhibit the therapeutic effects of various allergic diseases, such as asthma and contact dermatitis in mice. It was demonstrated that PF ameliorated asthma via the signaling pathway of phosphoinositide 3 kinase and serine/threonine kinase 1, to regulate the abnormal proliferation and migration of airway smooth muscle cells (Zhou et al., 2018). And PF acts as an immune-modulator to regulate the imbalanced secretion of inflammatory cytokines, such as interleukin (IL)-2, IL-4, IL-10, and IL-17, to treat allergic contact dermatitis in mice (Wang et al., 2015). Additionally, PF inhibits the maturation of dendritic cells and promotes their tolerogenic effects by inhibiting IL-12 production and enhancing the expression of anti-inflammatory cytokines such as IL-10 and transforming growth factor-β (Shi et al., 2014).
In this study, we assessed the ability of PF as a chronotherapeutic to influence the ovalbumin (OVA) induced urticaria-like lesions (UL) in animal models. We explored whether and how the PF exerted effects on histopathological features either in the morning (ZT02) or evening (ZT14) to establish a UL mouse model then dosed at four circadian time points. We also demonstrated whether and how the PF played the medicinal effect on allergic responses among time-varying administering drugs. We identified the role of PF played in the regulation of the Th1 and Th2 expression varied with different dosing time points. Our work may provide experimental evidence for optimal administration time of PF in UL treatment.
MATERIALS AND METHODS
Reagents and Chemicals
Aluminum hydroxide was dissolved in 0.9% NaCl solution to obtain a final concentration of 10 g/L. Furthermore, OVA (5 mg per mouse) (Merck KGaA, Darmstadt, Germany) was added to the mixture to obtain the resulting solution, which will be injected into animals. PF, with a purity quotient of ≥98%, was obtained from the Beijing Solarbio Science and Technology Co., Ltd. (Beijing, China). To obtain the stock solution, PF was dissolved in 50 ml of sterilized 0.9% NaCl at a concentration of 2000 mg/ml (Shi et al., 2015). The working solutions were diluted with saline.
Animals
One hundred and forty-four BALB/c mice (male) were purchased from Chengdu Dashuo Experimental Animal Co., Ltd. (Chengdu, China), and were housed in the Animal Experimental Center, Chengdu University of Traditional Chinese Medicine (Chengdu, China). All mice were maintained at a temperature of 22 ± 2°C and relative humidity of 55 ± 10% with a 12-h light/dark cycle [lights on at 7:00 am (zeitgeber time (ZT) 0) and lights off at 7:00 pm (ZT12)], and ad libitum access to water and food was provided. All mice were 8–9 weeks old, and their body weights were 16–20 g. All procedures were approved by the Institutional Animal Care and Use Committee of Chengdu University of Traditional Chinese Medicine (approval no. 2019-11).
Induction and Treatment of Animal Models for Urticaria
After 7 days of adaptation, one hundred and forty-four male BALB/c mice were randomly divided into the following groups (n = 6 in each group): normal control (NC) groups treated with saline, including 1) NC ZT22, 2) NC ZT04, 3) NC ZT10, and 4) NC ZT16; model groups injected intraperitoneally (i.p.) with OVA/aluminium hydroxide, including 5) OVA + saline ZT22, 6) OVA + saline ZT04, 7) OVA + saline ZT10, and 8) OVA + saline ZT16; and PF groups induced with OVA/aluminium hydroxide and treated with 100 mg/kg of PF per day (Shi et al., 2015), including 9) OVA + PF ZT22, (10) OVA + PF ZT04, 11) OVA + PF ZT10, and 12) OVA + PF ZT16. To induce UL, all mice except the controls were sensitized at ZT02 or ZT14 on days 8, 10, and 12 using an i.p. injection of 1 ml aluminium hydroxide solution containing 1 mg of OVA, and were challenged at ZT02 or ZT14 on day 22 with an i.p. injection containing 2 mg of OVA in aluminium hydroxide solution. All animals were orally administered saline or PF solution from day 13 to day 22 for 10 days once a day at ZT22, ZT04, ZT10, and ZT16. On day 23, the dorsal region of all animals was shaven (Figure 1A). After ZT14, 500 µL of blood samples were collected through the cardiac puncture, and skin tissues were obtained by inducing anesthesia using pentobarbital sodium (60 mg/kg i.p., Merck KGaA, Darmstadt, Germany). Furthermore, animals were humanely authorized via cervical dislocation after sampling.
[image: Figure 1]FIGURE 1 | Experimental design (A) and Effect of PF treatment on scratching frequency (B,C). 144 male BALB/c mice (urticaria-like animals) were randomly divided into 12 groups as follows modeled at ZT02 or ZT14 (n = 6 in each group): normal control (NC) groups treated with saline, including 1) NC ZT22, 2) NC ZT04, 3) NC ZT10, and 4) NC ZT16; model groups injected intraperitoneally (i.p.) with ovalbumin (OVA)/aluminium hydroxide, including 5) OVA + saline ZT22, 6) OVA + saline ZT04, 7) OVA + saline ZT10, and 8) OVA + saline ZT16; and PF groups induced with OVA/aluminium hydroxide and treated with 100 mg/kg per day of paeoniflorin (PF), including 9) OVA + PF ZT22, 10) OVA + PF ZT04, 11) OVA + PF ZT10, and 12) OVA + PF ZT16. To induce urticaria-like lesions (UL), all mice except those in NC groups were sensitized i.p. with 1 ml of aluminium hydroxide solution containing 1 mg of OVA at ZT02 or ZT14 on days 8, 10, and 12, and they were challenged i. p. with 2 mg OVA in aluminium hydroxide at ZT02 or ZT14 on day 22. All animals were orally administered saline or PF solution from day 13 to day 22 for 10 days once a day at ZT22, ZT04, ZT10, and ZT16. As shown in (A), on day 23, the dorsal region of all animals were shaved. After ZT14, 500 µL of the blood sample was collected through the cardiac puncture, and skin tissues were obtained under anesthesia with sodium pentobarbital (60 mg/kg i.p.). Furthermore, animals were humanely euthanized via cervical dislocation after sampling. The PF treatment significantly inhibited OVA/aluminium hydroxide-induced scratching reaction. Data are displayed as mean ± SEM (n = 6). *p < 0.05, **p < 0.01 versus OVA mice at the same time points.
Assessment of Scratching Behavior
After challenging for 10 min on day 22, the frequencies of scratching and foot licking were measured for 20 min. The lifting of paws; rubbing of dorsal skin, hind paws, nose, or ears; and then returning the paws to the floor is defined as scratching (Choi et al., 2018; Purushothaman et al., 2018).
Histopathological Analysis
For histopathological observation, the dorsal skin lesions were dissected, dipped in 10% paraformaldehyde (Chengdu Cologne Chemical Co., Ltd., Chengdu, China) overnight, hydrated with ethanol, embedded in paraffin wax (Shanghai Hualing Rehabilitation Equipment Factory, Shanghai, China), and cut into thin sections (3 μm). Skin sections were stained with hematoxylin (Wuhan Seville Biotechnology Co., Ltd., Wuhan, China) and eosin (Zhuhai Bezo Biotechnology Co., Ltd., Zhuhai, China) for detection of edema and inflammatory cell infiltration, images were captured randomly by the pathologist using a light microscope (OLYMPUS, Tokyo, Japan), and they were viewed at a magnification of ×100 (×10ocular lens and ×10 objective lens). The degree of edema, telangiectasia, and inflammatory cell infiltration was scored on a subjective scale of 0–3 as follows which from three fields per hematoxylin and eosin-stained sections: 0, no edema; no telangiectasia; no inflammatory cell infiltration; 1, slight edema; slight telangiectasia; slight inflammatory cell infiltration; 2, moderate edema; moderate telangiectasia; moderate inflammatory cell infiltration; 3, severe edema; severe telangiectasia; severe inflammatory cell infiltration. The histologic score of each animal was the average of the total scores of 3 pathological features from 3 visual fields.
Determination of Serum IgE, Leukotriene B4 (LTB4), and HIS Levels
Blood samples from mice with UL were centrifuged at 3,000 x g to obtain the serum samples, which were then stored at −80°C until quantitative analysis. The serum levels of IgE, LTB4, and HIS were detected using the respective ELISA kits (ZCI BIO, Shanghai, China), and their optical densities (ODs) were determined using a microplate reader (Shanghai Jizhou chemical industry technology co., ltd., Shanghai, China) at 450 nm according to the manufacturer’s instructions. The concentrations of IgE, LTB4, and HIS were determined based on their standard curves.
Mast Cell Detection
To evaluate the number and degranulation of mast cells, the skin tissues were fixed with 10% paraformaldehyde (Chengdu Cologne Chemical Co., Ltd., Chengdu, China), dehydrated with ethanol, embedded in paraffin, sectioned, stained with toluidine blue (Shanghai Ruji Biological Technology Development Co., Ltd., Shanghai, China) solution at 37°C for 10 min, and then sealed with a resin. Stained mast cells were enumerated using a microscope (OLYMPUS, Tokyo, Japan) by randomly observing three fields per section at a magnification of ×100 and 400×.
Detection of Mast Cell Tryptase (MCT) and Eosinophil Protein X (EPX)
After the skin tissues were dewaxed, they were stored in 0.01 mol/L citrate to retrieve the antigen, microwaved for 20 min to expose the antigen, immersed in 0.03% H2O2 for 15 min to inactivate endogenous peroxidase, and blocked with goat serum blocking solution for 20 min at room temperature. Subsequently, sections were incubated with primary mouse monoclonal anti-MCT antibody (Abcam, Cambridge, United Kingdom) and rabbit polyclonal anti-EPX antibody (Biorbyt, Cambridge, United Kingdom) at 4°C overnight. After rewarming at 37°C for 1 h, samples were washed with phosphate-buffered saline, incubated with a secondary antibody and biotin-labeled goat anti-rabbit IgG at 37°C for 30 min, incubated with biotin-labeled streptavidin at 37°C for 30 min, developed with a DAB kit (ZSGB Bio, Beijing, China), counterstained with hematoxylin, and sealed with a neutral resin. Microphotographs were obtained using a light microscope. Images of each slide were photographed randomly for three fields using a light microscope at ×200 magnification. Image-Pro Plus 6.0 software (MEDIA CYBERNETICS, Maryland, USA) was used to detect the integrated optical density (IOD) of each field. The mean IOD of the three fields was displayed as the semi-quantitative levels of MCT and EPX.
Measurement of Th2/ Th1 Expression in the Dorsal Skin
The mRNA levels of IL-12, IL-6, interferon (IFN)-γ, and IL-4 in the dorsal tissues were detected using qRT-PCR. Fresh skin tissues were lysed with TRIzol (Hefei Bomei Biotechnology Co., Ltd., Hefei, China) to extract total RNA. PrimeScript RT Reagent Kit (Baori Medicine Biotechnology Co., Ltd., Beijing, China) was used to perform reverse transcription experiments to obtain cDNA for each sample. The cDNA was diluted 10-fold, and it was used as a template for qRT-PCR, which was performed using the Thermo Scientific PikoReal software real-time fluorescent quantitative PCR instrument (Thermo Fisher, Waltham, MA, USA) according to the manufacturer’s instructions. The following cycle was performed 45 times: predegeneration at 95°C for 30 s, degeneration at 95°C for 5 s, annealing at 55°C for 30 s, and extension at 72°C for 30 s. β-actin (Sangon Biotech (Shanghai) Co., Ltd., Shanghai, China), and GAPDH (Wuhan servicebio technology Co., Ltd., Wuhan, China) were used as the reference and internal control mRNA, and the 2−ΔΔCT method was used to count the relative mRNA expression. The primer sequences were used as follows: β-actin, 5′-GAA​GAT​CAA​GAT​CAT​TGC​TCC-3’ (sense) and 5′-TAC​TCC​TGC​TTG​CTG​ATC​CA-3’ (anti- sense); GAPDH, 5′-CCT​CGT​CCC​GTA​GAC​AAA​ATG-3’ (sense) and 5′- TGA​GGT​CAA​TGA​AGG​GGT​CGT-3’ (anti- sense); 5′-CCT​CGT​CCC​GTA​GAC​AAA​ATG-3’ (sense) and 5′-TGA​GGT​CAA​TGA​AGG​GGT​CGT-3’ (anti- sense); IL-12, 5′-TCC​AGC​ATG​TGT​CAA​TCA​CGC​TAC​CT-3’ (sense) and 5′-AGC​CAG​GCA​ACT​CTC​GTT​CTT​GTG​TA-3’ (anti- sense); 5′-CCA​TCA​ACG​CAG​CAC​TTC​AGA-3’ (sense) and 5′-GCT​CAG​ATA​GCC​CAT​CAC​CCT-3’ (anti- sense); IL-6, 5′-TGG​AGC​CCA​CCA​AGA​ACG​ATA​GTC​AA-3’ (sense) and 5′-TGT​CAC​CAG​CAT​CAG​TCC​CAA​GAA​GG-3’ (anti- sense); 5′-CCC​CAA​TTT​CCA​ATG​CTC​TCC-3’ (sense) and 5′-CGC​ACT​AGG​TTT​GCC​GAG​TA-3’ (anti- sense); IL-4, 5′-AGG​AGC​CAT​ATC​CAC​GGA​TGC​GAC​AA-3’ (sense) and 5′-GCG​AAG​CAC​CTT​GGA​AGC​CCT​ACA​G-3’ (anti- sense); 5′-GAT​AAG​CTG​CAC​CAT​GAA​TGA​GT-3’ (sense) and 5′-CCA​TTT​GCA​TGA​TGC​TCT​TTA​GG-3’ (anti- sense); IFN-γ, 5′-GCC​ATC​AGC​AAC​AAC​ATA​AGC​GTC​AT-3’ (sense) and 5′-CCC​GAA​TCA​GCA​GCG​ACT​CCT​TT-3’ (anti- sense); 5′-CTC​AAG​TGG​CAT​AGA​TGT​GGA​AG-3’ (sense) and 5′-TGA​CCT​CAA​ACT​TGG​CAA​TAC​TC-3’ (anti- sense);
Statistical Analysis
All statistical analyses were performed using SPSS 25.0 software (IBM, New York, USA), and data were presented as mean ± SEM. One-way analysis of variance was used to compare the mean statistical differences between experimental groups at the same time point and between PF groups at different time points. A p-value < 0.05 was considered as statistically significant. A factorial design was applied to compare the effects of time and treatment (time × treatment). A p-value < 0.05 was considered as statistically significant. Levene’s test was used to assess homoscedasticity, least significant difference test was used to assess the data variance, and Dunnett’s t-test was used to assess unequal variances.
RESULTS
Effect of PF on Scratching Behavior
In the scratching test, after being challenged with OVA/aluminium hydroxide solution, an obvious scratching reaction was observed in the mice in the OVA and PF groups at all dosing time points as compared with those in the NC groups both modeled in the morning (ZT02) and evening (ZT14). Compared to the OVA groups, both PF groups demonstrated a significant decrease in scratching number (p < 0.05, modeled at ZT02, and p < 0.01, modeled at ZT14). However, the PF dose at four circadian time points showed no significance in comparison with each other among the two challenged time points (Figures 1B,C). The scratching behaviors demonstrated that PF relieved the pruritus of the mice with UL, and ZT10 dosing showed the best results (Figures 1B,C).
Effect of PF on the Histopathological Features and Histologic Scores of UL
Oral administration of PF significantly inhibited the UL in mice induced by OVA/aluminium hydroxide at ZT02 (resting phase) and ZT14 (active phase). Following hematoxylin and eosin staining, compared to the NC groups, obvious edema, mainly in the upper dermis, and widening of collagen fiber bundles with light pink staining was observed in many OVA groups. At the same time, telangiectasia and inflammatory cell infiltration in skin tissues were observed using light microscopy. As expected, PF showed pharmacological effects on the UL in mice at different dosing time points. The dose at ZT10 improved the histopathological conditions as compared with that at other circadian time points regardless of the modeling time in the morning (ZT02) or evening (ZT14) (Figures 2A,B).
[image: Figure 2]FIGURE 2 | Effect of PF treatment on histopathological features (A,B) and histologic scores (C,D) in OVA/aluminium hydroxide-induced urticaria-like mice. Representative images of hematoxylin and eosin staining in the dorsal skin. BALB/c mice in the NC group, showing normal architecture. OVA-treated urticaria-like mice showed obvious edema in the upper dermis (black arrows), widening of collagen fiber bundles (blue arrows), with telangiectasia (green arrows), and inflammatory cell infiltration (yellow arrows). PF treatment, especially at ZT10, improved the wheal conditions. The magnification were ×100 and 400×. NC groups have noted less or even no edema, telangiectasia, or inflammatory cell infiltration, OVA groups displayed increased histologic scores, while PF induced significant inhibition of the histologic scores. *p < 0.05, **p < 0.01 versus OVA mice at the same time points. #p < 0.05, ##p < 0.01 represents the comparison of PF ZT10 versus the other three PF indicated time points.
The histological findings demonstrated that the NC groups have noted less or even no edema, telangiectasia, or inflammatory cell infiltration while the OVA groups displayed apparent edema, telangiectasia, and inflammatory cell infiltration at all dosing time points, both performed OVA at ZT02 and ZT14. Whereas PF induced significant inhibition of the histologic scores [PF dosing at ZT22 (p < 0.05, modeled at ZT02 and p < 0.01, modeled at ZT14), PF dosing at ZT04 (p < 0.05, modeled at ZT02 and p < 0.01, modeled at ZT14), PF dosing at ZT10 (p < 0.01, modeled at ZT02 and ZT14), PF dosing at ZT16 (p < 0.05, modeled at ZT02 and p < 0.01, modeled at ZT14)], compared with the OVA groups among all the dosing time points. Furthermore, when sensitized at ZT14, histologic scores were significantly inhibited by PF dosing at ZT10 (p < 0.05 vs. ZT04 and p < 0.01 vs. ZT16, p = 0.052 vs. ZT22). PF dosing at four indicated time points did not differ significantly among sensitized at ZT02, but ZT10 showed slightly better efficacy than others (Figures 2C,D).
Effect of PF on the Serum Levels of IgE, LTB4, and HIS
Since IgE, HIS, and LTB4 play major roles in the etiology of urticaria, their expression varies greatly with the time of the day. Thus, the study of the effect of PF administration at different time points on anti-allergic response markers is of great interest. The levels of IgE, LTB4, and HIS in the serum of urticaria-like animal models were determined using ELISA. Dosing at ZT22 (p < 0.01), modeled at ZT02 and ZT14), ZT04 (p < 0.01, modeled at ZT02 and p < 0.05, at ZT14), and ZT10 (p < 0.01, modeled at ZT02 and ZT14), and ZT16 (p < 0.01, modeled at ZT02) increased the IgE levels in OVA groups as compared to those in the NC groups, respectively (Figures 3A,B). A decrease in IgE excretion was observed in PF-treated mice as compared to that of the OVA group at ZT10 (p < 0.05, modeled at ZT02 and ZT14) (Figures 3A,B). However, the levels of IgE at the other three circadian time points did not decrease in PF groups statistically significant, compared with the OVA groups (Figures 3A,B). The levels of LTB4 at the four circadian time points were much higher in the OVA groups [ZT22 (p < 0.01, modeled at ZT02 and ZT14), ZT04 (p < 0.01, modeled at ZT02 and ZT14), ZT10 (p < 0.01, modeled at ZT02 and p < 0.05, modeled at ZT14), and ZT16 (p = 0.004, modeled at ZT02 and p = 0.103, modeled at ZT14)] than those in the NC groups. The levels of the serum LTB4 are reduced in both ZT22 (p < 0.05, modeled at ZT02), PF ZT04 (p < 0.05, modeled at ZT02 and ZT14), and ZT10 (p < 0.05, modeled at ZT02 and ZT14), and ZT16 (p < 0.05, at ZT02) as compared to the OVA treated mice. However, treatment with PF at ZT22 and ZT16 showed no significant difference in the levels of LTB4 between the OVA groups modeled at ZT14. Furthermore, the PF dosing at ZT10 led to a lower serum level of LTB4 compared to the doses at ZT22 (p < 0.01) and ZT04 (p < 0.05) modeled in the evening (Figures 3C,D). Compared with the NC groups, the OVA groups showed an increase in the expression of HIS [ZT22 (p < 0.05), ZT04 (p < 0.05), ZT10 (p<0.01), ZT16 (p<0.01) modeled at ZT02, ZT22 (p < 0.01), ZT04 (p < 0.01), ZT10 (p < 0.01) modeled at ZT14]. PF ZT22 (p < 0.05, modeled at ZT02), ZT04 (p < 0.01, modeled at ZT14) and PF ZT10 (p < 0.01, modeled at ZT02, and p < 0.05, modeled at ZT14) dosing significantly repressed the expression of HIS in the PF groups compared to that in the OVA groups. However, PF-treated at different circadian time points showed no significance in comparison with each other (Figures 3E,F). These results indicate that PF treatment alleviates the allergic conditions of UL mice (Figure 3).
[image: Figure 3]FIGURE 3 | Effect of PF treatment on the secretion of allergic cytokines such as (A,B) immunoglobulin E (IgE), (C,D) leukotriene B4 (LTB4), and (E,F) histamine (HIS) from the serum samples of OVA/aluminium hydroxide-challenged mice. PF downregulated the expression of allergic cytokines. Data are expressed as mean ± SEM (n = 6). *p < 0.05, **p < 0.01 versus OVA mice at the same time points. #p < 0.05, ##p < 0.01 represents the comparison of PF ZT10 versus the other three PF groups.
Effect of PF on Mast Cell Infiltration and Degranulation
Urticaria is a mast cell-driven disease. MCT is the most abundant serine protease in mast cells, with mature and immature forms. In urticaria, activated mast cells secrete mature tryptase. One of the biological functions of MCT is correlated with pro-inflammatory effects, involving tissue edema and remodeling, chemokine secretion, and neutrophil recruitment. To determine the infiltration and degranulation of mast cells, we performed toluidine blue staining (Figures 4A,B) to analyze the numbers and degranulation of mast cells and immunohistochemistry to determine the IOD of MCT (Figures 5A,B). The OVA challenged in the morning and evening [ZT22 (p < 0.01), ZT04 (p < 0.01), ZT10 (p < 0.01), and ZT16 (p < 0.01)] resulted in a marked and significant increase of mast cell granules compared with the observations in the NC groups. Treatment of mice with PF resulted in a significant reduction in the number of mast cells and granules at ZT22 (p < 0.01 vs. OVA), ZT04 (p < 0.01 vs. OVA), ZT10 (p < 0.01 vs. OVA), with modeling at ZT02 and ZT14, and ZT16 (p < 0.05 vs. OVA, modeled at ZT02, and p < 0.01 vs. OVA, modeled at ZT14). At ZT10, PF induced a significant reduction [(p < 0.01 vs. ZT16) modeled at ZT02, (p < 0.01 vs. ZT22), (p < 0.01 vs. ZT04), and (p < 0.01 vs. ZT16) modeled at ZT14] in mast cell granules in comparison with other three circadian time points (Figures 4C,D). The results of MCT were consistent with these results in the OVA groups [ZT22 (p < 0.01 vs. NC), ZT04 (p < 0.01 vs. NC), ZT10 (p < 0.01 vs. NC), and ZT16 (p < 0.01 vs. NC)] with modeling in the morning and evening. Compared to the OVA groups, PF [ZT22 (p < 0.01), ZT04 (p < 0.01), ZT10 (p < 0.01), and ZT16 (p < 0.05) modeled at ZT02 and ZT14] significantly decreased the IOD of MCT. The PF dosing at ZT10 [ZT22 (p < 0.01), ZT04 (p < 0.01), and ZT16 (p < 0.01), modeled at ZT14] displayed the best treatment efficacy to decrease the IOD of MCT (Figures 5C,D).
[image: Figure 4]FIGURE 4 | Representative low-magnification light photomicrographs (A,B), and numbers (C,D) displaying toluidine blue staining of mast cell degranulation (black arrows). The mast cell degranulation increased with OVA/aluminium hydroxide administration. Oral administration of PF resulted in a significant reduction in mast cell degranulation. Data are expressed as mean ± SEM (n = 6). *p < 0.05, **p < 0.01 versus OVA mice at the same time points. ##p < 0.01 represents the comparison of PF ZT10 versus the other three PF groups. The magnification were ×100 and 400×.
[image: Figure 5]FIGURE 5 | Representative low-magnification light photomicrographs (A,B) and integrated optical density (C,D) displaying immunohistochemistry of mast cell tryptase (MCT) (black arrows). The PF treatment at ZT10 did possess the best effect on the release of MCT than the other three PF circadian time points. Data are expressed as mean ± SEM (n = 6). *p < 0.05, **p < 0.01 versus OVA mice at the same time points. ##p < 0.01 represents the comparison of PF ZT10 versus the other three PF groups. The magnification was ×200.
Effect of PF on EPX in Skin Tissues
To assess the effect of dosing time on EPX, mice with UL were administered PF using an oral gavage at four circadian time points (ZT16, ZT22, ZT04, and ZT10). EPX as an eosinophilic marker, and released by activated eosinophils, which function in immune responses (Weller and Spencer, 2017; Kim et al., 2020). The IOD of EPX in the OVA groups both for the two challenged time points [ZT22 (p < 0.01), ZT04 (p < 0.01), ZT10 (p < 0.01), and ZT16 (p < 0.01)] was significantly elevated at the four circadian time points compared to that in NC groups. However, the expression levels of EPX reduced in all circadian time groups after treatment with PF [ZT22 (p < 0.01), ZT04 (p < 0.01), ZT10 (p < 0.01), and ZT16 (p < 0.05) modeled at ZT02 and ZT22 (p < 0.05), ZT04 (p < 0.01), ZT10 (p < 0.01), and ZT16 (p < 0.01), modeled at ZT14]. Furthermore, PF ZT10 [(p < 0.01 vs. ZT22), (p < 0.05 vs. ZT04), and (p < 0.01 vs. ZT16), modeled at ZT14] dosing was more effective in decreasing the IOD levels of EPX (Figures 6A–D).
[image: Figure 6]FIGURE 6 | Representative low-magnification light photomicrographs (A,B) and integrated optical density (C,D) displaying immunohistochemistry of eosinophil protein X (EPX) (black arrows). The PF treatment at ZT10 had a greater effect on EPX production. Data are expressed as mean ± SEM (n = 6). *p < 0.05, **p < 0.01 versus OVA mice at the same time points. #p < 0.05, ##p < 0.01 represents the comparison of PF ZT10 versus the other three PF groups. The magnification was ×200.
Effect of PF on the mRNA Levels of IL-12, IL-6, IFN-γ, and IL-4
To elucidate the effects of PF on the inflammatory cytokine release in urticaria, we measured the mRNA levels of IL-12, IL-6, IFN-γ, and IL-4 in skin lesions using qRT-PCR. Dosing at ZT22 (p < 0.05), ZT04 (p < 0.05), ZT10 (p < 0.01) modeled at ZT02, and dosing at ZT22 (p < 0.01), ZT04 (p < 0.01), and ZT10 (p < 0.05), ZT16 (p < 0.05) modeled at ZT14 expressed a higher IL-12 mRNA level in the OVA groups with UL as compared to that in the NC groups (Figures 7A,B). However, the expression of IL-12 mRNA at PF ZT04 (p < 0.05, modeled at ZT02), ZT10 (p < 0.01, modeled at ZT02), and PF ZT04 (p < 0.05, modeled at ZT14) decreased as compared to that in the OVA-treated animals (Figures 7A,B). As compared with OVA-treated, no significant differences of PF-treated were observed in the other dosing circadian time points. Additionally, no significant difference was observed in the PF groups between the dosing at ZT16, ZT22, ZT04, and ZT10. For the two indicated model time points, the IL-6 mRNA levels were higher in the OVA-induced mice than that in the NC mice. Moreover, PF treatment at the four dosing circadian time points reduced the levels of IL-6 mRNA. However, the results were not statistically significant (Figures 7C,D). The levels of IFN-γ mRNA elevated in OVA-induced UL mice, and they were reduced after PF administration. However, the data presented no statistical significance (Figures 7E,F). The levels of IL-4 mRNA showed no statistical difference in OVA-induced UL mice when compared to the levels in the NC groups at the four circadian time points. When compared with the OVA groups, PF groups showed no administration time-dependent effects on regulating the expression of IL-4 mRNA (Figures 7G,H).
[image: Figure 7]FIGURE 7 | Effect of PF treatment on the release of inflammatory cytokines such as (A,B) interleukin (IL)-12, (C,D) IL-6, (E,F) interferon (IFN)-γ, and (G,H) IL-4 from the skin tissues of OVA/aluminium hydroxide-challenged mice. PF reduced the expression of IL-12 mRNA at ZT04 and ZT10. Data are expressed as mean ± SEM (n = 6). *p < 0.05, **p < 0.01 versus OVA mice at the same time points.
DISCUSSION
The prevalence of chronic urticaria ranges from 0.5 to 5% among the general population, leading to a heavy economic burden on the patients. At 19 hospitals in different provinces of China, 60% of urticaria patients experienced their nocturnal attack as reported (Zhong et al., 2014). Nocturnal symptoms attack predominantly around 9 p.m. (ZT14), from another statistical data of 352 patients in China (Huang et al., 2016). The mice were sensitized and challenged at ZT14 to be synchronized with nocturnal symptoms of humans. In our study, the pharmacological effects of PF on urticaria-like symptoms varied with different dosing time points, and PF dosing at ZT10 demonstrated better effects than that at other circadian time points.
Urticaria, a common immune-mediated inflammatory skin disease, causing edema and itching, is associated with IgE-mediated mast cell degranulation and histamine release. IgE is regarded as a potential trigger for the development of urticaria due to its ability to transfer allergen reactivity (Galli and Tsai, 2012; Platts-Mills et al., 2016) and stimulate the degranulation of mast cells. Activated mast cells can secrete pro-inflammatory triggers such as HIS, prostaglandin E- 2, and LTB4 to initiate and amplify hypersensitivity (Galli et al., 2005). MCT, released by mast cells during degranulation, is regarded as a pro-inflammatory mediator in allergic diseases. EPX is a cytotoxic preformed protein, released by the potent pro-inflammatory cells, eosinophil granulocytes. High concentrations of EPX can maintain the secretory activity of mast cells by dissolving mast cells and binding the dissolved matter (Henderson et al., 1980). Injection of OVA and aluminum hydroxide solution stimulated UL in mice at ZT02 or ZT14, leading to an increase in scratching behavior, histopathological changes such as edema, inflammatory cell infiltration, increase in the levels of IgE, HIS, and LTB4, enhance the number of mast cell granules, and concentration of MCT and EPX. These results concur with published data in the literature (Goto et al., 1997; Gu et al., 2004; Hayashi and Fujii, 2008). In addition, abnormalities of the above-mentioned indicators in UL mice were reduced after PF treatment, especially at ZT10.
The circadian rhythm is exhibited by almost all tissues and organs in our body, and disorders in the rhythm induce diseases including urticaria (Smolensky et al., 2015). Metabolic, endocrine, and behavioral functions are governed by circadian rhythms. The number of lymphocytes, T cells, and EPX in human peripheral blood and activation of mast cells exhibit nocturnal peak levels (Pelegrí et al., 2003; Wolthers and Heuck, 2003; Baumann et al., 2013). Pro-inflammatory cytokine levels of IL-12 and IFN-γ are high in the late evening or early morning in human blood (Petrovsky et al., 1998). In addition, blood histamine peaks at the end of the light phase and maintains throughout the dark phase in rats (Friedman and Walker, 1969). These modifications may be responsible for nighttime symptoms, such as itching, wheals.
In our study, oral administration of PF once a day exerted therapeutic effects on mice with UL, although pharmacokinetic study revealed that PF with characteristics of fast absorption rate, short retention time, and low bioavailability (below 5%) (Wang et al., 2008; Wu et al., 2009). In vivo, PF is distributed rapidly and widely in various tissues such as the stomach, intestine, spleen, pancreas, and ovary in rats after oral administration of total glycosides of paeony. Besides, the amount of drug in immune organs, such as the spleen and thymus, is greater than in plasma, suggesting that PF may have immune-modulating effects in vivo (Fei et al., 2016). Studies also provided the most promising evidence that PF has been widely used as the immune-regulatory agent in immune disorder diseases, including inflammatory bowel disease, psoriasis, asthma, and so on (Gu et al., 2017; Yu et al., 2017; Shou et al., 2018).
Previous studies have reported an imbalance in Th1 and Th2 cells contribute to the progression of UL. IL-4 potentially triggers and sustains mast cells, programs the Th2 cytokine differentiation (Morawetz et al., 1996), and switches B cells to the IgE isotype to induce allergic reactions (Bradding, 1996). IFN-γ, a Th1 effector cytokine, is related to the mitigation of allergic diseases (Teixeira et al., 2005). It is well known that IL-12 promotes Th1 cell polarization, which is associated with the secretion of IFN-γ by T cells (Youssef et al., 2002; Cho et al., 2010). The levels of IL-4, IFN-γ, and IL-6 significantly increase in the dorsal skin of animals with inflammatory diseases such as atopic dermatitis (Choi et al., 2018). In our study, the level of IL-12 mRNA, IL-6 mRNA, IFN-γ mRNA, and IL-4 mRNA were on the rise in UL mice. And PF administration produced a decreasing trend of the cytokines, although our data showed no significance. The persistence of Th1 or Th2 cells predominate is the leading cause of chronic course in some diseases. Th1 cells have been reported to persist in chronic inflammatory diseases, are potent inducers of inflammation due to being repeatedly activated (Niesner et al., 2008; Yamada et al., 2008). And persistent Th2 cells infiltration was associated with the allergic responses of asthma (Wells et al., 2009). Th1 and Th2 are the effector cell subsets of CD4+T cells through the differentiation, which were promoted by cytokines (Mosmann et al., 1986). Furthermore, memory CD4+T cells retain a lifelong ability to mediate protective immunity after vaccination in lymphoid tissues (Amara et al., 2004; Lees and Farber, 2010). To sum up, regulating CD4+T cells is essential for their long-lasting property. Considering the high concentration of PF in the immune organs, and PF-induced regulatory effects on the imbalance in Th1 and Th2 cells, we speculated that PF may exert a continuing medicinal effect through immunoregulatory.
The literature recorded that the intestine could absorb an amount of PF, the unabsorbed fraction is mainly metabolized in intestinal bacteria (Takeda et al., 1997). Bacteroide is one of the intestinal bacteria, playing an important role to convert PF to metabolites (Hattori et al., 1985). It has been reported that gut characteristic metabolite of PF (Benzoic acid) could through the blood-brain barrier to alleviate depressive symptoms in the central nervous system (Yu et al., 2019). Furthermore, gut microbiota and the immune system interact with each other (Kehrmann et al., 2020). Bacteroides fragilis-derived Polysaccharide A can differentiate CD4+T-cell into Treg cells, which are a major role in decreasing inflammation (Lahl et al., 2007; Round and Mazmanian, 2010). Another significant aspect is that the majority of the bacterial strains persist for years or even for a lifetime in the host body, which may influence biological functions. In addition, microbiota changed over time, but, more than 70% of bacterial strains remain stable over 1 year for the individual’s microbiota (Faith et al., 2013). The evidence implied that gut microbiota may contribute to the therapeutic role of PF on UL mice persist for some time, which warrants further development.
The activation of mast cells, lymphocytes, T cells, EPX, and cytokines exhibit circadian variations in allergic reactions, showing a high level at night than day. On the other hand, PF is distributed rapidly in the stomach and intestine, the absorption capability of which was high at night compared with day in mice (Hussain and Pan, 2009; Pan and Hussain, 2009). The abundance of bacteroidetes experience diurnal oscillation, peaking at ZT16, troughing around ZT0 in mice, continue to rise during ZT0 to ZT8, slightly fall to ZT12, then rise to ZT16 (Liang et al., 2015). PF dosing at ZT10, therefore, experienced a period of relatively longer detention time to be absorbed then underwent the phase of abundant metabolites producing, which may reinforce the effect. The above information provided some explanation to dosing at ZT10 demonstrated better effects on prophylaxis and treatment than others before symptom onset.
The primary outcome of interest in our experiment was the efficacy of PF on the nocturnal seizures with urticaria, the mice were therefore sensitized and challenged at ZT14 so as to mimic nocturnal symptoms. In order to get more detailed information about antigen challenge and phenotype evaluation at different circadian time points, we performed OVA challenged at ZT02 corresponding to ZT14 so as to imitate morning symptoms of urticaria, and then administrated at ZT22, ZT04, ZT10, and ZT16. The supplementary experiment indicated that the symptoms, histopathological features, mast cell infiltration were severe during the morning, and they were resolved after PF treatment. PF dosing at ZT10 demonstrated better efficacy in comparison to the other three treated indicated time points. Once more, these results provided strong evidence that PF administration at ZT10 produced relatively superior effectiveness to the urticaria symptoms (Figure 1B; Figures 2A,C; Figures 3A,C,E; Figures 4A,C; Figures 5A,C; Figures 6A,C; Figures 7A,C,E,G).
The present study preliminarily revealed the circadian pharmacological effects of PF on mice with UL. However, there were some limitations noted. For instance, detailed mechanisms underlying the circadian pharmacological effects of PF remain to be elucidated. Moreover, since the pathogenesis of urticaria involves a complex multistep process which is affected by many target cells, we wound investigate the mechanism of the optimal administration time of PF specific to a single target cell in subsequent studies. The expression of IL-6 mRNA, IFN-γ mRNA, IL-4 mRNA showed no statistical differences, which may be due to the small sample size or the possibility that the cytokines were not the targets for PF-induced therapeutic effects.
In summary, the symptoms, pathologies factors, and metabolism express diurnal rhythmicity may be the reasons for the difference induced among circadian PF administration timing. In our study, oral administration of PF at four circadian time points (ZT22, ZT04, ZT10, and ZT16) alleviated UL mice, including pruritus, histopathological changes, decreased the levels of IgE, LTB4, and HIS, mast cell infiltration, MCT, EPX, and regulated disorders of Th1 and Th2 cells. It is worth noting that PF administration at ZT10 produced relatively superior effectiveness regardless of whether the UL symptoms attack in the morning or the evening. PF may be used as a potential natural alternative for the prevention and treatment of urticaria before their nocturnal symptoms outbreak.
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*Data were analyzed by Cytoscape 3.7.2 software.
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isomer
p-hydroxyphenyliactic acid
or isomer

Piperonal

Proline
p-tert-Butylanisole
Pyridoxal-5-P
Pyridoxine or isomer
Pyrrolezanthine
Quinolinate or isomer
Reduced glutathione or
isomer

Rhamnose or isomer
Salicylate

Salioylurate

Salsolinol
Sanchinoside G1
Senbusine A
Senbusine B
Senbusine C

Serine

Shikimate

Sitosterol

Songorine

Sorbitol

Sorbitol or isomer
Spathulenol
Stockin-53073
Succinate

Sucrose

Talatizamine
Tamarixinol

Taurine or isomer

Tetracosane
Threonine
Thymidine

Thymidine isomer
Thymine

TMPEA
trimethylamine-N-oxide
Tryptophan

Tyrosine

Tyrosine isomer

uoP

UNAL

Uracil

Uracil

Uridine

Valine

Vetol

Xanthine or isomer
Xylose

Zoba 3GA

Zoba EG

Zoomaric acid

a-santalene

p-cedrene

p-guaiene

(-aromadendrene
(18,28)-2-isopropenyi-4-isopropyiidene-1-methyl-1-vinyicyclohexane
(2R,3R 4S,55,6R)-2-[((35,5R,65,8R,9R, 10R, 12R, 13R,14R, 175)-3,12-
dinydroxy-17-[(25)-2-hydroxy-6-methylhept-5-en-2-yll-4,4,8,10,14-
pentamethyl-2,3,6,6,7.9,11,12,13,15,16,17-dodecahydro- 1h-
cyclopenta [a]phenanthren-6-yljoxy]-6-(nydroxymethyljoxane-3,4,5-triol
(25,3R,48,55,6R)-2-((25)-2-((35,5R, 8R IR, 10R,12R, 13R,14R, 178)-3-
[(2R.3R 48 55,6R)-4,5-dihydroxy-6-(nydroxymethyl)-3-

[(25,3R 48,58 6R)-34,5-trihydroxy-6-(hydroxymethyljoxan-2-yl
‘oxyoxan-2-yljoxy-12-hydroxy-4,4,8,10, 14-pentamethyl-
2,3,6679,11,12,13,15,1

(3R,5R,8R,9R, 10R, 12R,13R, 14R,175)-17-[(28)-2-hydroxy-6-
methylhept-5-en-2-y[-4,4,8,10,14-pentamethyl-
2,3,6,6,7,9,11,12,13,15,16,17-dodecahydro-1H-cyclopenta [a]
phenanthrene-3,12-diol

(3R.85,9R, 10R, 13R, 148,17R)-3-hydroxy-4,4,9,13,14-pentamethyl-17-
[(E.2R)-6-methyi-7-{(2R 3R 48,58 6R)-3,4,5-trihydroxy-6-

(2R, 3R,4S,58,6R)-3,4,5-trinydroxy-6-(hydroxymethyljoxan-2-y]
oxymethyljoxan-2-ylloxyhept-5-en-2-yl}-1,2,3,7,8,10,12,15,16,17-
decahydr

(3R.9R, 10R)-heptadec-1-en-4,6-diyne-3,9,10-triol

(35,5R.65,8R 9R, 10R,12R,13R,14R, 175)-17-{(2R)-2-hydroxy-6-
methyihept-5-en-2-y-4,4,8,10,14-pentamethyl-
2,3,6,6,7,9,11,12,13,15,16,17-dodecahydro-1H-cyclopenta [a]
phenanthrene-3,6,12-triol

(35,5R,65,8R 9R, 10R,12R,13R,14R, 175)-17-{(25)-2-hydroxy-6-
methyihept-5-en-2-y[-4,4,8,10,14-pentamethyl-
2,3,6,6,7,9,11,12,13,15,16,17-dodecahydro-1H-cyclopenta [a]
phenanthrene-3,6, 12-triol

(35,5R,8R.9R, 10R,12R 13R, 14R, 175)-17-{(28)-2-hydroxy-6-
methyihept-5-en-2-y-4,4,8,10,14-pentamethyl-
2,3,5,6,7,9,11,12,13,15,16,17-dodecahydro-1H-cyclopenta [a]
phenanthrene-3,12-diol
(4aR,9a8)-2,9,9-trimethyl-5-methylene-4,42,6,7,8 9a-hexahydro-3h-
benzo [7]annulene
(62.10E,14E,18E)-2,6,10,15,19,23-hexamethyltetracosa-
2,6,10,14,18,22-hexaene

(butylsufonylethynylbenzene

(R)-Norcoclaurine
11,14-Eicosadienoic acid

13-Deoxo-13 alpha-acetyloxy-1-deoxynortaxine |
14-acetyhalatisamine

14-Deoxy-11,12-didehydroandrographolide
1-Ethenyl-1-methyl-2-(1-methylethenyl)-4-(isopropy)-cyclohexane
1-Methylhistamine

1-Methylhistamine or isomer

2,7-Dideacetyl-2,7-dibenzoyl-taxayunnanine F
20(R)-ginsenoside Rg2
20(8)-ginsenoside Rg3
20(S)-ginsenoside Rg3_qt
20(9)-Ginsenoside-Rh1_qt
2-aminoadipate
2-Deoxyadenosine
2-Deoxycytidine
2-Isopropyimalate:
3,4-Dihydrobenzoate
3,4-Dihydroxyphenylacetate
3-Oh-anthranilate or isomer
3-Phosphoglycerate
4-Hydroxybenzoate or isomer
4-Pyridoxic acid

58,924 _fluka
5-Hydroxytryptophan
5-Phenyl-4E-pentenol
6-Demethyidesoline

“Data were from the TCMSP database and a reference using column-switching HILIC-RPLC-MS/MS system as in the identification method (Song et al., 2015).
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Item Content Quality control

Finger print consistency 09 209
Total saponins 1.0 mg/mi 0.7-1.7 mg/mi
Ginsenoside Rg1 0.1 mg/mi 20,08 mg/m
Ginsenoside Re 0.1 mg/ml 20.06 mg/ml

“Data were derived from product inspection report of Ya'an 999 Pharmaceutical Group
Co. Ltd. Sichuan Province, China.
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*Data were analyzed by Cytoscape 3.7.2 software.

MOL ID

MOL000358
MOL000908
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Betweenness centrality
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Pathway Degree Betweenness centrality Closeness centrality

Pathways in cancer 14 00498 04444
Tuberculosis 12 0.0247 0.4231
Hepatitis B 12 00182 04314
Apoptosis 1 0.0243 0.4272
IL-17 signaiing pathway 10 0.0208 04314

*Data were analyzed by Cytoscape 3.7.2 software.
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Active constituents

Guanosine (-/24)*

Adenosine (50,20)

Sa-Stigmast-7-En-3-p-Ol (123/-)
Kaempferol (160/103)

Arvenin 11l (169/111)

Arvenin | (186/126)
Dihydroisocucurbitacin B (~/140)
3-epi-isocucurbitacin B (209/138)
23,24-

dihydrocucurbitacinD (~/124)
Resveratrol (114/61)
Procyanidin B-1-3-O-gallate
(118/64)

Procyanidin B-2 3, 3'-di-O-
gallate (129/76)

Procyanidin B-4 3'-O-gallate
(140/84)

Bryonolic acid (234/-)
Luteolin (162/-)

Apigenin (167/-)
Chrysoeriol (184/121)

(-)-epicatechin 3-O-gallate
(182/79)
(+)-catechin (-/38)

23,24-dihydrocucurbitacin B
(215/139)
23,24-dihydrocucurbitacin

E (/128)

Procyanidin C-1 3, 3'-di-0-
gallate (128/75)

Putative targets

MAPK3; DLG4; CREB1; AKT1; PIK3CA; ADORA3;
ADORA2A; ADORA1; PRKAB1; PRKAA1; ADCY1;
GNAI1; ABL1

MAPK3; CREB1; AKT1; PIK3CA; ADORAS; ADORA2A;

ADORAT; PRKAB1; PRKAA1; GSK3B; ADCY1; ABL1
GRIN2B; GRIN2A; NFKB1; NFKB2

AKT1; HSPO0AA1; ACTB; PTK2B; PRKCA; ATP5B;
ATP5C1; ATP5A1

NFKB1; NFKB2; CASP3; YWHAE

NFKB1; NFKB2; CASP3; YWHAE

NFKB1; NFKB2; CASP3; YWHAE

NFKB1; NFKB2; CASP3

NFKB1; NFKB2; CASP3

AKT1; APP
HSPYOAAT; ACTB; PRKCA; ATPSB; ATPSC1; ATPSAT

HSPY0AAL; ACTB; PRKCA; ATPSB; ATPSC1; ATPSAT
HSPY0AAL; ACTB; PRKCA; ATPSB; ATPSC1; ATPSAT

GRIN2B; GRIN2A; NFKB1; NFKB2

AKT1; HSPOAAT; ACTB; PTK2B; PRKCA; ATP5B;
ATP5C1; ATP5A1

AKT1; HSPO0AA1; ACTB; PTK2B; ATPSB; ATP5CT;
ATP5A1

AKT1; HSPO0AA1; ACTB; PTK2B; ATPSB; ATP5C1;
ATP5A1

AKT1; HSPO0AA1; ACTB; PTK2B; ATPS5B; ATP5C1;
ATP5A1

AKT1; HSPO0AA1; ACTB; PTK2B; ATPS5B; ATP5C1;
ATP5A1

NFKB1; NFKB2; CASP3; YWHAE

NFKB1; NFKB2; CASP3; YWHAE

HSPO0AAT; ACTB; PRKCA; ATPSB; ATP5C1; ATPSAT

"The number & comesponding o Supplementary Tables S1, 82

Number
of
targets

13

12

EES

(PRSI

N

Targets
frequency

42

39

2
23

19
19
19
17
17

15
13

13
13

24
23

20
20
20
20
19
19

13

Category

Trichosanthes Kirlowii
Maxim.Arisaema erubescens (Wall)
Schott

Trichosanthes Kiriowii Maxim.
Arisaema erubescens (Wall.) Schott
Trichosanthes Kiriowii Maxim
Trichosanthes kiriowii Maxim
Trichosanthes kiriowii Maxim
Trichosanthes Kirlowii Maxim
Trichosanthes kiriowii Maxim
Trichosanthes kiriowii Maxim
Trichosanthes kirlowii Maxim

Trichosanthes kirilowii Maxim
Trichosanthes kirilowii Maxim

Trichosanthes kirilowii Maxim
Trichosanthes kirilowii Maxim

Rheum paimatum L
Rheum palmatum L

Rheum palmatum L
Rheum palmatum L
Rheum paimatum L
Rheum palmatum L
Rheum paimatum L
Rheum paimatum L

Rheum paimatum L
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Primer name

IL-1p forward
IL-1B reverse
TNF-a forward
TNF-a reverse
PIK3CA forward
PIK3CA reverse
AKTA forward
AKTA reverse
NF-«B1 forward
NF-kB1 reverse
NF-kB2 forward
NF-«B2 reverse
CREB1 forward
CREB1 reverse
HSP90AAT forward
HSPO0AAT reverse
p-actin forward
p-actin reverse

Nucleotide sequence (5'-3)

GCAACTGTTCCTGAACTCAACT
ATCTTTTGGGGTCCGTCAACT
CCCTCACACTCACAAACCAC
ACAAGGTACAACCCATCGGC
TATGTCTACCCTCCAAATGTCG
TACTTCTGCTTGTCGTTGTTTG
ATGAACGACGTAGCCATTGTG
TTGTAGCCAATAAAGGTGCCAT
CAAAGACAAAGAGGAAGTGCAA
GATGGAATGTAATCCCACCGTA
CAAGGACATGACTGCTCAATTT
GCCTCTGAAGTTTCTGGATCAT
AGCAGCTCATGCAACATCATC
AGTCCTTACAGGAAGACTGAACT
TGTTGCGGTACTACACATCTGC
GTCCTTGGTCTCACCTGTGATA
GGCTGTATTCCCCTCCATCG
CCAGTTGGTAACAATGCCATGT

Product size
89bp
133bp
128bp
116bp
2030p
92bp
1520p
116bp

154bp
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Latin name English name TCMSP name Chinese name Origin of place

Panax ginseng C.A. Mey Radix ginseng rubra Ginsen Radix Et Rhizoma Rubra Hongshen Jiin, China
Aconitum cammichaeli Debeaux Aconitine Aconit Lateralis Radix Praeparata Fuzi Sichuan, China
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(2018)
China
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(2018)
China

Zhangy
(2018)
China

(2011)
China

Yin
(2011)
China

Zhou
(2019)
China

Zhau
(2019)
China

Long
(2020)
China,

(2020)
China

Qian
(2020)
China.

W
(2020)
China

(2019)
China.

Li(2019)
China,

Yan
(2020)
China.

Zhu
2019)
China.

L2020
China.

Fang
(2018)
China.

(2018)
China.

(2020)
China.

Kuang
(2020)
China

(2020)
China

Notes:

Type

RCT

RCT

RCT

ROT

RCT

RCT

RCT

RCT

RCT

RCT

RCT

RCT

RCT

RCT

ROT

ROT

Types of
Chinese patent
medicine

Xaoer Chigiao
Qingre Granules

Xaoer Chigiao
Qingre Granvies

Xaoer Chigiao
Qingre Granules

Xaoer Chigiao
Qingre Granuies

Xaoer Chigiao
Qingre Granules

Xaoer Chigiao
Qingre Granvies

Xaoer Chiciao
Qingre Granuies

Xaoer Chiciao
Qingre Granuies.

Xaoer Chiciao
Qingre Granules.

Xaoer Chigiao
Qingre Granules

Xaoer Chidizo
Qingre Granuies

Kanggan Grances

Kanggan Grances

Kanggan Granues

Lianhua Gingwen
Granues

Lanhua Qingwen
Granules

Xaoer Resuaing
Granues

Xacer Resucing
oraliguid

Xaoer
‘Shuanghuanglan
Mixture

Sij Kangbingdu
Mixture

Xaoer Nihuang
Qingrin Powder

Influenza  Cases

The “4" means posiive for the inflenza vivs.

The outcomes are time of deforvescence, the easing timo of cough, the easing time of nasal obstruction, the easing timo of Sore throat, the time of irl sheding and agverse reactons, that aro denoted by
acactial:

virus

(Treatment
aroup/
Control
group)

46146

s757

5353

30/30

18118

75015

92192

60/69

50/50

3332

3181

193193

45045

1101110

45145

1101110

75015

Age
(Treatment
group/
Control
‘group)

114698 +
4.26/
114613
+482)

1127 +
26/1~126.4
+25)

11285+
059/
1-1285
£053)

11267
32)/1~1369
+3.1)

11052+
13/1-94.9
218

11265 +
07)1~12
(6805

11402 5
36/1~137.8
2a)

65+07)
(64509

1-137.4 &
19/1-17.3
18

21272+
1201-127.4
+12)

1-1367 +
2.1)1-1266
+£2.1)

1~14/1-14

2-626

1~106.15 +
219/1-11
619£2.1)

3-139.10
2,06/
3-149.03
+2.12)

(@78.+1.39
@76+ 1.33)

2-12(681 2
2.78)2~12
(663+2.95)

2-11654 +
222
112657
2219

3-106.1 +
24)2+11(63
+20)

1-12(6.50 +
341y
1~126.49
+339)

2-638+
246/

2-6(369
+2.17)

Time from
symptom onset
to
randomization
™

2-48(1531 +
9.54)2~ 48(1322
+721)

(184 + 7)/(19
£72)

(36,96 + 10.08)/
(36.96 + 10.08)

5-35(19.5+ 38/
7-36(19.8 £ 36)

6-35/6~32

3-47(22.8:+35)
4-48(225 £37)

7~37(19.67 +
9.56)/9~36(19.28.
+897)

(19.06 + 061
(19.16 = 0.51)

7-42(18.6 + 4.4
6-39(183  4.2)

<48/a8

7-35(212 £ 4.1
735212 £ 4.1)

3-4522.1 +6.0/
5-48(228 £ 6.3)

<48/a8

3-4323.52 +
4.81)/3-45(23.82
+489

4-4822.08 +
9.52)/3~46(21.35
+964)

(1964 + 472/
(1865 = 4.32)

1~46(20.45 +
12.77)/1~46
(1878 £ 1052)

4-37(19.26 +
3.49/6~35(19.31
+354)

1248288 +
2.4) 7.2-4831.2
148

2-4825.44 +
8.20/3~48(25.47
£8.21)

8-45(18.05 +
6.17)/6-48
(1833 + 6.29)

cPMs

1~3 years od,
23 ghime;
4-6 years oid,
34 glime;
7-9 years od,
4-5 ghime;
>10 years old,
6 g/time; 3
times/d

1~3 years od,
2-3 ghime:
46 years old,
3-dg/time;
7~9 years old,
4-5 ghime;
>10 years od,
6 g/time; 3
times/d

1-3 years old,
2g/time;

4-6 years oid,
4 ghtime;

7~9 years o,
5 g/time;

>10 years old,
Sg/time; 3
times/d
<Byears 0d 29/
time, 3-6 years
o3 ghime,
7+10 years od
4 g/time,

>11 years 04 69/
time, 3 times/d

1-3 years old,
2-3 gtime,

46 years old,
3-4 glime, 7-9
years old, 4-5.g/
time, >10 years
od, 6 gfime, 3
times/d

<3 years old,
2-3 ghime;
3-6 years old,
3-4 gtime;
6-10 years oid,
45 ghime;
>10 years old,
6gime, 3
times/d

1-3 years old,
2-3 ghime,
46 years old,
34 gftime,
7-9 years old,
4-5 gtime,
>10 years old,
6g/ime, 3
times/d

1-3 years old,
2-3 glime,
4-6 years old,
3-4 gtime,
7-9 years old,
4-5 gtime,
>10 years old,
6gtime, 3
times/d

1-3 years old,
2-3 ghime,
4-6 years old,
3-4 gtime,
7-9 years old,
4-5 gtime,
>10 years old,
6gtime, 3
times/d

1~3 years old,
23 ghime,
4-6 years old,
3-4 gtime,
7-9 years old,
4-5 glime,
>10 years old,
6g/ime, 3
times/d

1~3 years old,
2-3 glime,
46 years old,
34 gtime,
7-9 years old,
45 gftime,
>10 years old,
6gtime, 3
times/d

16 years old,
2.5 g/time,
6-0 years old,
5 g/time,
10~14 years oid,
75 g/ime3
times/d

1~5 years old,
2.5 gftime,
6-0 years old,
Sgtime, 3
times/d

1-3 years old,
25 g/ime,

47 years old,
5 g/time,

811 years oid,
75 g/ime3
times/d

<23 kg 3 g/time,
>23 kg 6 gtime, 3
times/d

16 years old,
39

time,6-8 years
0d, 6 gtime, 3
times/d

1-3 years old,
1-2 gfime,
46 years old,
2-3 glime,
7~12 years old,
3-4 glime, 34
times/d

1-3 years old,
1-2 ghtime,
47 years old,
2-3 glime,
8-12 years oid,
3-4 ghime, 3
times/d

1~3 years old,
10 mifime,
>3 years old,
20 mifime, 3
times/d

<2 years old,
3-5 miime,
25 years old,
5 miftime,
57 years old,
5~10 mifime,
>7 years old,
10~20 mitime, 3
times/d

<1 years old,
015 g/ime,
1-3 years old,
03g/ime,
3-8 years old,
045 gfime, 2
times/d

<iskg
30 mgtime,
16-23kg

45 mgtime,
24-40kg

60 motime,
>atkg

75 mg/time, 2
times/d
<i5kg

30 mgtime,
15-23kg

45 mgtime,
24-40kg

60 motime,
sdtkg

75 mg/time, 2
times/d
<15kg

30 mgtime,
16-23kg

45 moftime,
24-40kg

60 mgtime,
>41kg

75 mg/ime, 2
times/d
<i5kg

30 mgtime,
16-23kg

45 moftime,
24-40kg

60 motime,
>d1kg

75 mg/time, 2
times/d
<i5kg

30 mgtime,
16-23kg

45 moftime,
24-40kg

60 motime,
>d1kg

75 mg/ime, 2
times/d
<i5kg

30 mgtime,
15-23kg

45 mgime,
24-40kg

60 motime,
>41kg

75 mgltime, 2
times/d
<15kg

30 mgfime,
15-23kg

45 moftime,
24-40kg

60 mtime,
>41kg

75 mg/ime, 2
times/d
<i5kg

30 mgtime,
15-23kg

45 mgfime,
24-40kg

60 motime,
>41kg

75 mg/time, 2
times/d
<i5kg

30 mgfime,
15-23kg

45 moftime,
24-40kg

60 mgfime,
>d1kg

75 mg/time, 2
times/d
<15kg

30 mgtime,
15-23kg

45 mgfime,
24-40kg

60 mtime,
>41kg

75 mgfime, 2
times/d
<i5kg

30 mgtime,
15-23kg

45 motime,
24-40kg

60 mgtime,
>41kg

75 mg/time, 2
times/d
<i5kg

30 mg/time,
15-23kg

45 moftime,
24-40kg

60 mg/time,
>a1kg

75 mgfime, 2
times/d
<i5kg

30 mgtime,
16-23kg

45 mgftime,
24-40kg

60 motime,
>41kg

75 mg/ime, 2
times/d
<i5kg

30 mg/time,
15-23kg

45 mgftime,
24-40kg

60 mg/time,
>a1kg

75 motime, 2
times/d
<15kg

30 mgfime,
15-23kg

45 mg/time,
24-40kg

60 mg/time,
>41kg

75 motime, 2
times/d
<15kg

30 mgfime,
15-23kg

45 mgfime,
24-40kg

60 mtime, 2
times/d
<15kg

30 mgfime,
16-23kg

45 mgfime,
24-40kg

60 mgfime,
>d1kg

75 mg/ime, 2
times/d
<i5kg

30 mg/time,
15-23kg

45 mgfime,
24-40kg

60 mtime,
>41kg

75 mgfime, 2
timesid
<i5kg

30 mgtime,
15-23kg

45 mg/time,
24-40kg

60 mtime,
>41kg

75 mgfime, 2
times/d
<i5kg

30 mgtime,
15-23kg

45 mftime,
24-40kg

60 mg/time,
>41kg

75 mgftime, 2
times/d
<i5kg

30 mgftime,
15-23kg

45 motime,
24-40kg

60 motime,
>dtkg

75 mgtime, 2
times/d

Course of
treatment

Outcomes

13

A1235

a2

135

A5

125

A1235

A1235

125

235

A134

A3

1234

A5

a2

A28

Adverse reactions.

Treatment group

3 cases of
nauseavoriting
and diarthea

1 case of nausea
‘and vomiting. 1
case of abdominal
pan

2 cases of nausea.
and vomiting. 2
cases of
‘abdominal pain

3 cases of nausea
and vomiting. 1
case of abdominal
pain. 2 cases of
diarthea

1 case of nausea.
1case of vomiting,
1 case of diarhea

2 cases of nausea.
1 case of darhea

1 case of nausea
‘and vomiting. 1
case of abdominal
pain

1 case of nausea.
1 case of diarrhea

NA

1 case of
abdomina
distension 1 case
of skin pruritus

NA

Control group.

3 cases of
nauseavoriting
and diarthea 2
cases of diarthea

2 cases of nausea
‘and vomiting. 1
case of diarthea

4 cases of nausea
and vomiting. 4
cases of
abdominal pain. 2
cases of dianthea

4 cases of nausea
‘and vomiting. 3
cases of
‘abdominal pain. 1
case of diarthea

2 cases of nausea
1 case of vomiting.
1 case of diarrhea.
1 case of
‘abdorminal pain

2 cases of nausea
2 cases of darthes

4 cases of nausea
and vomiting. 3
cases of
‘abdominal pain, 1
case of diahea

3 cases of nausea.
5 cases of dianthea

NA

NA

1 case of darhea

NA

o e
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Name

L-Tyrosine
Nutriacholic acid
Indoleacrylc acid
L-Valine

Benzocaine
Glycerophosphocholine
L-Acetylcarnitine
Ascorbic acid
Adenosine triphosphate
Ureidosuccinic acid
Glutathione
Triamterene

Gitrc acid

Inosinic acid

L-Histidine
L-Tryptophan
Canrenone

Formula

CaH14NOg
CaaHasOs
Cy1HoNO,
CsH14NO,
CaH14NO,
CgHaoNOgP
CoHi7NOs
CeHaOs
CioH1aNsO7P
CoHaNoOs
CioH17Ns068
CioHuN;
CioHa07
CioH15NsOsP
CaHoNsO»
CiiH1z2N:0,
CaoH2605

m/z

181.0739
390.2770
187.0633
117.0790
166.0790
257.1028
203.1158
176.0821
347.0631
176.0433
307.0838
253.1076
240.0270
348.0471
155.0695
204.0899
340.2038

Adduct

vIP

3.02665
3.50493
1.79193
2.42267
2.49461
1.45259
1.16715
2.83443
2.07961
1.69662
1.26381
1.01154
7.06906
3.59027
2152
5.46315
6.2536

p Value

3.2307 x 107
3.154 x 10
1.8004 x 10°°
6.938 x 10°°
20203 x 107
22183 x 10
1.6222 x 10
7.0845 x 1072
6.416 x 10°%
3.963 x 1070
6.9709 x 107"
3.853 x 1070
2.5526 x 10°°
1.9504 x 1072
1.2383 x 10
1.26x 107
2257 x 107
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Number Name Molecular Formula Mass (Da) Source

1 Pachymic Acid CagHsz05 529.38875 MS. MS2. TCMSP, ETCM
2 Oleanolic acid CaoHigOs 457.3676 MS. Ms2

3 Glycyrrhetinic acid CaoHagO4 471.34688 MS, MS2

4 Adenine CoHaNs 136.06177 MS. BATMAN-TCM, ETCM
5 Ergotamine CaaHasNsOs 581.26382 ETCM

6 Lauric Aldehyde RN 184.18272 TCMSP, ETCM

7 Adenosine CioHigNeO: 268.10402 MS. MS2

8 Palmitic acid GieHaz02 256.24023 TCMSP, ETCM

9 Lauric acid CizHeiO; 200.17763 TCMSP, ETCM

10 Caprylic acid CsHicO2 144.11503 TCMSP, ETCM

1 Tumulosic acid CatHsoOs 486.37091 TCMSP, ETCM
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Group

PDR group
SKYD group
NC group

F

P

Note:

“was compared with NC group, p <0.05;
“was compared with NC group, p <0.05
“was compared with PDR group, p >0.05.

LDL-C index

2.54 +0.22*
3.60 x 1.39°°
0.89 +0.12
13.88
0.001
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Group

PDR group
SKYD group
NC group

F

p

Note:
“was compared with PDR group, p >0.05;

HDL-C index

517 +2.15

3.03 + 1.92°

3.55 + 0.68
213
0.162
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Group

PDR group
SKYD group
NC group

F

p

“was compared with NC group, p <0.05;
“was compared with NC group, p <0.05;
Swas compared with PDR aroup, p >0.05;

TC index

2.96+0.11°

4.71 £ 1.16°°

0.80 £ 0.79
43.07
0.000
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Group

PDR group
SKYD group
NC group

F

p

“was compared with NC group, p <0.05;
"was compared with NC group, p <0.05;
/as compared with PDR group, p >0.05.

TG index

2332 +233°
29.32 + 6.32°°
2384038
65.82
0.000
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Sample name Puerarin (mg/mi) Liquiritin (mg/mi) Baicalin (mg/mi) Berberine (mg/mi)

Sample 1 3.971 0.310 2970 1.047
Sample 2 3.967 0312 2.983 1.051
Sample 3 3.969 0.306 2.967 1.048
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Gene

NLRP3
IL1p
L18
TNF

Bel2
CYcs
CASP8
CASP3

Forward primer

GCAGCGATCAACAGGCGAGAC
CTCCACCTCCAGGGACAGGATATG
GCTGCTGAACCAGTAGAAGACA
TGGCGTGGAGCTGAGAGATAACC
‘GACGCATCCACCAAGAAGCTGAG
GGGCTACGAGTGGGATACTGGAG
AAAGGGAGGCAAGCACAAGACTG
TCTACGGAACGGATGGGAAGGAAG
GTGGAGGCCGACTTCTTGTATGC

Reverse primer

TCCCAGCAAACCTATCCACTCCTC
TCATCTTTCAACACGCAGGACAGG
TGCCAAAGTAATCTGATTCCAGGT
CGATGCGGCTGATGGTGTGG
GCTGCCACACGGAAGAAGACC
TCGGTTGCTCTCAGGCTGGAAG
ATTGGCGGCTGTGTAAGAGTATCC
CAGGCACAGGCACCGCTTTC
TGGCACAAAGCGACTGGATGAAC
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SUA
UUA
Ser
BUN
eGFR
G
TC
IL1p
L6
L8
ALT
AST

Before treatment with
GGQLD
Mean + SD

497.70 + 39.47
424.81 + 157.10
85.84 + 14.28
537 +1.28
86.38 + 17.35
222+1.08
459 +1.04
9.13 +1.06
7.43 + 5.80
20.68 + 13.35
35.22 + 33.16
26.46 + 15.28

After treatment with
GGQLD
Mean + SD

418.93 + 69.64
641.62 + 272.83
83.88 + 12.34
5.84 +2.42
87.33 + 13.34
1.81 +0.69
4.34 +0.95
4.67 +1.15
235+0.70
6.40 +0.77
24.96 + 17.38
20.87 +9.02

p value’

<0.001
0.0128
0.3699
0.3518
0.4198
0.0263
0.1458
0.0005
0.0389
0.0206
0.0380
0.1043
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Targets

EGFR
SRC
PTGS2
ESR1

Acacetin
CDCOKER interaction energy

37.6692
40.6193
49.4521
37.7927

Positive compare
CDOCKER interaction energy

29.7857
658.7556
34.7360
36.4148
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Intervention Outcome indicators (OR/SMD, 95% Cl)

Effectiveness rate cK CK-MB LDH cTnl Adverse reaction
rate

Gvs. F 3.40, (0.49, 23.72) - - - - -
Gvs. E 2.38, (0.34, 16.40) - - - - -
Gvs. D 8.09, (1.38, 47.59) - - - - -
Gvs. C 2554, (0.33, 19.44) - - - - -
Gvs. B 3.14, (0.50, 19.52) - - - - -
Gvs. A 15.17, (2.41, 95.25) - - - - -
Fvs. D 2.38,(1.07,528)  -190,(-3.07,-0.72)  -168, (-4.24,087)  -097,(-3.86,192)  -3.33,(-57.22,5056) 0.3, (0.03, 2.18)
Fvs. C 075,(0.17,329)  -1.15,(-4.17,1.88)  -154,(-5262.19)  -093, (-5.21, 3.35) - -
Fys. B 092, (0.29, 2.89) 021, (-1.87,2.28) 1.04, (-1.93.4.01) 0.36, (-2.98, 3.70) -0.48, (-66.28,65.33)  0.19, (0.02, 2.14)
Fys. A 4.46,(1.34,1480)  -2.73,(-551,005)  -245,(-5690.80)  -189, (-564,1.87)  -31.67,(-104.23,40.89)  0.19, (002, 2.34)
Evs. F 143,047,432  -0.17,(-161,128)  -062,(-377.252)  -3.52,(-6.77, 1.08, (-64.92,67.08) 657, (0.5, 78.19)
Evs.D 3.40,(1.58,7.34)  -2.06,(-2.90,-1.22)  -2.31,(-4.13,-048)  -4.49, (-5.97, -2.25, (~40.36, 35.86) 1.54 (052.4.53)
Evs.C 107, (025, 464)  -1.31,(-4.22,160)  -2.16,(-542.1.10)  -4.45, (-7.94, - -
Evs.B 1.32, (0.43, 4.06) 0.04, (-1.87, 1.95) 042, (-1952.78)  -3.16, (-5.40, 061, (-53.04, 54.25) 1.28, (0:32.5.15)
Evs. A 6.38,(1.96,20.77)  -2.90, (-5.55,-0.24)  -3.07, (-5.78, -0.36)  -5.40, (-8.23, -2. -30.59, (-92.34, 31.16)  1.27,(027.6.02)
Cvs.D 3.18,(091,1110)  -075,(-354,204)  -0.15, (-2852.56)  -004, (-3.20, 3.12) - -
Cvs. A 5.96, (250, 1423)  -1.59, (-278,-0.40)  -091, (-2730.91)  -095, (-301, 1.10) - -
Bvs. C 081,(031,210)  -1.35,(-355,085)  -2.58,(-0.33,-4.82)  -1.29, (-3.98, 1.39) - -
Bvs. D 258, (1.14,586)  -210,(-3.81,-0.39) 273, (-4.23, -122)  -1.33,(-301,034)  -2.86, (-40.76, 35.05) 1.21, (050.2.91)
Bvs. A 4.83,(330,7.09)  -2.94,(-4.79,-1.09)  -3.49, (-4.80, -217)  -2.25,(-3.97,-0.53)  -31.19, (-62.36, 003 0.9, (0.50.1.98)
Avs. D 053, (0.22, 1.31) 0.84, (1.68, 3.36) 0.76, (-1.24.2.76) 092, (-1.49, 3.32) 28.34, (-20.43, 77.11) 1.21,(0403.72)

OR, odds ratio; SMD, standardized mean difference; Cl, confidence interval: A, conventional treatment; B, conventional treatment + trimetazidine + Astragalus injection; C, conventional
treatment + trimetazidine + Shenfu injection; D, conventional treatment + trimetazidline; E, conventional treatment + trimetazidine + Salviae mitiomrhizae and ligustrazine hydrochloride
injection; F, conventional treatment + trimetazidine + Breviscapine injection: G, conventional treatment + trimetazidine + Shenmai injection.
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Study

Chen (2011)

Chen (2014)
Dai (2018)

Ge,et al. (2010)

Ma (2012)
Pu (2013)

Shaoet al.
(2012)

Sun (2013)
Wang (2016)
Wang (2010)
Xu and Zhang
2011)

Yang (2009)
Zhang,et al.
(2015)

Yu (2014)
Zhang,et al.
(2016)

Sun and Sun
(2018)

Gao (2019)
Pang and Huang
(2013)

Wang (2012)
Zheng (2019)
Cui (2018)
Weiet al. (2020)

Zhu et al. (2020)

Wang (2020)

Chen and Zeng

2018)

Li and Gao
(2016)

Miao (2019)
Wang (2017)

He (2014)

Age (mean  Sample Intervention
or range) size
CE CE c E
17-46/17-46 32/32  Conventional treatment  Conventional treatment + trimetazidine 20 mg/d +
Astragalus injection 40 mi/d
57.8/57.8 80/80  Conventional treatment  Conventional treatment + trimetazicine 20 mg/d +
Astragalus injection 50 mi/d
25.4 86/ 20/20  Conventional treatment  Conventional treatment + trimetazidine 60 mg/d +
256+7.9 Astragalus injection 50 mi/d
2724112/ 30/30  Conventional treatment  Conventional treatment + trimetazicine 20 mg/d +
268+ 107 Astragalus injection 40 mi/d
224872/ 46/62  Conventional treatment  Conventional treatment + trimetazidine 60 mg/d +
2356 + 85 Astragalus injection 20 g/d
b 67/79 Conventional treatment Conventional treatment + trimetazidine 60 mg/d +
Astragalus injection 50 m/d
27:11/28+7  48/50  Conventional treatment  Conventional treatment + trimetazidine 60 mg/d +
Astragalus injection 10-20 mi/d
30+528+5  40/40  Conventional treatment  Conventional treatment + trimetazidine 60 mg/d +
Astragalus injection 20 g/d
556+ 2.4/ 37/37  Conventional treatment  Conventional treatment + trimetazidine 60 mg/d +
56.3+28 Astragalus injection 20 mi/d
31£10/80£10  50/50  Conventional treatment  Conventional treatment + trimetazicine 60 mg/d +
Astragalus injection 30 mi/d
14-40/13-41 30/60 Conventional treatment Conventional treatment + trimetazidine 60 mg/d +
Astragalus injection 40 m/d
31£10/82£10 4345  Conventional treatment  Conventional treatment + Trimetazidine 60 mg/d +
Astragalus injection 50 mi/d
252 +85/ 30/30 Conventional treatment Conventional treatment + trimetazidine 60 mg/d +
262185 Astragalus injection 30 mi/d
324+ 56/ 51/51  Conventional treatment  Conventional treatment + trimetazidine 60 mg/d +
329+ 6.1 Astragalus injection 50 mi/d
441 +£7.2/ 40/40 Conventional treatment Conventional treatment + trimetazidine 60 mg/d +
445178 Shenfu injection 50 mi/d
531 +58/ 51/51 Conventional treatment Conventional treatment + trimetazidine 60 mg/d +
52453 Shenfu injection 50 mi/d
4621 +257/  39/39  Conventional treatment  Conventional treatment + trimetazidine 60 mg/d +
4673 £ 2.10 Shenfu injection 40-200 mi/d
10m-12/ 33/33  Conventional treatment  Conventional treatment + trimetazicine
10m-12 0.3-0.5 mg/kg/d + Shenmai injection 0.5-1 mi/kg/d
60+9/55:11 8585  Conventional treatment +  Conventional treatment + trimetazidine 60 mg/d +
trimetazidine 60 mg/d Astragalus injection 50 ml/d
49.15 + 16.18/ 44/45 Conventional treatment +  Conventional treatment + trimetazidine 60 mg/d +
4847 + 15.25 trimetazidine 60 mg/d Astragalus injection 10-20 ml/d
552+ 65/ 35/35  Conventional treatment +  Conventional treatment + trimetazicine 60 mg/d +
548+63 trimetazidine 60 mg/d  Astragalus injection 40 mi/d
703+78/ 90/00  Conventional treatment +  Conventional treatment + trimetazidine 60 mg/d +
70975 trimetazidine 60 mg/d Astragalus injection 20 ml/d
581122/ 46/46  Conventional treatment +  Conventional treatment + trimetazicine 20 mg/d +
57:1.15 trimetazidine 20 mg/d  Salviae mitiorrhizae and ligustrazine hydrochioride
injection 5 mi/d
991127/ 50/50  Conventional treatment +  Conventional treatment + trimetazidine 60 mg/d +
989+ 1.31 timetazidine 60 mg/d  Salviae mitiorhizae and ligustrazine hycrochioride
injection 5 mi/d
412168/ 49/49  Conventional treatment +  Conventional treatment + trimetazidine 60 mg/d +
418:69 trimetazidine 60 mg/d  Salviae mitiorrhizae and ligustrazine hydrochioride
injection 5 mi/d
439+79/ 55/55 Conventional treatment +  Conventional treatment + trimetazidine 20 mg/d +
433175 timetazidine 20mg/d  Salviae mitiorrhizae and igustrazine hyciochioride
injection 5 mi/d
5117 £267/ ~ 49/49  Conventional treatment + Conventional treatment + trimetazidine 60 mg/d +
5064 +32 trimetazidine 60 mg/d  Breviscapine injection 5 mi/d
421 +15.9/ 62/62 Conventional treatment +  Conventional treatment + trimetazidine 60 mg/d +
432+ 156 trimetazidine 60 mg/d  Breviscapine injection 5 mi/d
3352114/ 30/30  Conventional treatment + Conventional treatment + trimetazidine 60 mg/d +
3352 1.14 trimetazidine 60 mg/d Shenmai injection 2-4 mi/d

control group; E: experimental group; d: day: w: week: m: month; (1): effectiveness rate; (2): CK: (3): CK-MB: (4): LDH:

Courses

Astragalus
injection 2 w
Others 8w
im
im
Astragalus
injection 2w
Others 8w
2w
4w
Astragalus
injection 2w
Others 8w
4w
2w
3w

2w

4w

4w
4w
Shenfu

injection 2w
Others 4w

2w
4w
Bw
4w
2w

30d

30d

im

30d

im
4w

4w

cTnl: (6): adverse reactions.
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Symbol

Cat
Gstk1

Cyba
Ucp3
Mb

1
Txnrd2

Description

Catalase
Glutathione S-transferase
kappa 1

Cytochrome b-245, alpha
polypeptide

Uncoupling protein 3
(mitochondrial, proton
carrier)

Myoglobin

Thioredoxin 1

Thioredoxin reductase 2

Fold-change
(2 a0y

243
291

0.18
2.40
5.31

0.34
3.57

p-value

0.0100**
0.0627

0.0335*
0.0147*
0.0171*

0.0266"
0.0482*

“and ** indicate significant diferences from the sham group at p < 0.05 and p < 0.01 vs.
UFPM-exposed Mi rats. UFPM, ultrafine particulate matter: MI, myocardial ischemia.
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Symbol

Cat
Gtk
Cyba
Ucp3
Cygb
foh1
Sqstm1

* and ** indicate significant diflerences from the sham group &t p < .05 and p < 0.01, respectively. UFPM, ultrafine particulate matier: M, myocandial ischermia

Description

Catalase

Glutathione S-transferase kappa 1

Cytochrome b-245, alpha polypeptide

Uncoupling protein 3 (mitochondrial, proton carrier)

Cytogiobin
Isocitrate dehydrogenase 1 (NADP+), soluble
Sequestosome 1

Fold-change (2%

0.47
0.34
215
229
0.16
0.48
0.45

p-value

0.0454*
0.0393"
0.0598
0.1006
0.0159"
0.0391*
0.007*
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Groups® SMF dose (mg/kg-d) Survival rate (%)

Sham - 66.7
UFPM + MI = 45.0
UFPM + MI + SMF 1.08 66.7
216 86.7
4.32 733

’n = 15 animals per group. SMF, Shengmai formula; UFPM, ultrafine particulate matter;
MI, myocardial ischemia.





OPS/images/fphar-12-601846/fphar-12-601846-g005.gif





OPS/images/fphar-12-619311/fphar-12-619311-g008.gif





OPS/images/fphar-12-601846/fphar-12-601846-g004.gif





OPS/images/fphar-12-619311/fphar-12-619311-g007.gif
A UFPM RS
s

s

o538 AR

wapx






OPS/images/fphar-12-601846/fphar-12-601846-g003.gif





OPS/images/fphar-12-619311/fphar-12-619311-g006.gif
I gy





OPS/images/fphar-12-601846/fphar-12-601846-g002.gif
LR Sttt TN
..

»
+
#
ks
¥

- i
e ®T






OPS/images/fphar-12-619311/fphar-12-619311-g005.gif
proton Lesk

1, H
RN,
I, > 3
N AN m

A
LT N






OPS/images/fphar-12-601846/fphar-12-601846-g001.gif





OPS/images/fphar-12-601846/crossmark.jpg
©

|





OPS/images/fphar-12-652989/fphar-12-652989-t002.jpg
Class No RUmin  Quasi-molecularion  lons  Emor  Formula Metabolite Assignment  VIP Fold change®

o (ppm) based on
Observed  Theoretical Oxalate/
Control

Amino acids. 1088 1320775 1320768 M+Hs 5 CHoNO, Creatine AWM 176 w072

2 085 130086 1300863 M+Hk 1  GCeHiNO;  L-Ppecdlicadd AV 131 085

3 803 1040800 1940823  M-H- 7  CiHuNOs  L-Tyrosine metnylester AV 216 036

4 481 2120 2120917 [M+He 1 CigHuNO,  3-Methosytyrosine A 145 “0.42
Orgaric acids and dervatives 5 383 1880018 1880017 M+Hk O  CeHuNO,  2Kelob- AV 105 168

acetamidocaproate

vomatic heteromonocycic compounds 6 09 1410658 1410659 M+l 0 N0, 1.3-Dimethyiract v 166 “0.40 178
Avomaic heteropolycyci compounds 7749 2140477 2140475 [M+Nal 1 CiHNOs  5-Hydrowyindoeacetic acid  AM 177 069 508

8 1058 2280634 2280631 [M+Nak 1 CyHuNO;  S-Methoxyindoacetate  AM 111 2.4 227

9 142 1771018 1771022 M+H+ 2 CiHN.O  Seotonin Av 158 036 13
Livds 10 101 1820787 1820788 M+Nal+ O  GHgNO,  S-Acetamidopentancate  AM 179 91 029

1121 1530654 1530659 M+ O  CHeN:O,  Prostagandins AV 113 “081 106

12 637 218138 2181387 [M+H+ O  CyHoNO,  Propanoylcamiine A ta 182 o081
Nucosides 13 285 8121308 8121302 M+Hlk O  CuHuNeOs NoNdimethyiguanosne  AM 126 “056 1.41
Carbohychates and carbohydrate 14069 1630601 1630612  MH- 6  CdtuOs  Lefucose Av 198 284 “0552
conjugates
Alphaic acyck compounds 15 245 2201182 2201179 Ma+Hlk O  CiHyNOs  Pantothenic acid AM,TM 158 “067 187

"Quasi-molecular ions (/) in this table include three species, namey, [M + H}+ or (M + Naj+ (ES + mode) and [M-H] - (5~ mode).
"Statistcal comparisons were performed using a Tukey post hoc fest

Accurate mass.

“Tandem mass spectromery.

<005,

R ot BBF vk i Sl sk
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Compound Schaftoside Isovitexin Luteolin Apigenin

Area® 4984479.83 + 84153.52 2760191 + 69812.83 381927 + 12104.72 696599.5 + 17078.66
RSD (%) 1.69 252 317 245

aThe peak area of each standard substance.
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Meet all the diagnosis of CHD (Chinese Society of Cardiology and Chinese

Medical Doctor Association, 2018), CHF (Ponikowski et ., 2016; Heart

Failure Group of Chinese Society of Gardiology and Editorial Board of Chinese

Journal of Cardiology, 2018), and TCM diagnosis of blood stasis syndrome

according to the Guidelines for Clinical Research of New TCM

Drugs (Zheng, 2002)

Aged 40-80 years, of both sexes

New York Heart Association class II-lll (Hunt et al., 2005)

Left ventricular ejection fraction <50% (using two-dimensional echocardiographic
Simpson’s method)

Cinical findings of CHF for >3 months before screening

Cinically stable in the last 1 month or receiving standardized treatment for >1 month,
and no modification of dosage or intravenous administration has been given.
Standardized treatment includes ACEIs and/or angiotensin receptor blockers,
p-blockers, aldosterone receptor blockers, or diuretics

Plasma level of NT-proB-type natriuretic peptide >125 ng/L

Volunteer, understand, and provide written informed consent
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Second Affiiated Hospital of Zhefiang Chinese Medical University
The Affiated Hospital of Hangzhou Normal University

Pingdingshan First People’s Hospital

Hangzhou First People’s Hospital

Fenyang Hospital of Shanxi Province

The Affiated Hospital of Liaoning University of Traditional Chinese Medicine
Tongxiang Traditional Chinese Medicine Hospital

Shaoxing People’s Hospital

Pizhou Traditional Chinese Medicine Hospital

Lishui Central Hospital

First Affiated Hospital of Xinxiang Medical University
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Scientific name

Choerospondias axillris (Roxb) B. L. Burtt & AW. Hil.
Salvia mitiorrhiza Bunge

Syzygium aromaticum (L) Merr. &L. M. Perry,
Cinnamomum camphora (L.) J. Presl.

Bambusa textiis McClure

Chinese Pinyin

Guang Zzo
Dan Shen

Ding Xiang

Bing Pian

Tian Zhu Huang

Latin scientific name

Choerospondiatis Fructus
Salvia mitiorrhiza Bunge
Caryophyli Flos

Bormneolum Syntheticum
Concretio Sificea Bambusae

Parts & form used

Dried ripe fuit
Dried root and rhizome
Dried flower bud
Essential oil

Dried mass of secretion
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Strength of the Meaning for clinicians or patients
recommendation

Strong/A The panel is highly confident of the balance between desirable and undesirable consequences; they make a strong
recommendation for (desirable outweighs undesirable) or against (undesirable outweighs desirable) an intervention
Weak/B The panel is less confident of the balance between desirable and undesirable consequences; they offer a weak

recommendation
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Quality level Definition

High!! We are very confident that the true effect lies close to that of the estimate of the effect

Moderate/Il We are moderately confident in the effect estimate: The true effect is likely to be close to the estimate of the effect, but there is
a possibilty that it is substantialy different

Low/ll Our confidence i the effect estimate is imited: The true effect may be substantially different from the estimate of the effect

Very low/\V We have very little confidence in the effect estimate: The true effect is likely to be substantially different from the estimate of

effect
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Panax ginseng C. A. Meyer
Atractylodes macrocephala Koidz
Poria cocos F. A. Wolf

Glycyrhiza uralensis Fischer
Rehmannia glutinosa (Gaertner)
Liboschitz

Pagonia lactifora Pallas
Ligusticum officinale (Makino) Kitag
Angelica gigas Nakai

Family

Araliaceae
Asteraceae

Polyporaceae
Fabaceae
Orobanchaceae

Pasoniaceae
Apiaceae
Apiaceae

Source

Korea
Korea
Korea
Korea
Korea

Korea
Korea
Korea

Weight
(mg)

420
495
225
660
720

495
645
495
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Group 1 day 3days 5days 7 days

Sham operation » i * 39.0 + 13.32
CIR model 45.0 £ 11.02 472+ 1167 57.8+7.32 60.2 + 10.37°
HCC 46.6 + 12.70 60.8 + 16.31% 67.8 £10.18° 67.9 + 10.08°

“compared with the Sham operation group, p < 0.05.
bcompared with the Sham operation group, p < 0.01.
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Group 1 day

Normal 0
Sham operation 0

CIR model 2359 + 10.42°
HCC 22.14 £ 12.75°

“compared wih the Sham operation group, p < 0.05.
bcompared with the HCC group, p < 0.05.

26.52 x 18.03*"
12.54 +9.04

5 days

0
0
2591 + 13.61°°
1240 + 4.56

7days

0
0
2247 + 8.70°°
1019+ 7.2
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Group 1day 3days

Normal 0 0
Sham operation 0 0

CIR model 16+£054° 16 167°
HCC 15£100° 05035

“compared with the Sham operation group, p < 0.05.
bcompared with the CIR model group, p < 0.05.

5days

0

0
0.76 £ 0.5°
0.4 +0.54

7 days

0

0
0.6 + 0.55°
0.4+ 0.54
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Outcome/variable Hypothesis

Baseline balance test

Adherence at
post-intervention
Concomitant treatments
Primary outcome
MWD Improvement occurred

Secondary outcomes

NT-proBNP Improvement occurred
NYHA classification Improvement occurred
MLHFQ Improvement occurred
Echocardiographic parameters  Improvement ocourred
Cinical endpoint events Improvement occurred

Safety outcomes
AEs, SAE
Vital signs

Measures

Quantitative outcomes (age, temperature, heart rate, respiratory rate,
and blood pressure)
Qualitative outcomes (sex, marriage, and previous treatment)

Percent and cases of adherence <80% and 280%

Percent and cases of concomitant treatments

Questionnaire
Left ventricular end-diastolic diameter and LVEF
Clinical-endpoint event rate

Percent and cases of AEs and SAEs
Change value relative to baseline

Methods of analyses

t-test/Wilcoxon rank-sum test

Chi-squared test/Fisher's exact
test/rank-sum test
Chi-squared test/Fisher's exact test

Chi-squared test/Fisher's exact test

t-test/Wilcoxon rank-sum test
Covariance analysis

t-test/Wilcoxon rank-sum test
Wilcoxon rank-sum test
t-test/Wilcoxon rank-sum test
t-test/Wiicoxon rank-sum test
Log-rank test

Chi-squared test/Fisher's exact test
t-test/Wilcoxon rank-sum test

6MWD, 6-min walk distance; NT-proBNP: N-terminal pro-B-type natriuretic peptide; NYHA, New York Heart Association; MLHFQ, Minnesota Living with Heart Failure Questionnaire;
LVEF: left ventricular ejection fraction: AE, adverse event: SAE: serious adverse events.
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Study phase time

Data collection at baseline
Informed consent
Inclusion/exclusion criteria
Demographic data
Obtain the central random number
Previous history, medical history, and allergies
Comorbidiies and co-medications

Safety evaluation
Vital signs
Physical examination
Blood routine
Urine routine
Blood biochermistry
Myocardial zymogram and troponin
ECG
Chest radiograph or CT
Urine pregnancy test

Efficiency evaluation
MWD
NT-proBNP
NYHA class
MLHFQscore
Echocardiographic parameters
Clinical-endpoint events

Other work
Dispense drug
Recovery and record of study drug
Metabolomics and proteormics
Record AEs
Complications due to medications
Evaluate compliance

Baseline period Intervention period Follow-up
Visit 1 Visit 2 Visit 3 Visit 4 Every 4 weeks
~7to 0 days 4 weeks 8 weeks 12 weeks Until 52 weeks
x
x
x
x
x
x
x x x
x x x
x x
x x
x x
x x
x x
x x
x x
x x
x x
x x x
x x x
x x
x x x x
x x
x x
x x
x x x
x x
x x x

CT, computed tomography; 6MWD, 6-min walk distance; NYHA, New York Heart Association; MLHFQ, Minnesota Living with Heart Failure Questionnaire; TCM, traditional Chinese

medicine; AE. adverse event.
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Acute coronary syndrome within the past 1 month

Plan to have cardiac surgery during the trial

Patients with cardiogenic shock, acute myocarditis, uncontrollable malignant
arthythmia, hypertrophic obstructive cardiomyopathy, puimonary embolism, or
severe valvular disease necessitating surgery

Uncontrolled hypertension, systoiic blood pressure (SBP) =180 mmHg, and/or
diastolic blood pressure (DBF) >110 mmHg; or SBP <90 mmHg and/or DBP
<50 mmHg

Combined with severe liver or kidney dysfunction or active liver disease, and/or
aspartate transaminase, alanine aminotransferase >3 times the upper limit of
normal

Patients with diseases affecting walking abilty, such as vascular disease of lower
extremilies

Combined with psychiatric manifestations

Patients with alcohol addiction or history of substance abuse

Females who are pregnant or lactating, preparing for pregnancy during the trial, or
have a positive pregnancy test at the time of hospital admission

Have severe allergies, or allergic to research drugs and its ingredients

Patients with a history of previous or present malignancy, or precancerous lesions
confirmed by pathology

Participation in other clinical studies within 3 months

Researchers estimate that the patient unable to complete the study
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Cluster Score Nodes Edges

1 35.244 46 793
2 1 47 253
3 7932 60 234
4 7.714 15 54
5 5.579 20 53
6 4.4 6 "
7 3846 14 25
8 3333 4 5
9 3176 18 27
10 3 3 3
1 3 3 3
12 3 3 3
13 2909 12 16
14 2875 17 23

Genes and targets

MAPK14, SOD2, MAPK8, MDM2, SRC, MET, PLG, EGFR, TP53, CASP3, CAT, HMOX1, MMP2, ESR1, MMP3, HSPBT,
CCNA2, HPGDS, FOS, TLR4, MAPK3, HRAS, JUN, AKT1, AKT2, CDC42, PTK2, ALB, HSP90AA1, PTPN11, CYCS,
NOS3, IGF1, IGF1R, IL2, RAF1, EDN1, JAK2, RHOA, NGF, TLR2, VEGFA, GRB2, PGR, MAP2K1, MAPK1

MAPK10, ABL1, ACE, PLAU, THBS1, STAT1, EIF4E, MMP1, CASP1, MMP13, CASP7, PPARG, ERBB4, ESR2, CCL5,
MMP7, MMP9, CDK2, PTK2B, PTPN1, NOS2, HSPA8, NQO'1, CHEK1, RAC1, FGFR2, ANXAS, APAF1, NR3CT, AR, XIAP,
CRYZ, CSK, JAK3, REN, EGR1, KDR, SOD1, KIT, PARP1, LCK, PIK3CA, BCL2L1, SELE, BMP2, GSK3B, GSR
BRAF, SLC2A1, GSTA1, BTK, NOS1, GSTP1, ANGPT1, CALM1, HCK, HEXB, PRKCQ, FAS, CDK6, HSP90AB1, HSPA1A,
C3, RAC2, IMPDH1, INSR, RARA, DIABLO, PARK7, RHEB, CTSB, RNASE2, RNASES, CTSG, LGALSS, LYZ, SELP,
ADAM17, ELANE, EPHA2, SYK, TEK, AKR1B1, TGFBR1, F2, FABPS, TTR, FGF1, FGFR1, VDR, G6PD, ARG, ZAP70,
ARSA, BAX, ATIC, NTRK1, AURKA, NFE2L.2, GLRX, GM2A, PDPK1, KEAP1, PGF, PIK3CG, BPI, PIK3R1

TKT, TYMP, IMPDH2, UCK2, DTYMK, UMPS, APRT, PNP, APEX1, GART, ADK, GLO1, GMPR, TK1, DCK

SIRTS, CHIT1, SPARC, DUT, CANT1, BCL2, HK1, PPIA, CTSD, AIFM1, HPRT1, TGM2, CTSS, CDA, LTA4H, LTF, SIRT3,
ALDOA, UCP2, QPCT

CYP2C8, GSTA3, CYP2C9, ADH1B, GSTO1, ADH1C

TYMS, PKLR, SORD, NT5M, CALM2, YARS, PPP1CC, LDHB, MTHFD1, PDESA, GMPR2, GPI, PYGL, SHMT1
PSEN1, GRIA1, BACE1, DLG4

FECH, DHFR, GRIK2, DHODH, C1R, C18S, C5, FGG, PAH, AHCY, GLUL, SLC1A3, ALAD, BHMT, GRIK1, SERPINA1, TPI1,
GRIA4

GSTM2, GSS, GSTM1

EEA1, RAB11A, RABSA

UAP1, GNPDA1, GNPDA2

GC, GRIN2B, TGFB2, TGFBR2, FKBP1A, APOA2, RBP4, CALM3, DAPK1, TF, BMP7, CFD

MBL2, APCS, RARB, RARG, STS, OTC, ARG2, SULT2A1, GATM, F11, RXRA, AKR1C3, F7, THRB, PSPH, CDK7, CFB
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Gene primer sequence

VEGF-A
VEGFR2
HIF-1a
GAPDH

Product size

-CGCCAAGCCCGGAAGATTAG-3'R: 5'-CCAGGGATGGGTTTGTCGTG-3'
-CTGTGCTGTTTCCTACCCTAATC-3'R: 5'-CTTTACCGTCGCCACTTGAC-3'
"-TACTGATTGCATCTCCACCTTCTAC-3'R: 5'-CTGCTCCATTCCATCCTGTTC-3"
-AACTCCCTCAAGATTGTCAG-3R: 5'-GGGAGTTGCTTGAAGTCACA-3"

Ibp

392
275
210
448
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Drug name Species Family Components

Astragali Radix (Huang Q) Hedysarum Multjugum  Leguminosae  1,7-Dinydroxy-3,9-cimethoxy pterocarpene, 3,9-cli-O-methylnissolin, 64474-51-7,
Maxim 64997-52-0, 73340-41-7, 7-O-methylisomucronuiatol, astragaloside IV, Bifendate,
Calycosin, Calycosin 7-O-glucoside, Formononetin, Hederagenin, Isodalbergin,
Isorhamnetin, Jaranol, Kaempferol, Mairin, Ononin, Quercetin

Chuanxiong Rhizoma (Chuan  Ligusticum striatum DC. Apiaceae Butylidenephthalide, Butylphthalide, Chlorogenic acid, Coniferyl Ferulate, Ferulic acid,
Xiong) Ligustice, Ligustrazine, Mandenol, Myricanone, Perlolyrine, Senkyunolide A, Senkyunoiide
H, Senkyunolide |, Senkyunone, Sitosterol, Wallichilide
Pheretima (Di Long) Pheretima Aspergilum ~ Megascolecidae  4-Guanidino-1-butanol, Cholesteryl ferulate, Guanosine, Hyrcanoside, Xanthinin
(E.Perrier)
Bombyx Batryticatus (Jiang - - Bassianin, Beauvericin, Ecdysterone, Ergotamine, Lupeol acetate
Can®

2Bombyx Batryticatu is the desiccated body formed by the 4-5 instar larvae of Bombyx mori Linnaeus (family: Bombycidae) infected with white Beauveria bassiana (Bals.) Vuillant.
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Gene

M-DNA-mt-Co3

M-DNA-Sdha

Primer

F GCAGGATTCTTCTGAGCGTTCT
R GTCAGCAGCCTCCTAGATCATGT
F TACTACAGCCCCAAGTCT

R TGGACCCATCTTCTATGC

Product length
67 bp

194 bp
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Type Diabetes CHD [ Blood  TEFD Random
deficiency stasis

Mean -0.03 -0.056 -0.09 -0.11 -0.09 0.16
Std 0.32 0.33 0.28 0.28 0.15 0.08
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Total number of nodes
Total number of edges
Average degree in network
Edge density

Average clustering coefficient

Outpatient

576
120,619
419.82

0.73

0.85

Diabetes

492
34,824
142.56

0.29

0.61

CHD

436
29,381
135.78

0.31

0.63

Blood stasis

439
19,323
89.64

0.20

0.51

Qi deficiency

422
18,186
87.39

021

0.51
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Total number of formulae

Distinct number of herbs

Average frequency of herbs

Average number of herbs in one formuia

Outpatient

531,284
576
14,230.02
15.43

Diabetes

21,626
492
561.57
12,55

CHD

9,054
436
270.51
13.03

Blood stasis

2,802
439
70.65
11.07

Qi deficiency

2,393
422
59.98
10.58
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Group Bal-2/p-actin

Control 1.1464 £ 00112
Model 0.4744 + 0.0081"**
Ser + Met 0.9136 + 0.0217"*"
Ser 0.7909 + 0.0143"*
Met 0.6014 + 0.0832"*
XPF-H 0.7445 + 0.0061%*
XPF-M 0.5623 + 0.0151*
XPF-L 0.4703 + 0.0535

Values are expressed as the mean + SD; n = 3 in each group. Compared
“*P < 0.005, Compared with model, *P < 0.05, "™P < 0.01, **P < 0.005.

Bax/p-actin

0.1064 + 0.0098
0.8098 + 0.0144"**
0.2226 + 0.0147"""
0.4004 + 0.0085"*"
0.5492 + 0.0142"*"
0.4084 + 0.0119*"
0.5590 + 0.0104***
06148 + 0.0181"""

with control.

Cyt-c/p-actin

0.1937 + 0.0103
0.9091 + 0.0106"*
0.1248 + 0.0090***
0.2885 + 0.0122"*"
05143 + 0.0094""*
0.2529 + 0.0131"*"
05180 + 0.0106""*
0.5496 + 0.0097"""

Caspase/p-actin

0.0301 + 0.0009
0.3689 + 0.0040***
0.0323 + 0.0015"*
0.0620 + 0.0038""*
0.1646 + 0.0108""*
0.0521 + 0.0017*%*
0.1928 + 0.0043"**

0.3575 + 0.0063
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Comparison (group) Upregulation Downregulation Al

Bvs. M 30 35 65
ULRA vs. M 27 135 162
YF vs. M 52 46 98

Note: Upregulation, upreguiated diferentially expressed proteins; Downregulation,
downregulated differentially expressed proteins; Al, all differentially expressed proteins;
B, blank group; M, model group; ULRA, unprocessed lateral root of Aconitum
carmichaeliic YF, Yinfupian.
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Group

Control
Model

Ser + Met
Ser

Met
XPF-H
XPF-M
XPF-L

Bal-2/p-actin

0.9080 + 0.0083
0.2864 + 0.0076"*
0.6814 + 0.0072"*"
06505 + 0.0086""
06419 + 0.0067"""
09032 + 0.0035™*
0.7402 + 0.0083"""
05665 + 0.0130""

Bax/p-actin

0.1728 + 0.0084
0.8701 + 0.0143"*
0.3348 + 0.0142"""
03850 + 0.0085"""
0.1408 + 0.0070"""
0.5394 + 0.0084**"
07331 + 0.0173"""
08143 + 0.0053"""

Values are expressed as the mean + SD; n = 3 in each group. Compared with control.
*'P < 0.005, Compared with model,

"D . 0 005,

Cyt-c/p-actin

0.1437 + 0.0077
0.8300 + 0.0159"*
0.3945 + 0.0075""*
0.2534 + 0.0085"""
0.1615 + 0.0029"""
0.3657 + 0.0113"""
0.5366 + 0.0082"""
0.6337 + 0.0096"""

Caspase/p-actin

0.1139 + 0.0071
06454 + 0.0072"*
0.2768 + 0.0067"**
02743 + 0.0044*"
0.1328 + 0.0029"""
0.4630 + 0.0104""*
0.5879 + 0.0126"""
0.6024 + 0.0069
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No

20

21

22

23

W/
min

33

45

48

53

54

58

59

70

70

80

88

143

15.6

16.5

17.7

179

179

19.4

19.7

213

215

233

Type

Ca20DA

C1oADA

C1sADA

C1oADA

C1oADA

Ca20DA

C1oADA

Ci10ADA

C1oADA

C1oADA

C1oADA

C1sMDA

C1sMDA

C1oMDA

Ci1oMDA

C1sMDA

C1sMDA

C1gDDA

C1oMDA

C1gDDA

C1gDDA

CyoDDA

C1oDDA

Chuanfumine

Senbusine A

Mesaconine

Karakoline

Isotalatizidine

Songorine

Aconine

Fuziline

Hypaconine

Neoline

Talatizamine

14-Benzoyl-10-
OH-mesaconine

Benzoyimesaconine

Benzoylaconine

Benzoylhypaconine
14-Benzoyi-13-
deoxyhyaconine

Benzoyldeoxyaconine

Beiwutine

Dehydrated-
benzoyhypaconine
Mesaconitine

Hypaconitine

Aconitine

Deoxyaconitine

Formula

CazHasNOs

CasHsrNOs

CaaHaoNOg

CozHgsNOs

CazHs7NOs

CazHaiNOs

CasHasNOg

CaaHaoNOs

CaaHzoNOs

CaaHsoNOs

CaiHagNO1

Ca1HiaNO1o

CazHasNO1o

Ca1HaaNOy

Cs1HasNOs

CazHasNOg

CasHasNO12

Co1HaiNOg

CasHasNO1 4

CasHasNO1o

CaaHazNOyy

CaaHazNO1o

M +H]"
(m/z)

394.3

424.3

486.3

378.3

408.3

358.2

500.3

4543

4703

438.3

4223

606.3

590.3

604.3

574.3

558.3

588.3

648.3

556.3

632.3

616.3

646.3

630.3

Main fragment ions (m/z) ULRA/
YF
376.2479 [M+H-H0]", 358.2385 [M+H- 1

2H,0]", 340.2278 [M+H-3H,Ol+

406.2580 [M+H-H,0]*, 388.2484 [M+H- !
2H,0]", 874.2337 [MsH-H,0-CH;OH]*,

360.2179 [M+H-2CH;OH]", 356.2223 [M+H-
2H,0-CHOH)"

468.2589 [M+H-H,0]', 454.2425 [M+H- s
CHOH]*, 436.2312 [M+H-CH30H-H,0]",

422.2170 [M+H-2CH.OH]", 404.2057 [M+H-
2CH,0H-H,O]", 878.1907 [M+H-C,0,-3H,0]"
360.2519 [M+H-H,0]", 332.2219 [M+H-CHy- !
CH40J", 328.2267 [M+H-CH:0H-H.0J",

310.2173 [M+H-CHiOH-2H0]"

390.2641 [M+H-H,0]", 372.2550 [M+H- 1
2H,0]", 358.2389 [M+H-H,0-CH,OH]*

340.2266 [M+H-H;0]', 322.2178 [M+H- !
2H0"

482.2748 [M+H-H,0]", 468.2592 [M+H- i

CHOH", 450.2479 [M+H-CHaOH-H,0)",

436.2335 [M+H-2CH,OH]", 418.2229 [M+H-
2CH;0H-H,0]'

436.2669 [M+H-H,0], 418.2591 [M+H- !
2H;0", 404.2420 [M+H-CHZOH-H,0",

386.2327 [M+H-CH,0H-2H,0]",

354.2066 [M+H-2CHOH-2H,0*

438.2470 [M+H-CH:OH]'", 406.2217 [M+H- I
2CHZOH]", 388.2114 [M+H-2CH;OH-H;0]",
378.1903 [M+H-2CH,0-CH;0H]",

374.1961 [M+H-3CH,OH]", 356.1853 [M+H-
3CHAO0H-H,0]"

420.2737 [M+H-H,0]', 402.2648 [M+H- 1
2H,0]", 388.2474 [MsH-H,0-CH,0H]*,

374.2341 [M+H-2CH,OH]", 370.2382 [M+H-
2H,0-CH;OH)', 356.2220 [M+H-

2CH;0H-H,0]"

390.2644 [M+H-CHZOH]*, 372.2546 [M+H- 1
CHZOH-H, 0", 358.2395 [M+H-2CH.OH]",

340.2289 [M+H-2CH;0H-H0]"

588.2788 [M+H-H,0]', 574.2636 [M+H- 1
CHZOH]*, 566.2515 [M+H-CH30H-H,0]*,

542.2376 [M+H-2CH;OH]", 524.2262 [M+H-
2CH;0H-H,0]"

558.2683 [M+H-CHOH]", 540.2571 [M+H- i
CHOH-HO", 526.2430 [M+H-2CH;OH]",

508.2316 [M+H-2CH,0H-H,0]"

586.3005 [M+H-H;0]', 572.2836 [M+H- i
CH4OH", 540.2591 [M+H-2CH,OH]",

554.2726 [M+H-CHyOH-H,0)",

522.2477 [M+H-2CHZ0H -H,0]"*

542.2733 [Ms+H-CH:OH]", 524.2661 [M+H- 1
CHZOH-H, 0", 510.2482 [M+H-2CH,OH]",

492.2391 [M+H-2CH,0H-H,0]"

526.2807 [M+H-CHOH]", 508.2718 [M+H- !
CHOH-H,O]", 494.2548 [MsH-2CH,OH]",

476.2449 [M+H-2CH,0H-H,0]"

556.2000 [M+H-CHgOH]", 538.2832 [M+H- 1
CHyOH-H 0", 524.2650 [M+H-2CH;OH]",

496.2347 [M+H-2CHZOH-H,0*

616.2781 [M+H-CH,OH]", 598.2683 [M+H- 1
CH4OH-H,0J", 588.2822 [M+H-2CH;0]",

556.2563 [M+H-2CH,0-CH;OH]",

538.2457 [M+H-2CH,0-CH;0H-H,0]"

524.2641 [M+H-CHiOH]", 492.2391 [M+H- !
2CHOH]"
600.2823 [M+H-CHiOH]", 582.2740 [M+H- T

CH4OH-H,0J", 572.2874 [M+H-2CH,0]",

540.2626 [M+H-2CH,0-CH;OH]*

584.2844 [M+H-CHOH", 566.2879 [M+H- 1
2CH0)", 524.2621 [M+H-2CH;0-CHZOH]*,
492.2373 [M+H-C,0,-CH;OH-2H,0]*

628.3069 [M+H-H,0]", 596.2855 [M+H- 1
GHZOH-H, 0", 586.3053 [M+H-ACOH]",

568.2895 [M+H-ACOH-H,OJ", 554.2785
[M+H-ACOH-CH,;OH]", 536.2693 [M+H-
2CH,0-CH{OH-H;0]"

598.3029 [M+H-CH:OH]', 570.3061 i
[M+H-ACOH]", 538.2804

[M+H-ACOH-CHzOH]", 506.2549
[M+H-ACOH-2CH;OH]*

References

Liu et al. (2011); Tan et al
(2011); Zhang et al. (2012);
Huang et al. (2015)

Tan et al. (2011); Huang
etal. (2015)

Tan et al. (2011); Huang
et al. (2015)

Huang et al. (2015)

Tan et al. (2011); Huang
etal. (2015)

Tan et al. (2011); Zhang
et al. (2012); Huang et al.
(2015)

Huang et al. (2015)

Tan et al. (2011); Sun et al.
(2012); Huang et al. (2015)

Huang et al. (2015)

Liu et al. (2011); Tan et al
(2011); Huang et al. (2015)

Tan et al. (2011); Sun et al.
(2012); Huang et al. (2015)

Tan et al. (2011)

Tan et al. (2011); Huang
etal. (2015)

Tan et al. (2011); Huang
etal. (2015)

Tan et al. (2011); Huang
etal. (2015)

Tan etal. (2011)

Tan et al. (2011); Huang
etal. (2015)

Huang et al. (2015)

Huang et al. (2015)

Sun et al. (2012); Huang
etal. (2015)

Tan et al. (2011); Huang
etal. (2015)

Tan et al. (2011); Sun et al
(2012); Huang et al. (2015)

Tan et al. (2011); Huang
etal. (2015)

Note: ULRA compared with YF, 1, the content increased; 1, the content decreased; C15ADA, C19-alkylol amine-diterpencid alkaloid; C 1oDDA, C19-monoester-diterpencid alkaloio;

C,oMDA, C19-monoester-diterpenoid alkaloid: C-oDA, C20-diterpene alkaloid: ULRA, unprocessed lateral root of Aconitum cammichaeliic YF, Yinfupian.
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Group Open field test (scores) Sucrose preference (%)

Adter After treatment Adter After treatment
CUMS and 1SO-induced CUMS and ISO-induced

Control 160.17 + 10.48 158.33 + 12.4 91.69 + 3.60 88.49 + 2.91
Model 79.67 + 6.80" 58.83 + 3.06 58.89 + 2.33" 56.08 +1.22
Ser + Met 82.83 + 4662 128.17 + 84" 57.68 £ 279" 81.17 +1.93""
Ser 775 +9.39"4 10517 + 7.9 59.30 + 2,694 76.01 + 368"
Met 7817 + 6.942 96.67 + 821" 56.51 + 1.54™4 62.04 + 1.40""
XPF-H 8317 + 263" 148.50 + 7.66"" 58.25 + 4,26 87.07 + 2.16""
XPF-M 83.33 013" 122 + 9.63"" 57.39 +3.36"** 8213 +1.52""
XPF-L 80.83 + 7.98+ 109 + 14 57.76 + 2,28 76.78 + 1.72"

Values are expressed as the mean + SD; n = 6-8 in each group. Compared with controll group after CUMS and ISO-induced
P < 0.005. Compared with model group after CUMS and ISO-induced, “P > 0.05. Compared with model group after treatment, ""'P < 0.005.
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Alkaloids

Aconitine
Mesaconitine
Hypacontine
Benzoylaconine
Benzoyimesaconine
Benzoylhypaconine

Precision (%)

1.08
075
0.25
0.65
0.54
1.02

Stability (%)

0.38
0.52
0.73
0.46
0.23
0.35

Repeatability (%)

0.35
0.43
0.86
0.74
0.65
0.47

Average recovery (%)

0.16
0.63
1.40
0.59
0.30
1.30
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Compounds

Eugenol
Emodin

isorhamnetin

Nobiletin

Isoliquiritigenin

Rosmarinic acid
4-Hydroxy-3 -butyiphthalide
Acacetin

Degree

28
27
25
23
22
22
21
20
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Alkaloids Regression equations R

Aconitine Y = 0.2050X+0.3294 0.9994
Mesaconitine Y = 0.3916X+0.4621 0.9992
Hypaconitine Y = 0.4043X+0.8154 0.999
Benzoylaconine Y = 0.6271X+0.3214 0.9992
Benzoylmesaconine ¥ 7897X+0.7180 0.9996
Benzoylhypaconine Y = 0.3406X+0.1127 0.9993
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Swiss prot

P31749
P05231

P16692
P04637
PO1100
P013756
P28482
P42574
P45983
P29474
P35354
P16220
P01133
PO5412
P23560
P01106
PO1584
PO3372
P09601

P37231

P22301

P12821

PO7900
P05362
P60484
Q04206
PO5112
P42224
PO1579
P60568
P19320
PO2741

Genes/proteins

AKT1
L6
VEGFA
TP53
FOS
TNF
MAPK1
CASP3
MAPK8
NOS3
PTGS2
CREB1
EGF
JUN
BDNF
MYC
LB
ESR1
HMOX1
PPARG
IL10
ACE
HSP90AAT
ICAM1
PTEN
RELA
L4
STAT1
IFNG
2
VCAM1
CRP

Description

RAG-alpha serine/threonine-protein kinase
Interleukin-6

Vascular endothelial growth factor A

Celular tumor antigen p53

Proto-oncogene ¢-Fos

Tumor necrosis factor

Mitogen-activated protein kinase 1

Caspase-3

Mitogen-activated protein kinase 8

Nitric oxide synthase

Prostaglandin G/H synthase 2

Cyclic AMP-responsive element-binding protein 1
Pro-epidermal growth factor

Transcription factor AP-1

Brain-derived neurotrophic factor

Myc proto-oncogene protein

Interleukin-1 beta

Estrogen receptor

Heme oxygenase 1

Peroxisome prolferator-activated receptor gamma
Interleukin-10

Angiotensin-converting enzyme

Heat shock protein HSP 90-alpha

Intercellular adhesion molecule 1

Phosphatidyiinositol 3,4,5-trisphosphate 3-phosphatase and dual-specificity protein phosphatase PTEN

Transcription factor pe5

Interleukin-4

Signal transducer and activator of transcription 1-alpha/beta
Interferon gamma

Interleukin-2

Vasoular cell adhesion protein 1

G-reactive protein

Degree

74
68

61
59
59
58
57
56
55
54
53
53
53
52
50
49
48
47
45
45
44
43
42
42
4
40
38
38
38
a7
a7
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No

47
48
49
50
51

®
(min)

1.42
3.75
5.44
5.86
12.48
15.95
18.42
18.90
19.64
215
22.47
23.39
23.87
2387
23.98
21.40
21.70
24.54
25.57
25.64
26.06
26.24
26.49
26.61
27.02
27.05
27.15
237.34
27.45
27.45
27.54
27.78
27.81
27.89
28.01
28.13
28.23
28.45
28.52
28.81
20.13
29.18
29.21
29.29
29.53
29.57

29.78
29.83
20.88
332
33.22

Name

Succinic acid
7-Methoxycoumarin
Feruic acid
Phenylalanine
Benzyl alcohol
Lonicerin

Vanilic acid
Chrysophanol
Quercetin
Liquiritoside
Rhoifolin
Protocatechuic acid
Acacetin

Physcion
Neoisoliquiritin
Naringin

Naringenin
Nobiletin
Hesperetin
Liquiritigenin
Hesperidin
Naringenine-7-thamnosidoglucoside
Neoliquiritin
Formononetin
Sinensetin
Licochalcone B
Aloe-emodin
Eugenol

Emodin
Spathulenol
Kaempferol
Isorhamnetin
Isoliquiitigenin
Angelicin
Cerevisterol
B-Amyrin acetate
(-)-Hesperetir
Rosmarinic acid
Aesculetin

Diosmin
Atractylenolide-1
Saikosaponin A
4-Hydroxy-3-butylphthalideylphthalide
Tangeretin (6C))
a-Cyperone

5,6,4'-trihydroxy-7,8,3'-trimethoxyflavonexy-7,8,3'-

trimethoxyfiavone
Menthyl benzoatee
-Cyperol
Tangeretin
Natsudaidain

5,6,7,8-Tetramethoxy-2-(4-methoxypheny))-4-
benzopyronethoxy-2-(4-methoxyphenyi)-4-benzopyrone

Formula

C4H604
C10H803
C10H1004
COH11NO2
C7H8O
C27H300156
C8H804
C15H1004
C15H1007
C21H2209
C27H30014
C7HB04
C16H1205
C16H1205
C21H2209
C27H32014
C15H1205
C21H2208
C16H1406
C15H1204
C28H34015
C21H2208
C21H2209
C16H1204
C20H2007
C16H1405
C15H1005
C10H1202
C15H1005
C15H2404
C15H1006
C16H1207
C15H1204
C11H603
C28H4603
C32H5202
C16H1406
C18H1608
COH604
C28H32015
C15H1802
C42HB8013
C12H1403
C42HB8013
C15H220
C18H1608

C8H802
C15H220
C20H2007
C20H2007
C20H2007

Heoretical
molecular
weightigh/Da

117.0187
177.0552
193.0501
166.0869
131.0473
593.1507
167.0344
255.0658
303.0505
417.1186
577.1568
1530187
285.0763
285.0763
417.1186
579.1714
2730763
403.1394
303.0869
257.0814
600.1820
403.1394
417.1186
260.0814
3731288
285.0763
271.0607

163.076
271.0607
267.1597
287.0555
317.0661
255.0658
187.0395
430.0325
468.3969
303.0869
359.0767
179.0345
607.1663
231.1385
779.4584
207.1021
779.4584
219.175
3500767

135.0446
219.175
373.1288
417.1186
373.1288

M + Hl+ [M-H}-
Quasi- Ppm Quasi- Ppm
molecular moecular
ecular lecular
1170185 2.8372
1770557 2.8239
193.0502  0.5608
1660865  2.4083
1310475 15261
5951671  1.1761 5931488  3.237
167.0345  0.2334
255066  0.7841
3030508 0.9899
4191338 11920 417.1193  1.6302
579.1721 36258  577.1557  0.1906
1530182 3.8492
2850753 3.6481
285.0764 0.2104
4171176 2.4453
5791696  3.2288
273077 25633
4081309 12402
3030875 1.9466
2570811 1.1669
6001802  3.0204
4031389 1.2403
N7.1177 22775
2600816 06317
3731274 37520
2850769 2.1047
2710615 29518
1630755  3.3113
2710615 29518
267.1601 14972
287.0571 52603
3170852 3.0277
2550663 1.9602
1870389 3.2078
4300311 32555
4683954 33732
3030867 06928
3500771 10304
1790330 35747
607.1683 3.1622
231.1387 04759
7794559 3.2567
207.1026 20279
779.4559 3.2587
219.1759 4.1063
3500771 1.0304
1350446 05183
2194755 22812
373.1276 3216
417.1188 0.4794 417.1193 1.6781
373.1279 2.4120
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No. Ta (i

1 581
2 221
H 203
4 274
5 2607
6 2664
7 2870
1 237
o 3367
10 3661
" %676
2 3038
1 3001
1 48
15 s861
1 6518
" 6526
s 7.0

AT ol Of AnGrols oW

iz

1650545
01582
a1
6231052
s79.1672
6231963
8091791
5491589
a7.1176
834420
2550650
2830604
373864
8213915
2670655
571188
2651476
3510878

Identiication
quitn aposide
Squitn

narngn
isoactoosdo

isoiquitin apioside
isoiquitin

Therotical m/z

165.0857
si9.1614
4171191
6231981
5791719
6231980
6091825
si9.161
4171191
834493
2550663
2630612
73914
8213065
2670663
571187
265.1445
3510874

Error (ppm)
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58
50
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27
56
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36
65
16
28
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30
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Analyte

Chiorogenic acid®

Isochlorogenic acid B*
Isochlorogenic acid A*
Isochlorogenic acid C*
Luteolin-7-O-glucoside®
Apigenin-7-O-glucoside®

Linarin®

Luteolin-7-O-glucuronide®
Diosmetin-7-O-glucoside”
Apigenin-7-0-6"-malonylglucoside®

Shimadzu20 A Agilent1260 RSD (%)

RRT RRF RRT RRF RRT RRF
1.00 . 1.00 # ® =
289 093 290 093 02 1.4
3.26 0.83 327 0.82 0.2 1.6
384 0.89 385 088 02 08
1.00 . 1.00 = L =
289 076 290 077 02 1.0
3.26 1.04 325 1.04 0.2 341
1.04 1.08 105 108 07 -
1.65 1.03 164 1.03 04 -
265 091 264 091 03 -

Components were identified and quantified using chiorogenic acid.

“or luteolin-7-O-glucoside.
bae intarmal refarence substances.
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No tm Formula ~ Mass
(min) error
(ppm)

Caffeoylquinic acid and caffeic acid

1 708 GO 18
2 989  CighaOs -33
3 1024 CigHigOp -7
4 1214 CoHgO, 08
9 2396 CusHzO -36
10 2628  CosHiOr2  -33
13 3222 CostiOiz  -30
Flavonoid glycoside

5 1886 CyHaOis  -1.0
6 2045 CoiHoOn 10
7 2113 CoHhgOre -84

11 2001 CyHeOpo  -22
15 8812 CypHxOn  -38
16 4596  CouHz:Ors 02
18 5245 GCyMaOis 01

Fragment ion
MS (m/2) in negative
ion mode

353.0871[M-H|", 91,0559, 135.0452
353.0866[M-H]", 191.0562

353.0875[M-H|", 191.0562

179.0351[M-H]", 135.0451

515.1175[M-H|", 353.0871, 191.0558, 135.0455
515.1177[M-H}-, 3563.0853, 191.0544, 135.0446
515.1179[M-H]", 353.0845, 191.0536

593.1496[M-H]~ 447.0950[M-H-rhamnose] ", 285.0393 [M-
Herutinoside]

447.0911[M-H]" 285.0393[M-H-glucose]

461.0712[M-H|" 357.0614[M-H-rutinoside] - 285.0380[M-
H-glucuronide]

431.0954[M-H|”~ 269.0437[M-H-glucose]

461.1067[M-H]~ 299.0540[M-H-glucose]~ 284.0300(M-H-
glucose-CH3]-

517.0945[M-H]” 473.1068[M-H-CO21|- 431.0970M-H-
malonyl]” 269.0437[M-H-malonyl-glucose]
591.1681[M-H]~ 283.0586[M-H-rutinose]~ 268.0350[M-H-
rutinose-GH]

Identification

Neochiorogenic acid
Chiorogenic acid
Cryptochlorogenic acid
Caffeic acid
3,4-Dicaffeoylquinic acid
3,5-Dicaffeoylquinic acid
4,5-Dicaffeoylquinic acid

Luteolin-7-O-rutinoside

Luteolin-7-O-glucoside
Luteolin-7-O-glucuronide

Apigenin-7-O-glucoside
Diosmetin-7-O-glucoside

Apigenin-7-0-(6"-malonyl)
glucoside

Linarin (acacetin-70-
rutinoside)

Structural formula

T OT

09

Rz

-Rutinose

—Glucoside
~Glucuronide

~Glucose
~Glucose

~(6"-malony)
glucose
-Rutinose

oTT

[o% o}

OH

OH
OH

OH

ITIO

OH

OH
OH

OH
OCHg

OH

OCHg
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Group Sample no

G1~19

H1~9

H10~18
Il K1~16
Il Y1-33

Chinese name

Gongiu
Hangbaju
Hangbaju
Hangbaju
Yejuhua

Origins

Huangshan, Anhi
Tongxiang, Zhejiang
Tongxiang, Zhejiang
Lanxi, Zhefiang, etc.
Anhuietc.

Morphological Similarity

characteristics (Mean + SD)
Flower 0.865 + 0.031
Flower 0.884 + 0.035
Flower buds 0914 +0.032
Flower 0.838 + 0.142
Flower or flower buds 0.654 +0.121*

/- C. morifolium flower samples which were Genuine medicinal materials and purchased online or from markets; fl: G. morifolium flower samples collected from the five introduction districts
and provided by Zhejiang Conba Pharmaceutical Co., Ltd; lii C. indicum flower samples collected from 13 provinces which were summarized in a previous study (1). The significant
difference in similarities between the two herbs was statistically evaluated by the Student's t-test (*p < 0.05).
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Nutrient composition

Crude protein
Crude fat
Crude fber
Coarse ash
Mosture.
Calcium.
Phosphorus

Ordinary feed (%)

2016
424
448
604
10
129
083

High-fat foed (%)

1889
1934
as3
476
839
102
065
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Component Component  Medicinal parts  Percentage Active ingredient content (%)

(Chinese) )

Saia mitoniza Bunge. Danshen Oy roots and 174 tanshinone 1A 0.31%, cyplotanshinone 0:25%, saviandic acid B
izomes 344

fstragalss monghokcus Bunge  Huangal Oy roots 70 asvagalosde IV 0.06% caloosin gloosice 0.04%

Panax notoginseng (Butki) FH. - Sandi Oy roots and 174 gasenosdo Ryt 6.26%, ginsenosdo Ab1 4.00%, notognsenosido

onen izomes R11.09%

Ginkgo bioba L. Yivingre Oy leaves. 116 ol favonds 0.41%, ot lactones 027%

Tichosanthes kiiows Maxn.  Gudou O o fuit A -

Aium macostemon Bunge Xeba Orybud e -

Zophus jjubo M. Sunzacren Oy mature seeds 16 jibosde A0

5pnosin 0.13%
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Forward sequence

GCTTCCCTCAGGATGCTTGT
GAGACAGATGTGGGGGGTGTGAG
AGCCATGGCAGAAGTACCTG
CGAGGGAGTGAAGACCCTG
TGTCATGGCAGAAGTACCTG

Reverse sequence

ATTAACTGGGGTGCCTGCTC
TCCTAGCCCTCCAAGTTCCA
TGAAGCCCTTGCTGTAGTGG
TGGGCGTAAGCTTGGAATGT
GTTAACTGGGGAGCCTGCTC
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Components Latin name Medical parts Amount used (g) Percentage (%)

Huangai Corethrodendron multjugum (Maxim) B. H. Choi and H. Ohashi Root 30 19.6
Taizishen Pseudostellria heterophylla (Miq) Pax Root 30 19.6
Danggui Angelica sinensis (Oliv.) Diels Rhizome 30 19.6
Baizhu Atractylodes macrocephala Koidz Root 15 98
Fulin Wolfporia extensa (Peck) Ginns Sclerotium 15 28
Cangzhu Atractylodes lancea (Thunb DG Fruit 10 65
Chenpi Citrus x aurantium L. Pericarp 10 65
Huangain Scutellria baicalensis Georgi Root 10 65

Gancao Glycyrrhiza uralensis Fisch. ex DC., G. glabra L., and G. inflata Batalin Root, hizome 3 -4
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Gene

-actin (mouse
and rat)

GnRH (mouse)
GPR54 (mouse)
Era (mouse)
ErB (mouse)
GnRH (rat)

Kiss1 (rat)

GPRS54 (rat)

Forward primer (5'-3)

ACTCTTCCAGCCTTC
CTTC
GGGAAGACATCAGTG
TCCCAG
CTGTCAGCCTCAGCA
TCTGG
AAGACGCTCTTGAAC
CAGCA
AAGACGCTCTTGAAC
CAGCA
TGGTATCCCTTTGGC
TTTCACA
CAATGGTCTGAACTG
CCCAC
CAACCTGCTGGCCCT
ATACC

Reverse primer (5'-3)

ATCTCCTTCTGCATCCTGTC

CTCGAGCTTCCGTTG
GTAGG
AGCAGCGGCAGCAGA
TATAG
CGAGTTACAGACTGG
CTCCC
CGAGTTACAGACTGG
cTcce
TGATCCTCCTCCTTGCCCAT

CACAGGTGCCA
TGCCA
CTAGCAGCTGCAGGGCG

GnRH, gonadotropin-releasing hormone; Kiss1, Kiss-1 metastasis suppressor; GPRS54,
G-protein coupled receptor 54; Era, estrogen receptor alpha; Erf, estrogen

receptor beta.
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Chinese name

Sheng Di Huang
Yan Zhi Mu
Cu Bie Jia

Xia Ku Cao
Mu Dan Pi
Chao Mai Ya
Xuan Shen

Di Gu Pi

Long Dan Cao
Ze Xie

Huang Bai

Scientific name

Rehmannia glutinosa (Gaertn) DC
Anemarthena asphodeloides Bunge
Carapax Trionycis

Prunella wigaris L

Paeonia x sufffuticosa Andrews
Hordeum vulgare L

Scrophularia ningpoensis Hems!
Lycium chinense Mill

Gentiana scabra Bunge

Alisma plantago-aquatica L
Phellodendron chinense C.K.Schneid

Family

Plantaginaceae
Asparagaceae
Trionyxsinensis Wiegmann
Lamiaceae

Paconiaceae

Poaceae
Scrophulariaceae
Solanaceae
Gentianaceae
Alismataceae

Rutaceae

Lot No

20181101
20180915
20180903
20181006
20181008
20180912
20180907
20181112
20180514
20181005
20181027

Place of
origin

Henan, China
Hebei, China
Hubei, China
Jiangsu, China
Anhui, China
Hebei, China
Zhefiang, China
Henan, China
Yunnan, China
Fujian, China
Heilongjiang, China

Parts of
plant used
(voucher numbers)

Dried root tuber (C18-11001)
Dried rhizome (C18-09358)
Carapace (C18-09047)

Dried aerial parts (G18-10063)
Dried root bark (C18-10127)
Fruit (C18-09270)

Dried root tuber (C18-09126)
Dried root bark (C18-11315)
Dried roots and rhizomes (C18-05490)
Dried tuber (C18-10036)
Dried bark (C18-10661)
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Adverse event

Hematologic abnormaliies
Abnormal WBC count

Abnormal HGB level

Abnormal platelet count

Routine urinalysis

Hematuria

Proteinuria

Bacteriuria

Liver function

Abnormal ALT (>40 UA)

Abnormal AST (>3 U/)

Renal function

Abnormal creatinine (>84 umol/)
Abnormal urea nitrogen (>8.2 mmol/)
Abrormal ECG

Data are presented as n (%).
p<0.05.

TCM group (n = 152)

24 (15.79)
9(6.92)
8(5.26)
12/(7.89)

22 (14.47)
13 (8.55)
6(3.95)
8(5.26)
11(7.24)
7 (4.61)
8(5.26)

21(13.82)
14.9.21)
7(4.61)
10 (6.58)

WM group (n = 154)

19 (12.34)
9 (5.84)
4(2.60)
7 (4.55)

34 (22.08)
11(7.14)
13 (8.44)

20 (12.99)
14.(2.09)
10 (6.49)
8(5.19)
13 (8.44)
6 (3.90)
8(5.19)
9 (5.84)

IM group (n = 153)

13 (8.50)
7(4.58)
4(2561)
4(261)

37 (24.18)
12(7.84)

17 (11.11)

19 (12.42)
9(5.88)
4(2561)
8(5.23)
9(5.88)
8(5.23)
2(1.31)
10 (6.54)

P Value

02178
0.9205
04183
0.1375
02914
0.9922
0.1982
0.0297*
0.2996
0.2531

0.4544
0.0624
0.2291

03191

09516

AE, adverse event; ALT, alanine aminotransferase; AST, aspartate aminotransferase; ECG, electrocardiogram; HGB, hemoglobin; IM, integrative medicine; SAE, serious adverse event;

TCM. traditional Chinese medicine: WBC. white blood cell: WM, Western medicine.
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Adverse event TCM group (n = 152) WM group (n = 154) IM group (n = 153) P Value

Deaths [ 0 [
SAEs 0 0 0

Discontinuation due to AE 2(1.32 12 (7.79) 3(1.96) 0.0042*
Discontinuation due to SAEs 0 [ 0

Gastrointestinal 4 (263 18 (11.69) 16 (10.46) 0.0078*
Nausea 1(0.66) 8(6.19) 10 (6.54) 00261
Vomit 0(0.00) 5(3.25) 3(1.96) 0.1063
Hiccup 0(0.00) 1(065) 0(0.00) 1.0000
Abdominal pain 0(0.00 1(065) 0(0.00 1.0000
Stomachache 1(0.66) 2(1.30) 0(0.00) 06633
Diarrhea 0(0.00 1065) 2(131) 06638
Constipation 0(0.00) 0(0.00) 1(0.65) 06645
Acid reflux 0(0.00) 2(1.30) 3(1.96) 03372
Anorexia 0(0.00 5(3.25) 4(261) 00852
Epigastric distension 1(0.66) 0(0.00) 0(0.00 03312
Epigastric discomfort 2(1.32 2(1.30 1(0.65) 0.8746
Infection 3(1.97) 7 (4.55) 6(3.92) 04419
Cold 2(1.32) 6(3.90 2(1.31) 0.3408
Pumonary infection 0(0.00) 0(0.00) 1(0.65) 06645
Urinary infection 1(0.66) 3(1.95) 3(1.96) 07081
Other 7461 20 (12.99) 16 (10.46) 0.0360°
Headache 0(0.00 3(1.95) 2(131) 03790
Fatigue 0(0.00) 1(065) 1(0.65) 1.0000
Arthythrmia 1(0.66) 00.00) 3(1.96) 01813
Insomnia 0(0.00 00.00) 2(131) 02198
Hair loss. 1(0.66) 2(1.30) 3(1.96) 07910
Mouth uicer 0(0.00) 1(065) 1(0.65) 1.0000
Cough 0(0.00) 1(065) 1(0.65) 1.0000
Dry mouth 0(0.00) 0(0.00) 1(0.65) 06645
Dry eye 0(0.00) 1(065) 0(0.00) 1.0000
Rash 1(0.66) 4(260) 2(1.31) 05149
Pigmentation 0 0 0

Leukopenia 2(1.32) 3(1.95) 1(0.65) 07910
Abnormal fiver function 2(1.32) 2(1.30) 0(0.00) 04776
Menstrual disorder 0(0.00) 1(065) 2(1.31) 06633
Operation 0(0.00) 0(0.00) 1(0.65) 06645
Frequent urination 0(0.00) 2(1.30) 0(0.00) 03319
Joint sweling and pain 1(0.66) 0(0.00) 0(0.00) 03312
Hyperthyroidism 0(0.00) 1(065) 0(0.00) 1.0000
Pleural effusion 0(0.00) 1(065) 0(0.00) 1.0000
Anemia 0(0.00) 0(0.00) 1(0.65) 06645

Data are presented as n (%).
‘P < 0.05.
AE, adverse event: IM, integrative medicine: SAE, serious adverse event: TCM, traditional Chinese medicine: WM, Western medicine.
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Major constituents ~ Method of determination  Quality specifications

2,354-TDG HPLC >6 mg per 10 g QYYY
Morronisice HPLC Contained
Harpgide HPLC Contained
Ecdysterone HPLC Contained
Hyperin HPLC Contained

HPLC: high performance liquid chromatogram.
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Channel Name Genes P Value

ifarmimatory bowel diseaso (BD) L4, LI7A, 16, 1L18, FNG, L13, IL128, FOXP3, IFNGR, IL10, 12 249613
Cytokine-cyokine recepto nteaction LEP, L4, IL17A, IL6, CNTF, GLGF1, CXCR, IL18, IFNG, IL13, CNTFR, IL128, IL10, IFNGRI, 1.2 359€-13
HIF-1 signaing pttay AT, EGFR, IGF1R, L6, INS, BOL, IFNG, IGF!, EGF, INSR, IFNGR1 307611
Ui STAT sigeaing pathay AKT1, L4, LEP, 1L6, CNTF, IFNG, IL13, ONTFR, Li2B, IFNGA, 1L10, 1.2 54E11
PIGK-Alt ignaling pathay AKTI, L4, EGFR, IGFIR, 16, INS, BCL2, MET, IGF1, HGF, EGF, INSR, BROAT, 1.2 334E09
Prostato cancer AKTI, EGFR, IGFIR, AR, INS, BCL2. IGFT, EGF, CTNNB1 776£.09
Patnays in cancer AKTY, EGFR, IGF IR, AR, L6, BMP2, CXGRA, BCL2, MET, IGF1, HGF, EGF, CTNNB! 236607
FoxO signaing patfay AKTY, EGFR, IGF1R, L6, INS, GF1, EG, NS, IL10. 266807
Rap1 sgnaing patiiay AKTY, EGFR, IGF 1R, INS, MET, IGF1, HGF, EGF, INSR, CTNNB1 656507
Cragas disease (Amarican typanosomiass) AKTY, 16, G3, IFNG, IL128, IFNGR, IL10, 12 927607
Vetanoma AKTY, EGFR, IGF 1R, MET, IGF1, HGF, EGF 104€.06
Tubercuosis AKT1, 16,3, BOL2, IL18, IFNG, IL128, FNGR, IL1O 20706
Measics ATI, L4, L6, IFNG, IL13, 1L128, FNGR1, 12 382606
Proteogyeans in cancer AT, EGFR, IGF 1R, MET, IGF1, IGF2, IL128, HGF, CTNNB1 4E05
Focal adhesion AKTH, EGFR, IGF 1R, BCL2, MET, GF1, HGF, EGF, GTNNB! 45606
aiaia L6, 18, IFNG, MET, HGF, IL10. 586606
Ras sgnaing pathiay AKTY, EGFR, IGF 1R, INS, MET, IGF1, HGF, EG, INSR 1.18£.05
Lospmaniass L4, C3, NG, IL128, IFNGRY, L10. 141E05
psican typanosomiasis L6, 1L18, NG, 1L128, IL10. 245605
Alograt reection L4, FNG, IL128, IL10, 12 34505
itostina inmuno network or 1A produeton L4, 1L6, CXCRA, 1L10, 12 63805
Toxopasmoss AKT1, BOL2, IFNG, IL128, IFNGRT, 110 000018
Gioma AKT1, EGFR IGF IR, IGF1, EGF 0000249
AMPK signaing pathway AT, LEP, GF1R, INS, IGF1, INSR 0.000298
panerens jnction EGFR, IGFIR, MET, INSR, CTNNB1 0000448
Type | dabetes mestus INS, NG, 1L128, 12 0001164
ifuenza A AKT1, L6, 1L18, IFNG, 1L128, IFNGRY 0001507
T os receptor Signaing pathway AKTY, L4, NG, 110, 12 0001813
Endomoral cancer AKT1, EGFR, EGF, CTNNB1 0001956
Ovarian steroidogonesss 1GFIR,INS, IGF1, INSR. 0002195
Legonelosis 16,C3, 1L18, 1128 0003836
Signaing pathiays requiating phsipotency of stem cels AT, IGFIR, BMP2. IGF1, CTNNB1 0004221
Pertusss 116, G, L128, 10 0,006069
pstnma 14,1013, 110 0.006078
Saimondia infecton L6, L18, NG, FNGRY 0.008081
Non-akcoholc faty ver Gsoaso (NAFLD). AKTY, LEP, L6, INS, INSR 0.008759
Rneumaloi arhiis ILI7A, L6, IL18, IFNG. 0009541
Progsterone-modated 0ocyte maturaton AT, IGFIR, INS, IGF1 0008847
Geat-vesus-host diseaso. 16, NG, 112 0013008
Harpes simplex infecton L6, C3, NG, 1L128, IFNGA1 00135
prmoebsasis L6, FNG, 1L128, L0 001504
ooyte meioss 1GFIR, AR, INS, IGF1 0018058
AkGosterone-togutied sodhum reabsorpton INS, GF1, INSR 0018591
insuin rosstance AT, L6, NS, INSR 0019401
Autoimimns thyroid dissass L4, 10, 12 0.02695
Non-smal col ling cancer AKT1, EGFR, EGF 0027996
Reguiaton of polyss n adpocyes AT, NS, INSR 000438
mITOR sigraing pathviay AT, INS, 1GF1T 0005495
Cantral carbon metabotsm i cancer AKTY, EGFR, MET 0040091
Pascreatc cancor AKT1, EGFR, EGF ooatzra
FC epsion R signaing patway AT, L, L3 o0atz7a
Rona cal cacinoma ATH, MET, HGF 004247
Transcrptonal msreguiaion i cancer IGFIR, L6, MET, IGF1 0042499
Cobrecta cancor AT1, BOL2, CTNNB1T 0047383
€108 sgnalng pattiay AKTY, EGFR, EGF 0070353
Choing metabofm in cancer AKTY, EGFR, EGF 0088062
Systemic lupus enyhomatosus. C3,IFNG, IL10 0088082

Tol-tke receptor signalig patway AT L6, 1128 0094642
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Components

Cyathula officinals K. C. Kuan
Scrophularia ningpoensis Hems!

Bidens pilosa L.

Cormus officinalis Siebold and Zuce

Alisma plantago-aquatica subsp. orientale (Sam.) Sam
Reynoutria multfora (Thunb.) moldenke

Chinese name

Chuan Niu Xi
Xuan Shen
Gui Zhen Cao
Shan Zhu Yu
Ze Xie

He Shou Wu

Family

Amaranthaceae
Scrophulariaceae
Asteraceae
Cormaceae
Alismataceae
Polygonaceae

Amount used (g)

170
180
110
108
180
180
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Number of evaluators = 20 (50/50 received investigational drug and placebo)

Mean SD Min Max
Appearance 8.38 1.81 25 10.0
Characteristics 5.25 264 25 9.0
Odor 4.40 283 0.0 10.0

Taste 4.95 232 25 9.0
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No. of evaluators = 20 (50/50 received investigational drug and

placebo)

Investigational drug Placebo
FFEJJ Investigational drug 7 3
Placebo 3 7
2267 Investigational drug 5 5
Placebo 8 2
BLWT Investigational drug 7 3
Placebo 4 6
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Sex

Age (yr)
Evaluation time (seconds)

Prior BLWT granule use

Male
Female

Mean + SD
Min, max
Yes

No

Placebo (n = 10)

34.4+7.88
46 + 56.6
10, 200

10

Investigational
drug (n = 10)

5
5
39.7 £ 13.57
33+34
10, 120
0
10





OPS/images/fphar-12-613104/inline_18.gif





OPS/images/fphar-12-673729/fphar-12-673729-t006.jpg
Sex

Age (yr)
Evaluation time (seconds)

Prior ZZKZ use

Open capsule

Male
Female

Mean + SD
Min, max
Yes

No

Yes

No

Placebo (n = 10)

3
7
378 £17.0
51.10 + 27.225
30, 61

so 0N

Investigational
drug (n = 10)

5
5
40.7 £ 16.6
40.90 + 12.749
20, 55

o ® o N
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Sex

Age (yr)
Evaluation time (seconds)

Prior FFEJJ use

Male
Female

Mean + SD
Min, max
Yes

No

Placebo (1 = 10)

2
8
30.67 + 4.485
38.87 + 13.967
14,29
3
7

Investigational
drug (n = 10)

2
8
38.87 + 13.967
23.20 £ 9.414
10, 35
0
10
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Investigational drug
Placebo
Investigational drug
Placebo
investigational drug
Placebo
investigational drug
Placebo
Investigational drug
Placebo
Investigational drug
Placebo

No. of evaluators = 20 (50/50 received
investigational drug and placebo)

Investigational drug

0

CrooaNN® OO

Placebo

rOWONN= OO

5

5]

No. of evaluators = 40 (50/50 received
investigational drug and placebo)

Investigational drug

20
15
18
11
16
9
14
6
12
4
10
3

Placebo

2ronvOO

oz o

16
10
17





OPS/images/fphar-12-673729/fphar-12-673729-t003.jpg
Ingredients

Dextrin
Sucrose

BLWT fine powder

Povidone K30

Caramel

Low-substituted hydroxypropylcelulose

Content (g)

3.19
10
0.375
0.25
0.125
0.06

Proportion (%)

63.8
20.0
75
5.0
25
12

Role(s)

Pharmaceutic adjuvant

Pharmaceutic adjuvant

Equivalent to 7.5% of the original formuia
Pharmaceutic adjuvant

Pharmaceutical excipient/food additive
Pharmaceutic adjuvant
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Comparative
evaluation content

A. Appearance
B. Texture

C. Color

D. Odor

E. Taste

S. Comprehensive assessment

No. of evaluators
who made the
correct judgment

A=4
B-3
c=12
D=12
E-16
S=94

Eligibility criteria

A<18
B<18
C<18
D<18
E<18
S<18

Pass or fail

Pass
Pass
Pass
Pass
Pass
Pass
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Appearance (Mean + SD)
Characteristics (Mean + SD)
Odor (Mean + SD)

Taste (Mean + SD)

No. of evaluators = 10
(investigational drug and
placebo)

8650 + 2.015
3500 + 2.134
0.500 + 1.054
3600 + 2.558

No. of evaluators = 10
(only assessed the
investigational drug)

8.700 + 1.207
8.850 + 1.226
7.560 + 2.047
6.800 + 2.394

p Values

0.947
<0.0001
<0.0001

0.010
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Working Parameters

Power

Cooling gas (AR) flow
Auxiliary gas (AR) flow
Atomizing gas (AR) pressure
Observation height

Reading time

Setting Conditions

1200 W
16.0 L/min
1.5 Umin
200 kPa
10mm
10s

Working Parameters

Reading stabilty delay
Injection stabilty delay
Pump speed
Cleaning time
Number of readings

Setting Conditions

10s
20s

15 rpm
310s
3times
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Nude mice
tomale)

BALBYc nude mico.
(malo, 5 weoks old)
Cs7BL /6

BALB/c nude mice.
(male)

icR

(male)

BALBYc nude mico.
(male, 7 wooks old)
wistar

(male, 8 weoks old)
BALBYc nude mico
(5-6 weoks old)
oR

(58 weoks old)
KK-Ay

s0
(male)

BALBc nude mico.
(male)

icR

(male)

S0

(6 weeks old)

oy

(male4 weeks olc)

Species
Zabrarsn
Zavraten

Mo

Hica
Mica

Mo

Hco

Mo

Mo

Administration approach
nvmersedin crug-contained cultre mediam
immersed i drug-contined culure medkum

ntrapertoneal njecion
(@ tmes per weely
ntrapertoneal njection
(@ mos per wesk)
ntrapertonsal njction
Intrapertoneal nfection
(ovry two das)

Oral aomistraton or
intapestoneal ection
Oral agmistaton
(twice caiy)

Ora aominstration
(twice caiy)
ntrapertoneal njected
(3 tmos per wook)
Ora aomintaaton
once daiy)

Ora aominstration
once daiy)

Ora aaministraion

Intrapertonealy rjected
(ovory two das)
Ora admistcaion

Ora aomistration
once a cy)
Intravencusy kjected

At Cov ot et O Bt o Corcer Frasaedch.

Experimental duration
2n

12h

Swosks

0y

14 days
10days

h
saas
Sdws
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7o
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14 cays
10dys
Tandsh
7 a5

45 wosks

Tested dosage
051, ad2M
05.1.2.20d3M
75 moig
2ana5moig

12530025 makg
25 8nd5 kg

5,20, 300 0 mghg
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10,20, and 40 mghg
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20,90, a0 270 mgg
20,90, a0 270 mgig
100mghg
25a0 5 mgkg
10,20, or 40 mog
50-200 ughg

10mghg

Reference
@ouotal, 2020
@rouetal, 2020)
ang etal, 2013)
(Kang et 2011)

(K etal, 2016)
(songetal, 2019)

Qeootal, 2010)
(Cong et o, 2016)
(Cong etal, 2016)
Qwetdl, 2018)

(Hanetal, 2015
(Hanetal, 2015)
Wetal, 2014)

(Songatal. 2019)
Qeootal, 2009)
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Gelllne. Species. Gategory Detection method  Tested concentration or ICS0  Positive control  Reference

MRS-5 Human  Normal kg epithetal SRB proten staning 1050 > 50 M (@ days) Noro Kang et
2011
Hess Homan  Norma kng forobiast SRB proten saning 1050 > 50 M 3 days) Nore Kengetal,
2011
Loz Human  Norma hepatocyte MTT assay 8512 M and (50> 128M  Non. Wang etal
2 2019
chang Human  Norma hepatocye OoK-8 assay s20m@in Noe Nwoata.
2016)
nPEMC Human  Perpheral lood mononuciear  MTT assay 2540, @41 SFUadpacimel  (Wangota.
ceis @540 201
HUVEC Human  Unbicalven endotheialcol  MTT assay ossuMEan Nore @wuctal
2020)
SK-N-SH Human  Neurobistoma Westembiotassay  2:5-104M (1 ) Tactne (5 M) (Leoet . 2009
HEK Human  Epidermal keratinocyte MTT assay 17200 24 1) Nore (K etal
20193)
HOF Human  Domal fixcbiast Cellmigatonassay 5200 (121) Novo K etal
20199)
primary Moo Peroneal macrophage Trypan bue method  2-5 4 20N Nove (metal, 2015)
macrophage
Bv-2 Moo Newonal microgia Westem biot assay  25-10 M (1 1) Tacte 6 M) (oot al, 2009
RBL-2H3 Rat  Cocercusbasophicels  ELISAassay 20a0d50M (1) Dexamethasone (10)M) (Le2 et &, 2010
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Ingredients

Microcrystaline celluose
Starch

Magnesium stearate
Food-grade pigment solution

Role(s)

Filer (no pharmacological activity)
Filer (no pharmacological activity)
Lubricant (no pharmacological activity
Food additive
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Ingredients Content Role(s)

Gelatina nigra syrup o9mi Equivalent to 5% of the original formula
Caramel pigment 08g Phamaceutical excipient/food additive
Stevioside 00259 Pharmaceutic adjuvant
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Grouping

Control group

Exercise group

lcariin group

G-Zn group

lcariin glucose zinc

Low dose Icariin zinc exercise
group (L-E group)

High dose lcariin zinc exercise
group (H-E group)

Intervention measures

Normal saline
Normal saline

45 mg/kg learin

110 mg/kg Gluconate Zinc

45 mg/kg Icariin, 110 mg/kg Gluconate Zinc
60 mg/kg leariin zino

180 mg/kg Icariin zinc
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Outcomes

Pain VAS®
Patient's global assessment
WOMAC®
Total score
Pain
Stifiness
Function
SF-36°
PCS
MCs

LS mean (95% CI) change from baseline

Between-group difference

Cortex Daphnes patch group (n = 132)  Indomethacin cataplasm group (n = 132)

-25.4 (-28.4, 22.4) -23.3 (-26.3, -20.3)
-24.6 (-27.6, -21.6) -23.2 (-26.2, -20.3)
-13.9 (167, -12.2) -126 (-14.4,-10.8)
-3.1(-35,-2.7) -27(31,-23)
-12(-14,-10) -11+13,-0.9)
9.7 (-110,-83) 9(-102,-7.5)
93(7.2,11.4) 87(66,108)
58(4.0,7.8) 62(33,7.2)

LS mean difference from control (95% CI)

2.1(-2.1,64)
14(-28,56)

13(-12,38)
0.4 (-0.1,1.0)
0.1 (0.2, 04)
08(-1.1,27)

-06 (-36, 2.4)
06 (-34,2.1)

p-value

033
052

029
0.12
041
041

0.70
0.66

All values are means (95% confidence intervals). Abbreviations: FAS = full analysis set; WOMAC = Western Ontario and McMaster Universities Osteoarthritis Index; SF-36 = Short Form-36
Health Status Questionnaire; PCS = physical component score; MCS = mental component score.

“Pain VAS is a measurement for body pain. Scores range from 0 to 100 mm, with higher scores indicating greater pain.
*The WOMAC is a 24-item disease-specic outcome measure and the higher score indicates greater burden of knee OA. Scores range from 0 to 96 with five questions assessing pain
(range 0~20), two assessing stifiness (range 0~8), and 17 assessing function (range 0-68).
“SF-36 is a self-administered, 36-item questionnaire that assesses the physical and mental quality of Ife. Both of physical and mental component summeries can be combined ranging
from O to 100, with higher scores indicating better heakh status.
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Variable

Age (years, mean (SD))
Gender (n (%))

Male

Female

Race (n (%)

Han

Non-Han

Duration of knee pain (month, median (Qd))
Weight (kg, mean (SD))
Height (cm, mean (SD))
BMI (kg/m?, mean (SD))
Kellgren/Lawrence scale (n (%))
Grade 1

Grade 2

Grade 3

Grade 4

Unknown

Pain VAS® (mean (SD))
NRS® (n (%))

NRS-mild pain
NRS-moderate pain
NRS-severe pain

Patient's global assessment of knee OA (mean (SD))

WOMAC® (mean (SD)
Total score
Pain
Stifness
Function

SF-36 (mean (SD))
PCS
Mcs

Cortex Daphnes patch
group (n = 132)

59.8 (7.8)

19 (14.4)
113 (85.6)

129(97.7)
329
36 (48.0)
64.1(8.8)
162.1 6.5)
244 3.0)

37 (28.0)
60 (45.5)
22(16.7)

1008
12(9.1)
63.1 (14.0)

108
78 (59.1)
53(40.2)

620 (14.3)

315 (15.2)
67(32)
26(1.8)

223 (11.4)

53.11 8.8)
593 (18.3)

Indomethacin cataplasm group
(n=132)

595 (8.6)

28(212)
104 (78.8)

131 (99.2)
108
36 (52.5)
66.1(11.7)
1619 (5.8)
252 (4.1)

42(31.8)
45 (34.1)
33 (25.0)

0(0)
12(9.1)
64.0 (16.1)

5(38)
63 (67.7)
64 (48.5)

635 (16.5)

333 (155)
7.436)
27(1.8

232 (115)

499 (19.7)
55.1(22.6)

p-value

0.81
0.16

0.31

0.93
0.13
0.83
0.08
0.79

0.48
0.30

0.34

0.25
0.09
0.53
0.42

0.16
0.33

Abbreviations: FAS = full analysis set; BMI = body mass index; pain VAS = pain visual analog scale; NRS = numerical rating scale for pain; OA = osteoarthritis. WOMAC = Westem Ontario

and McMaster Universities Osteoarthritis Index; SF-36 = Short Form-36 Health Status Questionnaire; PCS = physical component score; MCS = mental component score.

Pain VAS is a measurement for body pain. Scores range from 0 to 100 mm, with higher score indicating greater pain.

*The NRS allows a person to describe the intensity of his/her pain, as.

pain,” and *10” “bad as it could be.”

anumber ranging from 0 to 10. “0”indicates ‘no pain,”“1 to 3" ‘mid pain,” “4 to 6" ‘moderate pain,” ‘7 to 9" “severe

“The WOMAC is a 24-item disease-specific outcome measure and the higher score indicates greater burden of knee OA. Scores range from 0 to 96 with five questions assessing pain
(range 0-20), two assessing stifiness (range 0~8), and 17 assessing function (range 0-68)
“SF-36 is a self-administered, 36-item questionnaire that assesses the physical and mental quality of Ife. Both of physical and mental component summaries can be combined ranging

from O to 100, with higher scores indicating betier heakh status.
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Adverse effect Cortex Daphnes patch Indomethacin cataplasm group p-value

group (n = 132) (n=132)
With AEs (n (%)) 39 (29.5) 21(159) 0.008
Skin irritation 38 (288) 1308) <0.001
Sinus bradycardia 0(0.0) 329 0.12
Upper respiratory infection 0(00) 3(23) 0.12
Gastrointestinal reaction 108 000 1.00
Thrombooytopenia 0(00) 108) 1.00
Pharyngitis 0(0.0) 108) 1.00
Treatment-related AEs (n (%))

Skin irritation 38 (28.8) 130.8) <0.001
Discontinued due to AEs (n (%))

Skin iritation 5(38) 108 021

Ahbraviations: AFs = adverse avents.
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Outcomes LS mean (95% CI) change from baseline Between-group difference p-value

Cortex Daphnes patch group (n = 111)  Indomethacin cataplasm group (n = 119) LS mean difference from control (95% CI)

Pain VAS® -29.4(-32.6, 26.3) 256 (-28.6, 22.6) 38(-06,82) 009
Patient’s global assessment 286 (-31.7, -25.5) 255 (-28.5, -22.5) 31(1.2,7.4) 016
WOMAC®
Total score ~16.0(-17.9, 14.2) ~13.8(-15.6, -12.1) 22(-04,47) 010
Pain -35(-39,-3.1) 29 (-34,-25) 06(-00, 1.2) 006
Stiffness -1.3(-15,-1.1) 1.2 (-1.4,-1.0) 0.1(-02, 04) 039
Function -11.2(-12.6,-9.8) 9.7 (-11.1,-84) 1.5(-0.5, 3.4) 0.14
09SF-36°
PCS 11.1(87,135 10.0(7.7, 12.4) -1.1(44,23 0.53
Mos 7.1(49,9.4) 59(37,8.1) -12(-43,1.9) 045

All values are means (95% confidence intervals).
Abbreviations: FAS = full analysis set; WOMAC = Western Ontario and McMaster Universities Ostecarthits Indlex; SF-36 = Short Form-36 Health Status Questionnaire; PCS = physical
component score; MCS = mental component score.

“Pain VAS is a measurement for body pain. Scores range from 0 to 100 mm, with higher scores indicating greater pain.

°The WOMACis a 24-item disease-specific outcome measure andthe higher score indicates greater burden of knee OA. Scores range from 01t 96 with & questions assessing pain (range
0-20), 2 assessing stifness (range 0~8), and 17 assessing function (range 0~68).

“SF-36 is a self-administered, 36-item questionnaire that assesses the physical and mental quality of Ife. Both of physical and mental component summeries can be combined ranging
from O to 100, with higher scores indicating better heakh status.
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Prunelia vulgaris L.
Carapax Trionycis

Gentiana scabra Bunge

Chrysanthemum morifolium (Ramat.) Hems!
Lycium chinense Mill

Alisma plantago-aquatica L

Scrophularia ningpoensis Hems!

Pagonia suffiuticosa Andrews

Rehmannia glutinosa (Gaertn) DC
Hordeum vulgare L

Concha oetreae

Thalluslaminariae

Number of components

39
16
45
101
22
26
25
36
49
32
10
12

Number of targets

10,189
374
1289
11,384
1358
795
564
9072
1777
496
56
14
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Chinese name

Xia Ku Cao
Cu Bie Jia

Long Dan

Ju Hua

Di Gu Pi

Ze Xie

Xuan Shen

Mu Dan Pi
Sheng Di Huang
Mai Ya

Mu Li

Kun Bu

Scientific name

Prunela vulgaris L.

Carapax Trionycis

Gentiana scabra Bunge
Chrysanthemum morifolium (Ramat.) Hemsl
Lycium chinense Mill

Alisma plantago-aquatica L
Scrophularia ningpoensis Hems!
Paeonia suffiuticosa Andrews
Rehmannia glutinosa (Gaertn) DC
Hordeum vulgare L

Concha oetreae

Thalluslaminariae

Family

Lamiaceae
Trionyxsinensis Wiegmann
Gentianaceae
Compositae
Solanaceae
Alismataceae
Scrophulariaceae
Paeoniaceae
Plantaginaceae
Triticum

Ostrea

Laminaria

Lot No

20201010
20201018
20200927
20201027
20201105
20201126
20201019
20201123
20201104
20201030
20200917
20200922

Place of
origin

Jiangsu, China
Hubei, China
Yunan, China
Anhui, China
Hebei, China
Fujian, China
Zhejiang, China
Anhui, China
Henan, China
Hebei, China
Guangdong, China
Fujian, China

Parts of
plant used

Dried erial parts
Carapace

Dried roots and rhizomes
Capitulum
Dried root bark
Dried tuber
Dried root tuber
Dried root bark
Dried root tuber
Dried ripe fruit
Shell

Dried lobes
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No

Chemical
constituent

borneol

p-pinene
camphene
S-carene
eucalyptol
a-terpineol
p-cymene
limonene
p-methoxystyre-ne
T-cadinene

s-selinene
germacrene D

cyperene
globiol

ethyl cinnamate
ethyl p-methoxycinn-
amate
8-heptadecene
pentadecane

Z-9,11-dodecadien-
1-ol acetate

Area
Keralaand ~ Chiang  Guangdong  Guangxi  Hainan  Guizhou
Karnataka Mai (China) (China)  (China)  (China)
(India) (Tailand)
1.0-2.4% 1.03% 047% 2.79% - -
1.39% 1.62%
0.1-0.3% 0.11% 0.12% 0.13% - 001%
0.1-09 037 09 1.07 0.82 -
0.1-65 - 661 821 527 0.10
0252 212 001 1.59 - -
056 0.16
0.1-0.3% - - -023 - -
0.4-1.1 - 065 079 - 001
093
0.1-07 - 052 076 1.36 002
0.10
- - 0.46 078 - -
0.3-05 - 0.15 1.25 - 0.15
- - 029 035 - 014
0509 - 1.48 - - 006
- - 063 1.464 - 095
- — = 235 - -
11.5-26.6 - 527 27.74 19.32 -
2368 2830
28.4-70.0 25.96 59.24 48.30 49.12 =
50.96 33.84
02-06 or o8 1.08 = -
60-16.5 261 21.67 14.85 15.02 -
- - 099 - - -

References

Raina and Abraham, 2016; Sutthanont et al
(2010); Fan et al. (2008); Zhou et dl. (2006);
Zhang (2007)

Raina and Abraham, 2016; Sutthanont et al.
(2010); Zhou et al. (2006); Luo et al. (2014)
Raina and Abraham, 2016; Sutthanont et al.
(2010); Zhou et al. (2006); Cui et al. (2008)
Raina and Abraham, 2016; Zhou et al. (2006);
Cui et al. (2008); Luo et al. (2014)

Raina and Abraham, 2016; Sutthanont et al.
(2010); Fan et al. (2005); Zhou et al. (2006);
Zhang (2007)

Reina and Abraham, 2016; Zhang (2007)
Raina and Abraham, 2016; Zhou et al. (2006);
Zhang (2007); Luo et al. (2014)

Raina and Abraham, 2016; Zhou et al. (2006);
Zhang (2007); Cui et al. (2008); Luo et al.
(2014)

Zhou et al. (2006)

Raina and Abraham, 2016; Fan et al. (2005);
Zhang (2014)

Zhou et al. (2006); Luo et al. (2014)

Raina and Abraham, 2016; Fan et al. (2005)
Luo et al. (2014)

Fan et al. (2005); Zhang (2007); Luo et al.
(2014)

Zhang (2007)

Raina and Abraham, 2016; Fan et al. (2005);
Zhou et al. (2006); Zhang (2007); Cui et al.
(2008)

Raina and Abraham, 2016; Sutthanont et al.
(2010); Fan et al. (2008); Zhou et al. (2006);
Zhang (2007); Luo et al. (2014)

Raina and Abraham, 2016; Sutthanont et al
(2010); Fan et al. (2005); Zhang (2007)
Raina and Abraham, 2016; Sutthanont et al
(2010); Fan et al. (2005); Zhang (2007); Cui
et dl. (2008)

Fan et al. (2005)
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No

Chemical component

Terpenoids

10 sandaracopimaradiene-9a-ol

11 kaempuichraol |

12 kaempulchraol E

13 8(14),15-sandaracopimaradiene-1a,da-diol

14 kaempulchraol L

15 2a-acetoxy sandaracopimaradien-1a-ol

16 1,11-dlhydroxypimara-8(14),15-diene

17 6, 14a-dihydroxyisopimara-8(9),15-diene

18  6p,14p-dihydroxyisopimara-8(9), 15-diene

19 1a-hydroxy-14a-methoxyisopimara-8(9),15-diene

20 1a,14a-dhydroxyisopimara-8(9),15-diene

21 boesenberol |

22 boesenberol J

23 6p-acetoxysandaracopimaradiene-9a-ol

24 6p-acetoxysandaracopimaradiene-9a-ol-1-one

25 6p-acetoxysandaracopimaradiene-1aa-diol

26 6p-acetoxy-1a-14a-dihydroxyisopimara-8(9),15-diene

Phenolics

27  p-metho-xybenzoicacid

28 p-hydroxybenzoic acid

29 vanilic acid

30  methyl 3,4-dihydroxybenzoate

31 4-methoxybenzyl-O-p-D-glucopyranoside

32 methyl (2R:35)-2,3-dihydroxy-3-(4-methoxypheny) propanoate

33 ethyl (2R35)-2,3-dlihydroxy-3-(4-methoxypheny)) propancate

34 trans ethyl p-methoxycinnamate

35 ferulic acid

36 trans p-hydroxycinnamic acid

37 trans p-methoxycinnamic acid

38 trans ethyl cinnamate

39 cis ethyl p-methoxycinnamate

40 4-methoxy-benzyl (E}-3-(4-methoxyp-heny) acrylate

41 1-O-4-carboxylphenyl-(6-O-4-hydroxybenzoy))-3-D-glucopyranoside

Cyclic Dipeptides

42 cyclo-(L-Val-L-Phe)

43 cyclo-(L-Leu-L-le)

44 cyclo-(L-Val-L-Leu)

45 cydlo-(L-Val-L-Val)

46  cyclo-(L-Ala-L-lle)

47 oyclo-(L-Ala-L-Leu)

48 cydlo-(L-Ala-L-Phe)

49 cyclo-(L-Val-L-Ala)

50  cyclo-(L-Phe-L-Tyr)

51 cyolo-(L-Leu-L-Tyn)

52 Cydlo-(L-Va-L-Tyr)

53  cyclo-(L-Asp-OCH-L-Phe)

54 cydlo-(L-Tyr-L-lle)

55 cyolo-(L-Pro-L-Tyr)

56 cyclo-(L-Leu-L-Phe)

57 cyclo-(L-Glu-OCHa-L-Phe)

Flavonoids

58  kaempferol

59 luteolin

60  kaempferide

Diarylheptanoids

61  (1R3R5A)-1.5-epoxy-3-hydroxy-1-(3,4-dihydroxyphenyi)-7-(3 4-dihycroxypheny) heptane

62  (1R.3R.5R)-1.5-epoxy-3-hydroxy-1-(3,4-dihydroxyphenyi)-7-(4-hydroxypheny) heptane 3-0-p-D-
glucopyranoside

63  phaeoheptanoxide

64 hedycoropyran B

65  1-(4-hydroxy-3-methoxyphenyl)-7-(4-hydroxypheny) heptane-1,2,3,5,6-pentaol

66  (3R.55)-3,5-dihydroxy-1,7-bis(3 4-dihycroxypheny)) heptane

67  kaempsulfonic acid A

68  kaempsulfonic acid B

3-caren-5-one
(3R.4R.65)-3,6-cihydroxy-1-menthene
(1R.2S.4R)-p-menth-5-ene-1,2,8-triol
oxyphyllenodiol B

hedytriol

kaemgalangol A

6p-hydroxypimara-8(14), 15-diene-1-one
sandaracopimaradien-6p, 9a-diok--one
(?-sandaracopimaradiene

Fatty Acids and Esters

69  stearic acid

70 dec-5-enoic acid

71 2-tetradecenoic acid
72 linolenic acid

73 linoleic acid

74 ethyl icosanoate

75  monopalmitin

76 56-dimethyl citrate

77 3-carboxyethyi-3-hydroxyglutaric acid 1,6-dimethyl ester
78  trimethyl citrate

79 1,5-dimethyl citrate
Polysaccharides

80 fucose

81 arabinose

82 xylose

83 rhamnose

84 mannose

85 galactose

86 glucose

87  glucuronic acid

88  galacturonic acid
Others

89  L-p Giu-L-Leu-OCH;
90  pyroglutamyl-phenylalanine methyl ester
91  pyroglutamyk-tyrosine methyl ester
92  benzoic acid

93  phenyimethanol

94 dibutyl phthalate

95  furan-2-carboxylic acid
9  p-sitosterol

97  B-daucosterol

Chemical formula

CioH1.0
CioH1s02
CioH1e0s
CiaHz:05
CisHz2603
CzoHaoO3
CaoHao02
CaoHaoOs
CaoHaz
CaoHz0
CaoH30
CaoHz202
CzoHa02
Ca1HaiO2
Co2Hai05
CaoHz0,
CzoHz202
CaoH3202
C21H302
CzoH3202
CzoHz202
CaoHz202
C22H305
C22H304
C22Ha404
C22Hai04

CeHgOs
CrHs0s
CgHeO4
CoHsOs
CiaHagO7
C14H1205
CizHie0s
Ci2H1i0s
CioH1004
CoHOs
CioHidOs
CyiH120,
Ci2H140s
CigH1e0a
CaoHacO10

CraHigN20
Ci2HzeN-0,
Cr1H20N20,
CioH1eN202
CoHigN202

CaHieN20>

Ci2HiN-0,
CsHiaN202

CigH1gN205
CisH20N205
CiaHigNz05
CraHieN204
CisHz0N205
CraH1eN205
CisHzoN:0,
CisH1eN204

CisHio0s
CisHic0s
CigHi206

CioH2:06
CosHazO10

CioH2205
CaoH2407
CaoHaeOs
Ci9H2406
CaoH2406S
CaoH2406S

CigHasO2
CioHieO2
CiaHzcO2
CigHadO2
CigHae02
CooHasO2
CioHaeOa
CsHi207

CioH1607
GgHi407

CeHi207

CsHi205
CsHic0s
CsHioOs
CeHi20s
CgHi206
CsHi206
CeHi206
CsHi0O7
CsHioO7

Ci3HzsNz04
CiH21N204
CigH2iNz05
C7Hs0,
C;HO
Ci6Hz204
CsHaOs
CaoHso0

o N,

References

Kiuchi et al. (1987)

Yao (2018)

Yao (2018)

Yao (2018)

Yao (2018)

Ningomban et al. (2018)
Ningombam et al. (2018)
Ningombam et al. (2018)
Ningombam et al. (2018)
Ningombam et al. (2018)
Ningombam et al. (2018)
Ningombam et al. (2018)
Ningombam et al. (2018)
Ningombam et al. (2018)
Ningombam et al. (2018)
Ningomban et al. (2018)
Tungcharoen et al. (2020)
Tungcharoen et al. (2020)
Tungcharoen et al. (2020)
Tungcharoen et al. (2020)
Ningombam et al. (2018)
Ningombam et al. (2018)
Tungcharoen et al. (2020)
Tungcharoen et al. (2020)
Tungcharoen et al. (2020)
Yao (2018)

Yao et al. (2018)
Yao et al. (2018)
Yao et al. (2018)
Yao et dl. (2018)
Yao et al. (2018)
Yao et al. (2018)
Yao et al. (2018)
Yao et al. (2018)
Yao et al. (2018)
Yao et dl. (2018)
Yao et al. (2018)
Wu (2016)

Wu (2016)

Wu (2016)

Yao et al. (2018)

Yao (2018)
Yao (2018)
Yao (2018)
Yao (2018)
Yao (2018)
Yao (2018)
Yao (2018)
Yao (2018)
Yao (2018)
Yao (2018)
Yao (2018)
Yao (2018)
Yao (2018)
Yao (2018)
Yao (2018)
Yao (2018)

Wu (2016)
Wu (2016)
Jiao et al. (2017)

Yao et al. (2018)
Yao et al. (2018)

Yao (2018)

Yao (2018)

Yao et al. (2018)
Yao (2018)

Wang et al. (2013)
Wang et al. (2013)

Wu (2016)
Wu (2016)
Wu (2016)
Yao (2018)
Yao (2018)
Wu (2016)
Wu (2016)
Yao (2018)
Yao (2018)
Yao (2018)
Yao (2018)

Yang et al. (2018)
Yang et al. (2018)
Yang et al. (2018)
Yang et al. (2018)
Yang et al. (2018)
Yang et al. (2018)
Yang et al. (2018)
Yang et al. (2018)
Yang et al. (2018)

Yao (2018)
Yao (2018)
Yao (2018)
Wu (2016)
Wu (2016)
Wu (2016)
Yao (2018)
Yao (2018)
Yao (2018)
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Formulations

Quercus infectoria, Glycyrrhiza uralensis, Kaempferia
galanga and Coptis chinensis

Kaempferia galenga L (Kencur) and Boesenbergia
pandurata (Roxb) Schlecht (Temu kunci)

Plumbago indica, Garcinia mangostana, Dracaena
foureir, Dioscorea membranacea, Artemisia annua,
Piper chaba, Myristica fragrans and Kasmpferia
galanga

Uses Mode of Locality
uses
Four plant powders are consisting of traditional  Powders Thailand
Thai herbal remedy for aphthous ulcer (ora)
Combination of kencur and temu lawak ethanol ~ Gream Southeast Asia, such as

extract with ratio (80%:20%) or (70%:30%) as  (extemal use)  Indonesia and Thailand
Sunscreen

Eight powdered medicinal plants showed Powders Thailand

potent antimalarial activity (ora)

References

Aroonrerk and
Kamkaen (2009)
Shintia et al. (2018)

Thiengsusuk et al.
(2013
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Locality

India

India

India

Manoko in West
Java

Thailand

Malaysia
Malaysia
Thailand
Japan
Malaysia
indonesia
Indonesia

Thailand

Malaysia
India

India
Malaysia
India
Bangladesh
China

China

Traditional uses

Pain (chest pain, cholera, headache,
toothache and abdominal pain)
Diarrhoea

Ulcer

Inflammation

Ophthalmia
Swelling and muscular rheumatism
Sore throat

Indigestion, colds

Smooth muscle relaxant

Swollen breasts, coughs
Osteoarthiitis

Recurrent aphthous stomatitis (RAS)

Cardiotonic

Hypertension
Hepatoprotection

Hypolipidemia

Tumor
Washing hairs
Pregnancy
Dyspepsia

Anxiety

Part
used

Rhizome
Rhizome
Rhizome
Rhizome
Leaf

Rhizome
Leaf

Rhizome
Rhizome
Leaf

Rhizome
Rhizome

Rhizome

Rhizome
Rhizome

Rhizome
Rhizome
Leaf
Leaf
Rhizome

Rhizome

Method of preparation

Rhizomes used as much

Intact part used for the management of diarrhoea
Intact parts used as much
Consurming herb tea of this plant rhizome

Leaves are used for ophthalmia, Fever and sore throat in the
form of lotions and poulices

Rhizomes of this plant are boiled with other roots to treat
Sweling and muscular heumatism

Theair dried powdered leaves (40 g) soaked in distiled water (1:

10; wh)
The exract of hizome

Rhizomes used as smooth musdle refaxant

The ashes of leaves are rubbed on swollen breasts after
childbirth while fresh leaves are chewed for relieving coughs
Intact part used for treatment for osteoarthritis

Rhizome's extract is effective in treating minor RAS
Rhizomes used as cardiotonic and central nervous system
(ONS) stimuiants.

Intact part used for treating Hypertension

Rhizome's constituents have promising application in
hepatoprotection

Rhizomes extracts shows significant activity for treating
hypolipidemic

Rhizomes used as much

Leaves are used as a perfume in washing hairs

Leaf infusions can be used as a beneficial drink for women
Rhizomes have been used as an aromatic stomachic to
promote digestion

Its aroma has also been used for a long history in reieving
anxiety

References

Vittalrao et al. (2011);
Tewtrakul et al. (2006)

Dash et al. (2014)

Ogiso and Kobayashi (1994)
Levita et al. (2015)

Kanjanapoth et al. (2004);
Warier et al. (1995)
Mustafa et al. (1996)

Sulaiman et al. (2008)

Kanjanapothi et al. (2004)
Hashimoto et al. (1986)
Suliman et al. (2008)

Akmal et . (2017)
Laurenzia and Wilda (2016)
Mokkhasmit et al. (1971)

Othman et al. (2002)
Manigaunha et . (2010)

Achuthan and Padikkala
(1997)

Ormar et al. (2017)
Warrier et al. (1995)
Rahman et al. (2004)
China Pharmacopeia
Commission (2015)

He et al. (2012)
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Active compounds

Quercetin

Apigenin
Luteolin

Binding energy (Kcal/moL)
IGF1 ESR1

-9.81275 -41.9021
-16.8225 -43.4102
-13.2934 -40.1986
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Analyte

Luteolin
Quercetin
Apigenin
Kaempferol
Emodin

Precursorion
(m/2)

284.8
300.9
269.0
284.9
268.9

Production
(m/z)

1328
150.8
116.8
93.0
224.8

DP

-150
-120
-150
-180
-150

EP

CE

CXP
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Type

In vivo

In vivo

In vivo

In vivo
In vivo
In vivo

In vivo
In vivo

In vivo

In vivo

In vivo
h  vivo
and

in vitro
In vivo

In vivo

In vivo

In vivo
In vivo
In vivo
In vivo
In vivo

In vivo
In vivo

In vivo
In vivo

In vivo

In vivo

and

in vitro
In vivo
In vivo
In vivo

In vivo

In vivo
In vivo
In vivo

In vivo
In vivo

In vivo

In vivo

In vivo
In vivo
In vivo

In  vivo
and

in vitro
In vivo

In vivo
I vivo
and

in vitro
In vivo
In vivo
In vivo

In vivo

In vivo
In vivo

In vivo

Model

HUA and
hyperiipidemia
Gouty arthitis

Acute gouty
arthritis with HUA
HUA
HUA
HUA

HUA
Renal stones

HUA

Acute  gouty
arthitis

HUA

HUA and acute
gouty arthritis

Acute  gouty
arthritis
T2DM

HUA

HUA
HUA
HUA
HUA
HUA

HUA
Gouty arthritis

HUA
Gouty arthitis

HUA

HUA
Gout

HUA
HUA
HUA

HUA

Gouty arthitis
HUA

HUA and meta-
bolic syndrome

HUA
HUA

Urate
nephropathy
HUA

HUA
HUA
HUA

Gout arthritis

HUA

HUA
MSU-induced
inflammation

HUA

HUA

Acte  gouty
arthritis

HUA

HUA
HUA

HUA

Herbal formula

Dendrobium officinalis Six
Nostrum
Simiao decoction

Tu-Teng-Cao

Erding granules
TongFengTangSan
Alismatis Rhizoma and Rhi-
zoma  Smilacis  Glabrae
decotion

Er Miao wan

Huashi pil

Modiied Chuanhu anti-gout
mixture
Jia-Wei-Si-Miao-Wan

Erding granule
The Selaginella moellendorf-
i prescription

Tongfengning capsule

Spleen-kidney supplement-
ing formula
Ermiaowan

Compourd tufuling granuies
ShizhiFang

Erding formula
Qi-Zhu-Xie-Zhuo-Fang
Shizhifang

Quzhuotongbi decoction
Zisheng Shendi decoction

RuPeng15 powder
Xiaofeng granuies

Siwu decoction

Jianpi Huashi decoction
Sanmiao formula

Karapxa decoction
Ermiao pill

Si-Wu-Tang and
Er-Miao-San

Shuang-Qi gout capsule

RuPeng15 powder

Compourd tufuling granuies
Simiao pill

Xie-Zhuo-Chu-Bi-Fang
Wuiing san

Compound gingain liquid
Modified Simiao wan
Compound qinggin liquid
Jianpihuashi decoction

Waiing san

Shuang-Qi gout capsule

Tongfeng granule
Jieduxiezhuo decoction
Modified Simiaowan

Tongxi powder
Modiied Simiao decoction
Compound Shuinivjiao
Simiao pill

Danggui Buxue Tang
Ermiao pil

‘Sanmiao wan

Inducer

PO and hihgfat sor-
ghum feed
Yeast, MSU

PO, MSU

PO
PO
PO, adenine

Fructose

Ethylene glycol, ammo-
nium chioride, calcium
gluconate

PO

Monosodium urate

PO
PO, adenire, MSU, LPS

MSU

High-fat diet, low-cose
streptozotocin
Xanthine and ~ oxonic
acid potassium salt

PO

Hypoxanthine and PO
Adenine and PO

PO

Yeast
MsuU

PO
MSU

PO

PO
Animals: PO and cold
bath, cells: MSU

Yeast and PO
PO
PO and adenine

PO

MSU
Yeast and PO
Fructose

Adenine and PO
Fructose

Adenine and PO

Oxonic acid potassium
salt, hypoxanthine
Adenine and PO

PO

PO

MSU

Adenine and
ethambutol

Uric acid

MsU

Uric acid
PO
MsuU

PO

Adenine, ethambutol
Oxygen  hydrochloride
acid potassium salt
PO

Animal/cell

8D rats

Mice

8D rats

Mice
8D rats
8D rats

SD rats
8D rats

Mice
Rats

Mice, SD rats
Mice, rats,
RAW264.7 cells

Rats.
Wistar rats
Rats.

Rats.
SD rats
Mice
Rats.
8D rats

8D rats
Rats

8D rats
SD rats, rabbits

Mice

Rats.
8D rats, rabbits,

primary
chondrocyte
Mice
SDrats
SDrats

Mice
8D rats

Mice
8D rats

Mice
Mice
8D rats
8D rats
8D rats
8D rats

Mice

Mice, SD rats,
HUVECs

Rats.
Mice

Mice, HUVECs

Mice
Mice
8D rats
Mice

Rats.
Mice

Mice

Maijor findings

XOD, ADA, LPL, FABP1, HPRT1,
NLRP3, Caspase-1, TLR4

NLRP3, ACS, caspasel, XOD,
ADA, IL- 1a, IL:6, IL-1B, IL-9, IL-
12, granulocyte colony stimulating
factor; MCP-1, TNF-a, STAT3,
APOB, caspase 8, c-FOS, PPARa,
FN1, LPL, MIP-a, MIP-1p

TNF-q, L6, IL-1B

N/A
XOD
XOD, URAT1

N/A
Osteopontin

XOD, URAT1

TLR4, NLRP3, ASC, caspase-1,
NF-«B, IL-1p, IL-18

GLUT9, OAT1, URAT1

NO, NF-kB, NLRP3, IL-1p, PGE-2,
-8

TNF-a, IL-1p
TGF-p1, miR-21, PTEN
N/A

TNF-a, IL-1p
XOD, OAT1, OAT3

URAT1, OAT3

X0, E-cadherin, a-SMA
TXNIP,NLRP3, ASC, caspase-1, IL-
1p, IL-18, ROS

N/A

IL-1B, TNF-a, kB, NF-xB, NALP1,
NALPS, ROS

X0

IL-1B, IL-6, TNF-a, INOS, ADAMTS-
4, TIMP-3

XO, URATY, GLUTO, OAT1,
ABCG2, OCT1, OCT2, OCTN1,
OCTN2, NLRP3, ASC, caspase-1,
IL-1p

X0

IL4B, TNF-a, MMP-3, TIMP-1,
ADAMTS-4, TIMP-3

X0
X0
XO, OAT1, OAT3

URATY, OATi, OCTi, OCT2,
ABCG2, OCTN1, OCTN2, GLUT9
NF-xB, TNF-a, IL-1B, IL-8

GLUTY

Nephrin, podocin, CD2AP, Sitt1,
NFB, LB, NLRP3, ACS,
caspasel

URATY, miR-34a

URATY, GLUTO, ABCG2, OATI,
OCT1, OCT2

TLR, TLR4

XOD

cox2
X0

URAT1, GLUT9, OAT1, OCT1,
OCT2, OCTN2

TNF-a, IL-1p

N/A

N/A
ICAM-1

N/A
XO, URATH, OAT1, SOD, MDA
N/A

URAT1, GLUT9, OAT1, OCT1,
OCT2, OCTN1, OCTN2

NO, NOS, SOD, MDA

XOD, URAT1

XOD, URAT1
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Abbreviations can be referred to Tables 3, 4. FABP1, fatty acid-binding protein; HPRT1, hypoxanthine-guanine phosphoribosyl transferase; APOB, apolipoprotein B; FOS, one subunit of
activator protien-1; FN1, fibronectin1; MIP-Ta, MIP-1 , serum proinflammatory cytokines; TXNIP, thioredoxin interacting proteins; PTEN, phosphate and tension homology deleted on
chromsome ten; NALP1/6, NACHT, LRR and PYD domains-containing protein one and six; ADAMTs, a family of metalloproteinases with thrombospondin motifs; TIMP, tissue inhibitor of
metalloproteinase: CD2AP, CD2-associated protein.
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In vivo
In vivo
In vivo

In vivo

In vivo

In vivo
In  vivo
and

in vitro
In vivo

In vivo
In vivo

In vivo

In vivo

In vivo

In vivo

In vivo

In vivo

In vivo

In vivo

In vivo

In vivo

In vivo

In vivo

In vivo
In vivo

In vivo
In vivo
In vivo

In vivo
In vivo

In vivo
In vivo
In vivo

In vivo
In vivo
In vivo
In vivo
In vivo
In vivo
In vivo

In vivo

In vivo
In vivo

In vivo
I vivo
and

in vitro
In vivo

n  vivo
and

in vitro
In vivo
In vivo

In vivo
In vivo

In vivo

In vivo
In vivo

In vivo

In vivo

In vivo

In vivo

In vivo

n  vivo
and

in vitro
In vivo

In vivo

In vivo

In vivo

In vivo

i vivo
and

in vitro
In vivo

In vivo

In vivo

In vivo
In vivo

In vivo
In vivo

In vivo
In vivo

In vivo

In vivo

In vivo

In vivo

Model

HUA
HUA

HUA

Hyperuricemic
nephropathy
HUA

HUA
HUA

Chronic  HUA and
gout
HUA
Acute gouty arthritis

Uric acid-induced
renal damage
Uric acid-induced
renal damage
HUA

HUA
HUA
HUA andacute gouty
arthritis.
HUA
HUA
Diabetic

disease
HUA

Kidney

Hypouricemic  and

nephroprotective
HUA

HUA
HUA

HUA
HUA
HUA

HUA
Gouty arthiitis

HUA and gout
HUA

HUA

HUA

HUA

HUA and gout
HUA

HUA

HUA

HUA

HUA and acute gouty
arthritis

HUA

HUA

HUA

HUA

HUA

HUA

HUA

HUA

HUA

HUA

HUA

HUA
HUA

HUA
HUA
HUA
HUA
HUA
HUA
HUA
Gouty arthritis
HUA
HUA

HUA
Gouty arthritis

HUA

HUA and gout
HUA

HUA
HUA

HUA
Gouty arthritis

HUA
HUA

Acute gouty arthitis
HUA
HUA

Gouty arthritis

Natural product

Clerodendranthus spicatus
Sunflower  head  enzymatic
hydrolysate

Macroporous Resin extract of
Dendrobium candidum leaves
Ethanol extract of Lirodendron
chinense (Hemsl) Sarg barks
Eucommia ulmoides Oliver

Smilax glabra extracts
Apinia oxyphylla seed extract

Rhizoma
extracts
The extract of O. Sativa
Ethanolic extract of Polygonum
cuspidatum

Polygonum cuspidatum

smicis  glabrae

Polygonum cuspidatum
Chrysanthemum extract

The flavonoid-rich fraction from
thizomes of Smilax glabra Roxb.
Chicory (Cichorium intybus L)

Terminthia paniculata extract

Highly acylated ~ anthocyanins.
from purple sweet potato
Ethanol extract of Dendropanax
morbifera leaf

Codonopsis tangshen Oliv.

Ethanol extract of Cudrania tri-
cuspidata leaf
Polyrhachis Vicina Roger

Lagotis brachystachys Maxim
extract

Toona sinensis leaf extract
Chaenomeles ~ sinensis
extract

Fraxini cortex

Selaginella tamariscina
Rhizoma Polygoni Cuspidati and
Ramulus Cinnamoni

Salvia plebeia extract

Mollugo pentaphylla extract

fruit

Sunflower head extract
Avistolochia bracteolata extracts
Total flavonoids of Humuius
lupulus

Chicory

Chicory extract

Cortex fraxini

Plantago depressa Wil extract
Ganoderma applanatum extracts
Quercus acuta Thunb. extract
Ethanol extracts of Camelia ja-
ponica leaf

Gnaphalium affine D. Don extract

Ginkgo folium
Selaginella moellendorfii Hieron.

Dioscorea tokoro Makino extract
Mesona procumbens extracts

Ethyl acetate fraction of Dimo-
carpus longan Lour. extracts
Synsepalum duicificum

Dendropanaxchevalieri extracts
Tradescantia  albifiora  Kunth
extracts

Cortex fraxini

Cordyceps miltaris

The ethanolic extracts of Cory-
lopsis coreana Uyeki

Leaves of Perilla frutescens
Ethanol extracts from Dioscor-
eae nipponicae rhizoma
[Rhododendrron oldhamii maxim.
Leaf extracts

Smilax riparia

Lagotis brevituba Maxim. extract
Total saponins from Discorea
nipponica makino
Phytochemicals from Davalia
formosana

Smilais glabrae rhizoma

Poecilobdella manillensis
Rhizoma Dioscoreae nipponicae

Rhizoma Dioscoreae septemio-
bae extracts

Smilax riparia

Leonurus

Dolchos falcata Kiein

Ethanol
Gardenia

extract of Fructus

The crude extract of Jatropha
isabellei

Petroleum ether fraction of Poly-
thachis vicina Roger

Rhizoma smilacis glabrae
Balanophora laxiflora  extracts
and derived phytochemicals
Longan seed extract

Ethanol extract from Mangifera
indica

Hibiscus sabdarifta L. extracts
Ramulus Mori ethanol extract

Rhizoma Dioscoreae nipponicae

The methanol extract from Pru-
nus mume fruit

Casein or soya protein combined
with paim or safflower-seed ol
Extract of Paederia scandens
(LOUR,) MERRILL (Rubiaceae)

Inducer

Oteracil potassium
PO, yeast

PO, adenine, yeast
Adenine and PO

Mice: Oxonic acid potas-
sum  osat,  rats:
hypoxanthine

PO

PO

PO and MSU

PO
MsuU

Adenine administering and
yeast feeding

Adenine, yeast

PO

Yeast pellets and adenine

Fructose

PO and MSU

PO

PO

Unilateral  nephrectomy,

high fat diet feeding
PO

PO

PO

PO
PO

Hypoxanthine and PO
Xanthine, PO and MSU
Hypoxanthine, ethambutol
and PO

PO

MSU

PO and MSU
PO
PO

D-fructose
Fructose

PO, yeast and adenine
PO

Hypoxanthine and PO
PO

PO

PO and MSU

Fructose
PO

PO

THP-1 cells: MSU, mice:
PO, SD rats: streptozocin
PO

Mice: PO, cells: MSU

PO

PO

PO, yeast and adenine
PO and hypoxanthine
PO

PO
Hypoxanthine and PO

PO
PO
PO
Adenine and ethambutol

PO
PO and uric acid
Hypoxanthine
MSU

PO

PO

PO
MSU

PO

PO and MSU
Hypoxanthine

Hypoxanthine
PO

PO and hypoxanthine
MSU

PO
PO

MSU and hypoxanthine
PO
PO and uric acid

MSU

Animal/cell

Mice
Mice

8D rats

Mice

Mice, rats

Mice

Rats, oocytes.

Mice

8D rats
Mice

SD rats
SD rats
SD rats
SD rats
8D rats
Mice
Mice
Mice
8D rats
Mice

SD rats

Mice

Rats.
Mice

8D rats
Rats.
8D rats

Mice
Mice

Mice
Rats.
Mice

8D rats
8D rats
8D rats
SD rats
Mice
Mice
Mice

Mice

8D rats
SD rats

Mice
THP-1  cels,
mice, rats

Mice

Mice,
RAW264.7
cells

Mice

Rats

Rats
Mice
Mice

Mice
Mice

Mice
Mice
Mice
Rats

Mice

SD
HUVECs

rats,
Mice

Rats.

Mice

Mice

8D rats

8D rats, raw

264.7 cells

Mice

Rats.

Mice

SD rats
Mice

8D rats
SD rats

SD rats
Mice

Rats

Mice

Rats.

SD rats

Major findings

NA
XOD, ADA, URAT1

XOD, ADA, TLR4, NF-xB
OAT1, OAT3, ABCG2

URAT1, OAT1, OAT3, GLUT9

XOD, OAT1, OCTN2
XO, URAT1, OATT, IL-1p, IL-
6, TNF-a

XO, IL-6, IL-12, IL-1B, IL-10,
TNF-a

X0

IL-1B, IL-6, TNF-a, NLRP3,
ASC, caspase-1
AMPK,  FOXOBa,
NLRP3, MCP-1
AMPK, FOXO3a,
NLRP3, MCP 1
XOD, ABCG2, URAT1, GLUTS,
IL1B, TNFa

ABOG2, OAT1,0CT2,0CTRR,
URAT1, GLUT9
URAT1,  GLUTO,
OAT3

X0

TLR4,

TLR4,

OAT1,

TNF-q, IL-6, IL-1B, TGF-B1,
ICAM1, COX-2, NF-kB
X0

IL-1B, TNF-q, IL-6
X0

IL-1B, IL-6, TNF-a, SOD,
MDA, XOD, URATH, GLUT9,
OAT1

URAT1, GLUT9, OAT1

X0
URAT1, OAT1

URAT1,GLUT9
NA
X0

X0

TNF-a, IL-1p, NLRP3, ASC,
caspase-1, NF-«B

X0

X0

X0

ABCG2

GLUT9

NA

XOD

XO, URAT1, GLUT9, OAT1
X0

X0

XO, GLUT9, URAT1

NA
XOD, MDA, SOD, TNF-a,
IL-1p

XOD, URATH, OAT1

X0, OAT1, GLUTE

X0

X0

XOD, URAT1, GLUT9
X0

NA
XO, URAT1
X0

X0
NA

NA

URAT1, GLUT9, OAT1
XOD, OAT1, URAT1, GLUT9
OAT1, OAT3, URAT1

X0

Catalase

NA

SDF-1, CXCR4, p38, IL-1,
MKK 3/6

OAT1, URAT1, OCT2, XO

URAT1
URAT1, GLUT9, OCT, OCTN
IL-1p, IL-6, TNF-a

URAT1, ABCG2, GLUT9,
OAT1, OAT3, OIT3, OCT1,
OCT2, OCTN1, OCTN2

X0

XOD

NA
X0

GLUT1, GLUTS, XO
TNF-q, IL-1p

X0D

URAT1, GLUTY, OAT1,0CT!,
OCT2, OCTN1, OCTN2
TRAIL, Neuropilin-2,
MMP-13

X0

NO, TNF-a, IFN-y,
Nitrotyrosine
TNF-a, IL-1B, NF-+8
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Wang et al. (2016a)
Wang et al. (2016¢)
Wang et al. (2016e)
Yong et al. (2016)

Yoon et al. (2016)

Huo et al. (2015)
Shan et al. (2015)

Tung et al. (2015)
Wu et al. (2015)
Zeng et al. (2015)
Zhou et al. (2015)
Chen et al. (20143)
Hong et al. (2014)
Liu et al. (2014b)
Luet al. (2014)
Suetal. (2014)
Wu et al. (2014c)

Yan etal. (2014)
Chen et al. (2013b)

Hu et al. (2013b)

Siva et al. (2013)
Wei et al. (2013)

Xu et al. (2013)
Ho etal. (2012)

Hou et al. (2012)
Jiang et al. (2012)

Kuo et al. (2012)
Shietal. (2012)

Yeo et al. (2012)
Yiet al. (2012)
Lo et al. (2010)

Ma et al. (2009)

Abbreviations can be referred to Table 3. ICAM1, intercelular achesion molecule one; IFN, interferon; AMPK, adenosine 5'-monophosphate-activated protein kinase; FOXO3a, forkhead
box O3 alpha; SDF-1, stromal cell-derived factor 1: CXCR4, SDF-1 receptor: MKK, mitogen-activated kinase; TRAIL, the tumor necrosis factor-related apoptosis-inducing ligand.
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Species

Rattus norvegicus

Primers

Gapdh-forward
Gapdh-reverse
Acta2-forward
Acta2-reverse
Fnt-forward
Fni-reverse
Coltat-forward
Coltat-reverse
Coldat-forward
Col3at-reverse
Rela-forward
Rela-reverse
Jun-forward
Jun-reverse

11 p-forward
111-reverse
IIe-forward
II6-reverse
Tfa-forward
Tnfa-reverse
Ifng-forward
Ifng-reverse
Col2-forward
Col2-reverse
Cxolt-forward
Cxclt-reverse
Cox2-forward
Coxa-reverse
Mmp1-forward
Mmpi-reverse
Mmp2-forward
Mmp2-reverse
Mmpg-forward
Mmp9-reverse

Sequences

AGTGCCAGCCTCGTCTCATA
GATGGTGATGGGTTTCCCGT
CATCCGACCTTGCTAACGGA
GTCCAGAGCGACATAGCACA
CACCGAAACCGGGAAGAG
TTGCCTAGGTAGGTCCGTTC
GTGCGATGGCGTGCTATG
ACTTCTGCGTCTGGTGATACA
AGATGCTGGTGCTGAGAAGAAAC
GCTGGAAAGAAGTCTGAGGAAGG
CTGGCCATGGACGATCTGTT
TCCACATATGGCCCAGAAGC
TGTCTGTATGCTGGGGTGA
GGTTGCTGGGGAGAGAGA
TGCAGGCTTCGAGATGAAC
GGGATTTTGTCGTTGCTTGTC
CATTCTGTCTCGAGCCCACC
GCAACTGGCTGGAAGTCTCT
CTTCTGTCTACTGAACTTCGGG
CTACGGGCTTGTCACTCG
CATGAGCATCGCCAAGT
CTCTACCCCAGAATCAGCA
TTAAGCCCCACTCACCTG
CTCTTGAGCTTGGTGACAAATAC
TCCAGAGTTTGAAGGTGATGC
GGACACCCTTTAGCATCTTTTG
GATGACGAGCGACTGTTCCA
TGGTAACCGCTCAGGTGTTG
AGCTCATACAGTTTCCCCGTG
CCTCCTTGGCATCCACGTTT
TTTGGCCGTCTCTTCCATCC
GCATCGATCTTCTGGACGGT
GATCCCCAGAGCGTTACTCG
GTTGTGGAAACTCACACGCC
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Skin irritation Cortex Daphnes patch group (n = 38) Indomethacin cataplasm

Due to mount material (n = 34) Due to black plaster (n = 4) growp (n = 13)

Erythema

wid 9037 000 645

Moderate 17 (44.7) 2(52) 2(1.5)

Severe 309 106 000)

In total 29 (76.3) 3079 8615
tohing

Mid 21(55.9) 1(26) 769

Moderate 8 @11 126 108

Severe 126 126 0(0.0)

In total 30 (78.9) 3079 8615
Edema

Mid 5(132) 1(26) 108

Moderate 309 106 108

Severe 3(7.9) 0(0.0 0(0.0)

In total 1189 2652 2016
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HUA

HUA

HUA
HUA

HUA
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HUA

and

Nonalcoholic fatty ver
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Diabetic nephropathy
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HUA and acute gouty
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Active ingredients
Bergenin

Phioretin

Polydatin
Total glucosides of herbaceous
peony (Paconia lactifora Pall)
flower

Total flavonoids of Mori Cortex

Pulchinenoside b4
Pterostibene

Liquiritigenin

Resveratrol

Total flavonoids from Oxytropis
falcata Bunge
Ganoderma

polysaccharide

atrum

Luteoiin
Luteolin-4'-O-glucoside
Hirudin

Arctiin

Mangiferin  aglycon ~ derivative
J99745

[6]—shogaol

Dioscin

Epigalocatechin-3-galate
Taxifolin

Vaticaffinol
Caffeoylquinic acid

Procyanidins

Gypenosides
Total saponin fraction from dio-
scorea ripponica makino
Saponins extracted from dio-
scorea collettii

Total saponins from dioscorea
septemioba thunb

Emodinol

Palidifioside D

Mangierin
Sahvianoic acid

Green tea polyphenols
Flavonoids and phenylethanoid
glycosides from Lippia nodifiora
Palidifloside D

Lemnalol

Rhein

Nuciferine

Anthocyanins from purple sweet
potato

Total saponin of dioscorea
Chrysanthemum flower oil
Exopolysaccharide produced by
Cordyceps miltaris

Dioscin

Palidifioside D

Smilaxchinoside A, Smilaxchino-
side C

Riparoside B, timosaponin J
Total saponins from Discorea

nipponica

Quercetin
Aspalathin
Quercetin

Mangiferin
Tanshinone 1A

Tanshinone lIA
Curcumin

Inidoid glycosides of Paederia
scandens

Muberroside a

Morin

Inducer

Yeast, PO

Adenine and PO

PO
Adenine, ethambutol

High fat diet, adenine,
ethylamine butanol
MSU

Adenine and PO

PO, xanthine

PO and yeast
High-fat diet

Acrylamide

PO and MSU
PO and MSU
Hypoxanthine, sodium
uric
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ethambutanol
PO

and

PO, MSU
hypoxanthine
PO

and

PO and yeast

Mice: GMP and IMP,
cells: Guanosine and
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PO

PO

Mice: MSU, cells: LPS
and MSU
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Adenine and ethambutol
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PO

3

and hypoxanthine
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U
Adenine and ethambutol

3

, ethambutol

3 333 333 3

Mice: PO, cells: IL-1p.

Adenine and ethambutol
IMP
MSU

PO
Adenine

Adenine
Fructose

PO and adenine
PO

PO

Animal/cell

Mice

Mice

SD rats

Rats

SD rats

SD rats
Mice

Mice,  MDCK-

hOAT4,
HEK293-
hURAT1
Rats
Mice

SD rats

Mice

Mice

Mice, wistar rats

Rats

Mice

SD rats

Mice, HCT116

cells

Mice
Mice,
cells

AML12

Mice

Mice

Mice, raw 264.7
cells

Rats
Rats

SD rats

SD rats

Mice

Mice, PC12

Mice
Mice
Mice
SD rats

Mice
Rats
Mice

Mice

Mice

SD rats
Rats
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Mice
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Mice

Mice
Mice,
cells

‘synovial

SD rats
Mice
SD rats

Mice
SD rats

SD rats
SD rats

SD rats

Mice

Mice

Major findings

SLC2A9, ABCG2, PPAR-y, IL-6, IL-1B,
TNF-a

«SMA,  TGF-B, IL-1p, NLRP3,
caspase-1, IL-18, XOD, URAT1,
GLUTY
NA

XOD, URAT1, OAT1, GLUT9

URATT, IL-6, TNF-a, OAT1

NA

Fibronectin, collagen |, a-SMA, TGF-
B1, Smad3, Src, STAT3

OAT4, URAT1

FOXO3a, SIRT1, NF-xB

MCP-1, NF-xB, IL-6, TGF-p1, JAK 1,
STATS, STAT 4, SOCS-1, SOCS-3
MDA, catalase, SOD, glutathione, IL-2,
IL-1B, TNF-a, IL-4, IL-10, ALP,
endothelin-1

XO, URAT1, GLUTS, IL-1B, TNF-a

X0

XOD, GLUTY

XOD, MCP-1, TNF-a

XO, URAT1, GLUT9, OAT1, ABCG2
IL-1p, TNF-a

URAT1, GLUT9

URAT1, GLUT9, XO
X0

XDH, XO, GLUT9, URAT1, OAT1,
OCT1, OCT2, OCTN1, NLRP3

XO, GLUTY, OAT1, URAT1, IL-1B,
TNF-a

NLRPS, IL-1p, caspase-1, ROS, NR 1,
P38, ERK

ADA, XDH, URAT1, GLUT9, OAT1
TLR2, TLR4, IRAK1, TRAFE, NF-xB,
IxBa, IKa, TAK1, IL-1p, IL-6, TNF-a
URAT1, GLUT9, OAT1, OAT3

OATP1A1

XOD, GLUT9, URAT1, ABCG2, OAT1,
OCT1, OCT2, OCTN1, OCTNZ, OIT3
PRPS, HGPRT, PRPPAT

XOD

XOD

XO, URAT1, OAT1, OAT3
X0

XO, URAT1, GLUTY, OAT1
TGF-p1, MMP-9, cathepsin K, TRAP
IL-1B, TNF-a, PGE2

URAT1, GLUT9, ABCG2, OAT1,
OCT1, OCTN1, OCTNZ, IL-1p, TLR2,
TLR4, NF-xB, NLRP3, ASC, caspasel
XO, URAT1, GLUTY, OAT1, OCTN2

NA
X0
X0

OAT1, URAT1, OCT2, XO
URAT1, GLUT, OAT1
URAT1, GLUT9, OAT1

XO, URAT1, GLUTY, OTA1
URAT1, GLUT9, OAT1, OAT3

NLRP3, ASC, Caspase-1, TLR2, TLR4
X0

IL-1p, TNF-a, COX-2, PGE2, NO,
MDA, SOD, glutathione peroxidase
XDH, XOD

NF-xB, MCP-1, IL-10

NF-xB, MCP-1, IL-10

NO, GLUT9, RST, OAT1, MRP4,
OCTH, JAK2, STAT3, SOCS3, TGF-p1
MCP-1, a-SMA, NF-xB

GLUT9, URAT1, OAT1, OCT1, OCT2,
OCTN1, OCTN2

URAT1, GLUT, OAT1, OATS, OCT1,
OCT2, OCTN1, OCTN2,
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HUA, hyperuricemia; PO, potassium oxonate; MSU, monosodium urate; SLC2A9, solute carier family 2, faciitated glucose transporter member; PPAR-y, peroxisome prolierator-
activated receptor y; IL, interleukin; TNF-a; tumor necrosis factor; a-SMA, alpha-smooth muscle actin; TGF-f, transforming growth factor beta~1; NLRP3, the NOD-ike receptor P3
inflammasorme; XO/XOD, xanthine oxidase; URAT1, urate transporter one; GLUT, glucose transporter nine; OAT1/3, organic anion transporter one and three; Smad3, mothers against
decapentaplegic homolog three; Src, proto-oncogene tyrosine-protein kinase Src; STATS, signal transducer and activator of transcription three; FOXO3a, forkhead box O3 alpha; SIRTT,
sient information regulator one; NF-xB, nuclear factor-kappa 8; MCP-1, monocyte chemoattractant protein-1; JAK2, Janus kinase two; SOCS-1/3, suppressor of cytokine signaling 1/3;
MDA, malondialdehyde; SOD, superoxide dismutase; ABCG2, adenosine triphosphate (ATF}-binding cassette transporter two; XDH, xanthine dehydrogenase; OCT1/2, organic cation
transporter; ALP: akaline phosphatase; OCTN1/2, organic cation/camitine transporter one and two; ROS, reactive oxygen species; NR-1, N-methyl-D-aspartic acid receptor one; p3s,
phosphorylated p38 mitogen-activated protein kinase; ERK, phosphorylated extracellular regulated protein kinase; ADA, adenosine deaminase; TLRs, toll-ike receptors; IRAK, IL-1R-

associated kinase; TRAF, TNF receptor associated factor

B, inhibitor of NF-xB; IKKa, inhibitor of nuclear factor kappa-B kinase; TAK1, transforming growth factor beta-activated

kinase one; OATP1AT, organic anion transporting polypeptide 1A1; OIT3, oncoprotein-induced transcript 3; PRPS, phosphoribosyl pyrophosphate synthetase; HGPRT, hypoxanthine-
guanine phosphonibosyl transferase; PRPPAT, phosphoribosyl pyrophosphate amino-transferase; MMP-9, matrix metalloproteinase nine; TRAP, tartrate-resistant acid phosphatase;

COX-2, cyclooxygenase-:

transporter: MRP4, multidrug resistance protein 4. N/A, not available.

PGE?2, prostaglandin £2; NO, nitric oxide; ASC, the apoptosis-associated speck-like protein containing a caspase recruitment domain; RST, renal-specific
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Compounds/formula A B c D E F G H References
Chuanhutongfeng mixture + + + + + + + ? Wang et al. (2019b)
Yellow-dragon wonderful-seed formula + + - - + + + ? Yuetal. (2018)
Compound tufuiing oral-iquid + + + + + + + ? Xie et al. (2017)
ZinutriK - 4 + + + + + 2 Rozza et al. (2016)
The Chuanhu anti-gout mixture + + + + + + + ? Wang et al. (2014)
A series of tongfeng granule + ? - - - + + ? Zhou et al. (2013)
Xiezhuo chubi recipe + + - 2 ? - 2 ? Zhang et al. (2011)
Retention enema of Chinese herbal medicine - - - - ? + + ? Chen et al. (2009)
Modified sanmiao powder + ? - - ? + + 2 Xiang et al. (2009)
Serial gout granules + ? - ? ? + + ? Zhang et al. (2009)

A, Adequate sequence generation; B, Allocation concealment; C, Blinding (patient); D, Blinding (investigator); E, Blinding (assessor); F, Incomplete outcome data addressed; G, Selecting
reporting: H, Free of other bias; +, Low risk; -, High risk: ?, Unclear.
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Temperature ('C)  Time  Number of cycles

Stage

Ding stage % s 1

Oycing stage % 105 “©
& 205

Mett curve stage  65-95°C 0.5°C increment 1
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Target Primer sequences T, PCR
mANA 0) products
pases (op)

GABRA1  Fonward, 5' AGCCGTCATTACMGATGAACTT S 60 95
Reverse, 5' TGGTCTCAGGCGATTGTCATAA &' 61.2

GABRA2  Forward, 5' GOTGGCTAACATCCAAGAAGATS'  60.1 92
Reverse, 5' GCCGATTATCGTAACCATCCAGAS 619
GABRA3  Forward, 5' CAGGGGAATCAAGACGACAA S 60 145

Roverse, 5' CGTCCAGAAGACGATCCAAGAT &' 61.5

HTRIA  Foward, 5' ACCATTAGCAMGGATCATGGC S 602 94
Reverse, 5' ATATGCGCCCATAGAGAACCA S 608

HTRIB  Foward, ' GGGTTCCTCMGCCAACTTATCS 606 115
Roverso, 5' GOCAATAGCATAACCAGCAGT 3 608

HTRRA  Fonward, 5' TIAAGGAGGGGAGTTGCTTACT 3 §5.1 156
Roverse, 5' TGCCAAGATCACTTACACACAAA S' 54.1

HTRZB  Fonward, §' TGATTTGCTGGTIGGATIGITIGS 639 132
Roverse, 5' ATGGATGCGGTIGAMMAGAGAA S 543

pctin  Fonward, 5' CTICGCGGGOGACGAT &' 651 104

ACTB)  Reverse, 5' CCACATAGGAATCCTICTGACCS' 6.1

GAPDH  Forward, §' GBAAGGTGAAGGTCGGAGTC S 649 166
Roverso, 5' TGGAATTTGCCATGGGTGGA 655
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Analyte Original amount Adding amount Measured amount Recovery rate RSD (%)

(ug) (ug) (ug) (%)
ATP 71.42 20 89.89 98.33 2.38
40 11016 98.86 2.41
ADP 60.30 80 15012 99.14 0.24
20 80.99 100.85 196
40 98.28 97.98 231
AMP 5384 80 142.19 101.35 195
20 73.96 100.16 154
40 92.78 98.87 168

80 133.06 99.41 3.09
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Standard Stability Repeatability

ATP 3 .60 2.80
ADP 3 .49 1.38
AMP 3.36 2.24
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Standard

ATP

ADP

AMP

Concentration (mg/l)

20
50
100
20
50
100
20
50
100

Within-day Inter-day
Measured value RSD (%) Accuracy (%) Measured value RSD (%) Accuracy (%)
(mg/1) (mg/)
19.70 1.16 98.50 19.55 266 97.75
49.25 1.36 98.50 49.20 1.86 98.40
99.45 097 99.45 99.00 1.48 99.00
19.77 214 98.83 19.73 202 9867
4952 1.29 99.03 49.37 206 9873
98.95 1.42 98.95 98.55 1.27 98.65
19.43 253 97.17 19.68 1.99 98.42
49.22 203 98.43 48.78 2.06 97.57
99.18 1.09 99.18 98.03 1.82 98,03
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Targets and genes

IL18, ADORAT1, IL1RN, GAPDH, ADORA3, CD40LG, IL4, CXCL8, NOS2, TLR2, CASP1, MPO, NLRP3, FOXP3, IL2, IL17A,
CD68, IL1A, IL1R1, IL13, SAAT, IFNG, ALB, ICAM1, FASLG, TNFRSF1B, INS, VCAM1, IL5, ARG1, MAPK3, SELL, TLR4,
TLR7, IL1B, TLR3, CCL2, CD40, CXCL10, CXCR2, C3, CCR3, CD28, CNR1, CNR2, TLR1, TNF, TLR8, TLRS5, CCR5,
CTLA4, TLR9, NPY, GPR18, CSF2, HTR1A, HTR1B, SELE, HTR1D, ADRA2A, ADRA2B, TLR6, ADRA2C, CD86, GPER1,
CD80, TLR10, GRM4, CCL3, GRM7, GRM8, CHRM2, IL6, IFNB1, PTGS2, GABBR1, GABBR2, ANXA1, CASP3,
TNFSF13B, AKT1, VEGFA, TAS1R2, STAT3, EGF, ADCY1, ADCY2, ADCY5, DRD2, DRD3, DRD4, OPRK1, IL10,
TNFRSF1A, NOD2, HCAR2, HCAR3, CRP, CCR1

GABRP, GABRQ, AR, PIK3CA, LARS, GABRR1, TARS, GABRB1, REN, CARS2, AHR, F2, GARS, CARS, GATB, NLRP1,
YARS, ATN1, PYCARD, FARS2, EARS2, ESR1, HARS, DARS, VARS, PARS2, YARS2, PRL, FARSA, FARSB, TARS2,
IARS2, IARS, AARS, LARS2, GABRG3, AARS2, VDR, HSPD1, DARS2, SOD2, GABRA2, GABRA3, GABRA4, GABRAS,
GABRAG, NR3C1, KARS, SARS, NARS2, MEFV, HPGDS, EPRS, CFTR, GABRD, GABRE

HNF4A, NOS1, SLC32A1, IGF1R, PTPN1, GABRB2, GABRB3, IFNA2, GAD1, GAD2, GRID2, PGR, PRTN3, ESR2, EPOR,
MRAP, GRIN3A, GRIN3B, HSP90B1, GABRG1, GABRG2, PTH, SLC1A1, SLC1A2, SLC1A3, GRIK2, HLA-DRB1, GRIK4,
SOD1, GRIKS, PTPN22, GLRB, GRIA1, ADRBK1, GLRA1, GLRA2, GLRA3, TNFRSF10A, GRIA4, GAPDHS, HTR3B,
DRD1, GABRA1, SERPINB3, CTSG, MAPK10, SAG, IL12RB2, GRIN2B, GRIN2D, SREBF1, GRMT, IL12A

COX5A, ENO1, VCP, COX5B, FTL, GM2A, MT-CO1, GRIN1, MT-CO2, GRIA2, GRIA3, COX8A, PTGS1, COX6C, PTK2B,
COX6B1, LYZ, COX4l1, RPL11, RPL23A, GMPS, RPL15, TUBB, COX6A2, DNMT1, EFTUD1, DRDS, GRIN2A, ACSS2,
RPL19, RPL37, TH, COX7B, IDH2, GRIN2C, COX7C, RPL13A, RPL26L1, RPL7A, AKR1B1, GLUD1, RPL23, IMPDH1,
ALDH5A1, RSL24D1, RPL1OL

GSTP1, ACO2, LTB4R2, SLC6A2, SLC6A3, SLC6A4, MT-CO3, FURIN, HTR2B, DHRS4, HTR2C, GNMT, ADA, GNAS,
IL411, SERPINAT, AGXT2, DAO, CRH, F2RL1, PIPOX, LGALS1, ADORA2A, CYP19A1, CLU, KLK3, LDHA, PRLR, PECR,
LTB4R, AK1, SLC11A1, ALAS1, ALAS2, F5, GCK, FFAR1, DBH, BAAT, ACOX1, GCAT, HAO1, G6PD, OGDH, HAMP, LPL,
ABL1, CS, IDH1, MDH2, HMGCL

SYK, NFKBIA, SRC, IFNA1, NFKB1, IL6R, CYBB, NFKB2, ELANE, TGFB1, NELFCD, JAK2, IL17F, FAS, IL2RA, KLRK1,
STAT4

POLE2, POLA1, DTYMK, PAICS, PNP, NT5C2, APRT, AK2, RAD51, POLE, ITPA

GLDC, FPGS, KIF2C, UBC, SHMT1, FEN1, SHMT2, GLS2, ADSSL1, ABCC1, ASS1, ABCC2, ADK, CTPS1, SLCO1B3,
ACY1, CYP2C8, NAGS, RRM2B, AURKB, DCK, NR1I2, CYP27B1, GATM, MTAP, OAT, SLC25A4, GCSH, AMD1, PPIF,
RRM2, AGXT, ADSS

IL23R, TNFAIP3, ITGB2, HSP90AA1, PLG, NOS3, CD4, IRF8, LCK, B2M, ITGAL, CAMP, CREB1, PPARG, S1008B,
IL12RB1, LCN2, THBD, GPT, LGALS3, CD1E, KITLG, CAT, ACE, CTSB

ALDH1A1, SCNSA, SIRT3, ASNS, OPLAH, BHMT, GOT2, PPAT, FTCD, ALDH2, HBB, MTR, SCN3A, SCN3B, LTF,
SLC18A2, HTR3A, SDS, CANT1, GCLM, ASPA, GLS, SAA4, BCAT1, MTRR, PYGM, SAA2, ADHS, LTA4H, VLDLR,
GLUD2, BHMT2, FTH1, IMPDH2, MTTP, SCN8A, SCN2B, MB, HK1, SCN4B

SHBG, SRD5A1, AKR1C3, HSD17B1, CYP17A1

PVR, KIR2DL1, MICB, KIR3DL1

PRKAR2B, GOT1, ATP5C1, RXRA, HSPA8, OTC, CES1, TAT, AK8, SLC25A12, PAM16, SLC25A13, ATPSB, ABCG1,
GLUL, PDE4B, PDE4D, PYCR1, NR1H4, FKBP1A, POLB, ARG2, PYGL, BCAT2, POLE3, POLE4, PPIG, GPT2, ME2,
AZIN2, PRKAR1A

ACTA1, SCN1B, MT-ND1, TYR, SKIV2L, HGS, PSMD2, CCT3, LRP2, CAD, SCN10A, EEF2, AFP, RPL3, METAP2,
SPTBN1, RPL8, APOH, SCN4A, SCNOA, EPN1

PPARA, LPA, CP, HMGCR, PON1, MTHFR

AADAT, KYNU, AASS, NADSYN1, ENPP1, QPRT

'YWHAE, ITPR1, SCN1A, CALM1, PLD2, RARG, HDAC8, HDACS, RXRB, RXRG, ARAF, PRKACA, PPP5C, ARF1, SCN2A,
ARF6

PRKAB1, PRKAB2, PFKFB4, PIM1

CPA1, AMY1A, AMY2B, CTRB1

AKR1C2, ACVR1B, ACVR1, NCOA1, RDHS5, ABAT, MED1, PCCB, ACSST, FABP6, RDH11, NROB1, RLBP1, ABCB11,
AMHR2, ABCC4, RORA, SULT2A1

ATP5A1, FXN, AFG3L2

ACSL4, ACACB, ACSL3

PYCR2, PYCRL, P4HA2

SLCBA14, SLC7A8, SLC1A4

OAZ3, THNSL1, OAZ2

CPB1, PRSS1, AMY2A

PPIH, SRSF6, LSM6
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ACSL4
ADPOQ
ADRAZA
AKRICT
ACT1
ALDH2
ALDHSA1

ATP1AT
ATP1AS
BCAT2
BDNF
CAT
coLs
CHRNAT
ONR1
oNR2
comMT
COXt
coe
CREB1
CTNNB!
cXCL8
CYP2E1
DNMT1
DRD2
DRO3
DRD4
EDN1
ESR1
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GPERt
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HTRID
HTR2A
HTR28
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NS
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NR1E2
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PAH.

Full Name

acy-Co synthetase long-chain famiy member 4
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adrenoceptor dpha 24
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ID

hsa056200

hsa05205
hsa04668
hsa04010
hsa04151
hsa04068
hsa04915
hsa04066
hsa04620

hsa04917
hsa04919

hsa04921
hsa04621

hsa04024
hsa04012
hsa04660
hsa04071
hsa04722
hsa04014
hsa04370

Term
Pathways in cancer

Proteoglycans in cancer
TNF signaling pathway

MAPK signaling pathway
PIBK-AKt signaling pathway
FoxO signaling pathway
Estrogen signaling pathway
HIF-1 signaling pathway
Tol-like receptor signaling
pathway

Prolactin signaling pathway
Thyroid hormone signaling
pathway

Oxytocin signaling pathway
NOD-ike receptor signaling
pathway

CAMP signaling pathway

ErbB signaling pathway

T cell receptor signaling pathway
Sphingolipid signaling pathway
Neurotrophin signaling pathway
Ras signaling pathway

VEGF signaling pathway

Count

16

~~

oo oo o~

LogP

-26.06

-17.75
-18.43
-14.62
-13.33
-15.28
-14.18
-14.07
-13.97

-18.02
1144

-10.61
-10.27

-9.80
-10.20
-9.72
-9.36
-9.34
-7.65
-8.96

Gene

AKT1, CCND1, CASP3. EGFR. EP300. FN1, FOS, HSP90AA1, IL6. JUN. MAPK1,
MAPK3, MAPK8, PTGS2, TP53. VEGFA

AKT1, CCND1, CASP3, EGFR, ESR1. FN1, MAPK1, MAPK3, TNF, TP53, VEGFA
AKT1, CASP3, FOS. IL6. JUN., MAPK1, MAPK3, MAPK8, PTGS2, TNF

AKT1, CASP3, EGFR, FOS. JUN., MAPK1, MAPK3, MAPK8, TNF, TP53

AKT1, CCND1, EGFR, FN1, HSP90AA1, IL6. MAPK1, MAPK3, TP53, VEGFA
AKT1, CCND1, EGFR, EP300, IL6, MAPK1, MAPK3, MAPK8, SIRT1

AKT1, EGFR, ESR1, FOS, HSP90AAT, JUN. MAPK1, MAPK3

AKT1, EGFR, EP300, GAPDH, IL6, MAPK1, MAPK3, VEGFA

AKT1, FOS, IL6. JUN. MAPK1, MAPK3, MAPK8, TNF

AKT1, CCND1, ESR1, FOS, MAPK1, MAPK3, MAPK8
AKT1, CCND1, EP300. ESR1. MAPK1, MAPK3, TP53

CCND1, EGFR, FOS. JUN, MAPK1, MAPK3, PTGS2
HSPYOAA1, IL6. JUN. MAPK1, MAPK3. MAPKS8, TNF

AKT1, EP300. FOS. JUN. MAPK1, MAPK3, MAPK8
AKT1, EGFR. JUN., MAPK1, MAPK3, MAPK8
AKT1, FOS. JUN. MAPK1, MAPK3, TNF

AKT1, MAPK1, MAPK3, MAPK8. TNF, TP53

AKT1, JUN, MAPK1, MAPK3, MAPK8, TP53

AKT1, EGFR. MAPK1, MAPK3, MAPK8, VEGFA
AKT1, MAPK1, MAPK3, PTGS2, VEGFA
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Note

s1
s2
s3
S4
S5
S6
s7
S8
S9

CAs

1135-24-6
520-36-5
520-18-3
331-39-5
7361-80-0
60-33-3
491-70-3
301-19-9
58479-68-8

Molecular formula

CioHi00s
CisH100s
CisHi00s
CoHOs4
CigHs20,
CrgHz0,
CisH100e
CasHacOro
Carlai0bn

Molecular weight

194.058
270.053
286.048
180.042
292.240
280.240
286.048
740.216
1224578

Compound

feruiic acid
apigenin
kaempferol
caffeic acid
methyl linolenate
linoleic acid
luteolin

robinin

platycodin D





OPS/images/fphar-11-567088/crossmark.jpg
©

2

i

|





OPS/images/fphar-11-609825/fphar-11-609825-t001.jpg
NO ta/  Molecular  ESLMS  Emor

min  Formula (epm)

11199 CuMuOi 8274435 -2
M-H)

2 1199 CuMuOi  827.4435 2
MHP

3 CuMeOis 7974329 -2
MH)

J CuhoiOx 10755331 -27
MH)

5 1455  CubsOn 6770543  -33
M-H®

6 1951  CuaOz 10915280  -25
MH)

7 1999  CuMoO 12075850  -21
MH)

8 2073  CyHuO 12235702  -37
IM-H)

O 2073 OO 12235702  -37
IM-H)

10 2073  CoHoOz 12285702  -87
MH)

112127 CoMuOp 11055072 -28
M-H]

122195  CyhyOy 12075788  -32
MH]

18 2274  CyHop 12075495  -22
MH)

14 2274 CoMoOn 12375495  -22
MH)

15 2373 CubuOs 11335385  -24
MH)

16 2373 CuMyOs 11335385  -24
M)

17 2479  CoMoOz 12215546  -25
M-H]

18 2611  CuMuOs 11475178 -22
MH)

19° 2684  CuHuOy 6813886 43
IM-H)

20 2614  CyHiO,, 6653906 34
M-H)

21 2692  CuiOs 533120 -36
MH)

22 2692 CuHuOs 533120 36
M-H)

23 2781 OO 6353801 -4
M-H)

24 2861 CgHnO, 3132382  -08
(MH]

25 1302  CuMiOy 8694540  -04
IM-H)

2 2688 CoMaOz 10754967  -12
MH®

27 2688  CoMaOz 10754967  -12
MH)

28 732  CaMuOis 6111607  -08

M

20 954  CuHxO 491078 33
M

" 1165 CoMiOi 702001 3
(MH)

31° 1461 CHOp 2650405 06
[

% 1465 CHoOy 2850405  -03
MH)

3 1855  CpHiOs 2690456 08
MH)

' 510 CHiOy 380678 36
MH

3 597 CHOs 1700350 39
MH

3% 1000 CiHigOs 1930506 09
M)

o7 708 CpHuOs 2000014 -3
M

% 2628 CuHuOs 29204 -09
MH

3 W76 CoHiO, 2082475 38
MeH-

40" 3187 CubeO; 2702330 08
MH)

4% 135 CioHiNeO: 2081040 -0
MsHl+

42 3013 CaHeNiOs 5200008  -45
MH)

4 3028 CuHoO, 3072682 -32
M

4“4 3178 CuHNO 222792 29
MsH)

6 1072 CoMaOp 3071857 -2
M

% 822 CoHiOp 6772208 14
MH]

47 458 GuHN.O, 2030830 8
MH]

® Structures confinned by comparison with reforence stencards

Fragment ions m/s

707.3943,665.3866,647.3830,503.3403,441.2817
707.3943,665.3866,647.3830,503.3403,441.2817

665.3087,647.3789,635.3500,617.3651,485.3600,460.1602
925.4664,665.3873,647.3716,485.3034,441,3366,337.1133

615.3600,515.2936,453.3113

681.3853,66.3734,619.3120,635.3797,519.3297.501 3211 471.3097,457.3321,337.1140

827.4311,503.3208,483.1761,471.3029,483.1761

663.3602,635.3790,619.3788,501.3227,471.3065,457.3240,441.3025
1133.5309,681.3789,541.1729,501.3189,469.1518,451.3297.409.1329

1133.5309,681.3789,541.1729,501.3189,469.1518,461.3297.409.1329

1075.4941,895.4301485.2880
665.3907.541.1756,469.1544

1207.5346,1027.4720

1207.5346,1027.4720
1091.5274,723.3920,691.3822,669.3696,501.3229,337.1144
1091.5274,723.3920,691.3822,663.3695,501.3229,387.1144
460.1542

1117.5032,937.1142,485.2806
635.3761,471.3072,457.3307,379.2071
619.3991,503.3352,441.3325,101.0201

460.2015

485.2802,460.2915,441.3001,377.2838

473.3247.443.3125,425.3030,423,2674,379.2631,217.1586,119.0867

212.0042,210.1123,199.068,171.1025,165.0037,165.1079,137.0994,127.1165

800.3746,707.3538
665.4041,508.2071,485.1902,409.1317

665.3867.619.3991,503.3352,441.3325,101.0291

449.0046,315.0935 267 0541 2690503
267.0646.269.0432.208.0022,135.0441.161.0245
221.0714,179.0689,161.0407
267.0209.201.0132,175.0421,151 0087, 133.0303.107.0166
267.0200.217.0612,175.0421,151 0087, 133.0308.107.0166

150.0449,117.0384,115.0086,107.0149

191.0569,189.0419,173.0479,171.0325,155.0334,135.0471,107.0499

135.0502,133.0340,117.0441,107.0578
1330844

147.0456,119.0505.
311.2160,293.2189,211.1344,185.1110,171.1036,129.0007
185.1172,115.0549,109.1014,105.0720

2612150

136.0621,119.0354

279.2337,246.0625
217.1018,153.0783,131.0854,119.0864,107.0861

1140031

153.0670,127.0502,115.0698,105.0346
261.1000,161.0471,153.0584,143.0677,125.0275

142.0864,130.0694,116.0542

platycodon A
platycosaponin A
piatycodon B
platycoside J
platycoside M1
deapio-platycodin D
piatycoside H
2"-0-polygalacin D
platycodin D

platyconic acd C

polygalacin D
Pplatycodin J

platyconic add A

platycoside B

platycoside C

16-OXO-platycodin D

platyconic acd D
3.0-f-D-glucopyranosy! platycodigenin
3.0--D-glucopyranosyl polygalacic acd
platycogenic acd B

platycogenic acd A

platycodonoids B

dibutyl sebacate

polygonatoside C1

Gyrtonemoside A

259) spirostan--en-12-006-3-0-4-D-
gucopyranosyl- (1-2) -
glucopyranosyl- (13 |
(1—4) -p-D-galactopyranoside

nutin

uteoin-7-O-glucoside

robinin

uteolin

kaempferol

apigenin

chiorogenic acid

catfec acid

foruc acid

1-0-p-coumaroyghcerol

sanleng acid

methyl inolenate:

noic acd

adenosine

Kuikcamine A

(62,122,152 ethyl octadeca-9, 12,15
rienoate

oleamide

obetyoin

tangshenoside |

tryptophan

Sort

trterpene.
saponins
trterpene.
saponins
triterpene.
saponins
trterpene.
saponins
triterpene.
saponins
trterpene.
saponins
trterpene.
saponins
trterpene.
saponins
titerpene.
saponins
trterpene.
saponins
trterpene.
saponins
trterpene.
saponins
triterpene.
saponins
trterpene.
saponins
trterpene.
saponins
triterpene.
saponins
trterpene.
saponins
titerpene.
saponins
trterpene.
saponins
trterpene.
saponins
trterpene.
saponins
trterpene.
saponins
triterpene.
saponins
trterpene.

saponins
steroidal

saponins
steroidal
saponins
steroidal
saponins
flavonoids
flavonoids.
flavonoids
flavonoids
flavonoids
flavonoids.
phenolic
acid
phenolic
acid
phenolic
acid
organic acid
organic acid
organic acid
organic acid
others
others
others
others
others
others

others
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VABLE 2 | identioation of metaboltes In ret wine, and feces samples after the oral aaministration of Citn Retioulates Pertoarphum extract.

Peak
no.

20

21

2

23

24

25

#

2

36

a7

8
19

Identification
Polymethoxyflavone derivates

Monohydroxy-trimethoxyflavone

Monohydroxy-trimethoxyflavone

Dinydroxy-trimethoxyflavone.

Dinydroxy-trimethoxyflavone.

Trimethoxyflavone-O-glucuronide

Trimethoxyflavone-O-sulfate

Trimethoxyflavone-O-sulfate

Trimethoxyflavone-O-sulfate

Monohydroxy-tetramethoxyflavone

Monohydroxy-tetramethoxyflavone:

Monohydroxy-tetramethoxyflavone

Monohydroxy-tetramethoxyflavone

Monohydroxy-tetramethoxyfiavone

Monohydroxy-tetramethoxyflavone

Tetrametnoxyflavone-O-glucuronide

Tetramethoxyflavone-O-glucuronide.

Tetramethoxyflavone-O-glucuronide.

Tetramethoxyfavone-O-sulfate:

Tetramethoxyfavone-O-sulfate:

Dinydroxy-tetramethoxyfiavone

Dinydroxy-tetramethoxyflavone

Dinydroxy-tetramethoxyflavone

Dinydroxy-tetramethoxyfiavone

Monohydroxy-tetramethoxyflavone-O-
gucuronide

Nobiletin® ©

Monohydroxy-tetramethoxyfavone

Monohydroxy-tetramethoxyfavone

Tetramethoxyflavone-O-glucuroride

Tetramethoxyflavone-O-glucuronide

Tetramethoxyfavone-O-glucuronide

Tetramethoxyflavone-O-sufate

Tetramethoxyfiavone-O-sufate

Dinydroxy:-tetramethoxyflavone.

Dinydroxy:-tetramethoxyfavone.

Dinydroxy:-tetramethoxyfiavone.

Dinydroxy-tetramethoxyfiavone.

Monohydroxy-tetramethoxyflavone-O-
gucuronide

Nobietin® ©
Flavanone derivates.
Homoeriodictyol

Hesperidin® ©

Hesperetin® ©

Hesperetin-O-glucuronide/

Homoeriodictyol-O-glucuronide

HesperetinO-sulfate/Homoeriodictyol
O-sulfate
Naringenin® ©

Isosakuranetin®

Flavone dervates
Luteolin
Apigenin® ¢

ApigeninO-glucuronide

Apigenin-O-glucuronide
Apigenin-O-Sulfate

Molecular  Retention time
formula (min)
CehieOs 147
CiahlseOs 157
CaieOr 135
CaieOr 19.0
CashlasOrz 10
Cighlse0sS 126
Cuahie0sS 138
Cighlse0sS 145
CighrsOr 147
CghieOr 150
CighieOr 154
CaohieOr 161
Cighse0r 167
CughisOr 179
CashzsOra 17
CastadOss 123
CashzxOra 126
[l 127
CioHie0108 147
CughieOn 140
CighieOp 145
CigkrsOn 151
CigHyeOn 19.4
CasbaeOrs 18
CarkzzOn 193
CioHie0r 167
CigHie0r 179
CasHacOsa "7
CasHacOsa 123
CosHze013 126
CigHre010S 127
CigHi010S 147
CioHieOs 140
CioHie0s 145
CioHieOs 151
CioHieOs 194
CasHoeOra 18
CaiHzOs 193
CighissOp 122
CarblasOrs 14
CieHiaOs 16.0
Cazhz20r2 122
Cughr4058 130
Ciahiz05 154
19.1
CaghioOs 144
CishicOs 155
CarHieOry 83
CarbieOry 108
Cishio0sS 130

"The fosses are: Gic, glucase moiety; Aha, rhamnose moiety; ND, not detect.

“Confimation in comparison with authentc standards.

M + H]'(m/z)
(error, ppm)

329.1033 (2.2)

3201031 (2.7)

345.0087 (3.3)

345.0063 (2.0)

5051360 (2.0)

400.0614 (2.6)

409.0630 (5.8)

4000721 (12)

350.1133 (15)

350,137 (35)

350.1111 (22)

3501136 (4.0)

359.1131 33

350,128 (1.2)

535.1423 (2.7)

535.1434 (2.9)

5351476 (3.7)

439.0706 (2.8)

439.0698 (1.9)

375.1074 (16)

375.1000 (1:3)

375.1080 (3.1)

75,1005 (2.3)

5511396 (26)

403.1363 (0.5)

350.1131 (33)

3501128 (1.2)

535.1423 (2.7)

535.1434 (2.9)

5351476 (3.7)

439.0706 (2.8)

439.0698 (1.9)

375.1074 (1.6)

3751000 (1.3)

375.1080 (3.1)

375.1085 (2.3)

5511396 (26)

403.1363 (0.5)

303.0866 (1.5)

611.2039 3.9)

303.0869 (2.3)

479.1190 (2.7)

383.0463 (1.6)

2730771 (22)

287.0028 (2.4)

2687.0547 (-4.4)
271.0606 (2.5)

447.0879 (06)

447.0030 (1.4)
3510182 (36)

M - H] (m/z)
(error, ppm)

327.0879 (0.5)

327.0885 (0.8)

343.0806 (1.6)

343.0836 (0.7)

5031162 (-3.4)

407.0434 (-2.1)

407.0477 (45)

407.0440 (-0.5)

357.0976 (-0.8)

367.0072 (-1.3)

ND

357.0076 (-1.6)

357.0977 (-08)

NO

530.1281 (-3.6)

533.1299 (-0.6)

533.1207 (-0.7)

437.0540 (-

437.0543 (-1.1)

373,002 (-09)

373.0017 (-32)

373.0024 (-09)

3730919 (-2.8)

ND

ND

357.0077 (-08)

N

533.1281 (-3.6)

53,1299 (-06)

533.1297 (-0.7)

437.0540 (-1.3)

437.0543 (-1.1)

373,082 (-09)

373.0017 (-3.2)

373.0024 (-0.9)

373.0019 (-2.8)

N

ND

ND

NO

301.0715 (-08)

477.1026 (-2.6)

NO

271.0613 (0.3)

2850767 (-0.6)

ND
260.0457 (0.8)

NO

445.0766 (-2.3)
349.0026 (-0.6)

Fragment ions in the positive ion
mode(m/z)®

14,0777 M+ H-CHI', 2990558 M +
H-2CH]", 285.0754 [M + H-CHy-
HCOJ', 271.0600 [M + H-2CH-CO[",
243,0630, 229,048, 181.0130,
1630172

313.0720, 299.0545 [M + H-2CH4I",
285.0783 M + H-CHs-HCOJ', 271.0609
M + H-2CHy-COJ', 268.0725 M + H-
2CH,CH,OJ", 239.069

30,0712 [M + H-GHy, 316.0500 M +
H-2CH, 267.0576 [M + H-20H5-COJ*

30,0748 [M + H-CH*, 316,031 [M +
H2CH,]", 284.0715 M + H-20H;-
CHLO", 257.1077, 197.0121

20,1009 M + H-GIcUA, 314.0760
M+ H-GIUA-CHyl", 209.0550 M +
H-GIOUA-2ZCH", 249.0630

320.1041 (M + H-SO,]", 3140815 M +
H-S05-GH', 299.0563 [M + H-SO5-
2CHI", 271.0593 M + H-805-2CH-
COT', 243.0691, 1810111

320.1052 [M + H-SO,]", 313.0761,
268.0755, 257.0416, 239.0620

3291024 [M + H-SO4]*, 299.0566 [M +
H-S0;-20H4]", 257.0455

344.0844 [M + H-CHql", 329.0648 M +
H-2GHy|", 301.0720 [M + H-2CHy-
COJ*, 285.0410

3440869 [M + H-CHa[", 329.0664 [M +
H-2CHI", 314.0438 [M + H-3CHJI",
3010710 M + H-2CH;-COJ", 286.0485
[M + H-3CH-COI", 1810144,
163.0186

344.0889 [M + H-CHy|*, 326.0789 M +
H-CHy-H;0J", 298.0848, 162.0690
344.0888 [M + H-CHy]*, 320.0662 [M +
H-2CHI", 315.0865, 298.0840 M + H-
2CH;-CH,OJ", 283.0607 [ + H-3CH;-
CH5OJ", 256.0668 [M + H-3CH,-
GH;0-CO", 227.0700, 1530168
344.0898 [M + H-CH,J", 329.0663 M +
H-2GH;|", 314.0432 [ + H-3CH]",
311.0533, 2830613 [M + H-3CHs-
CH;OI",257.0453, 211.0240, 183.0297

344.0882 [M + H-CHy]", 3829.0630 [M +
H-2CH;]", 311.0548, 263.0524 M + H-
3CH:-CH{OJ", 261.0190

3591123 [M + H-GIcUAY", 344.1085
M + H-GICUA-CHl", 329.0631 M +
H-GICUA-2CH]", 289.0655

3591135 (M + H-GIcUAY", 344.0022
M + H-GIUACH,J", 315.0886,
2980884 [M + H-GICUA-2CHy-CH,0]"
359.1145 [M + H-GICUA", 344.0901
M + H-GICUA-CH", 329.0674 [M +
H-GIUA-2CH, 311.0634, 298.0843
M + H-GIcUA-2CH;-CHO, 283.0608
[M + H-GIcUA-3CH;-GH{0]*

359.1128 [M + H-SO4I", 344.0889 M +
H-SOy-CHI", 320.0664 [M + H-SO5-
2CH,]", 271,052, 1530228

359.1133 [M + H-SO4]", 344.0038 M +
H-SOCHyl', 329.0673 [M + H-805-
2CH,]", 311.0511, 2830590 [M +
H-S05-3CHy-GH:OJ, 257.0479
360.0832 (M + H-CHI", 345.0588 M +
H-2CHy|", 327.0467 [M + H-2CH;-
H:OJ", 314.0813 [M + H-2CH;-CHOJ",
299.0500 [M + H-3CH-CH{OJ",
271,066 [M + H-3CHy-CH{O-COJ"
3600861 [M + H-CHy]*, 345.0508 [M +
H-2CH,|", 327.0496 [M + H-2CHy-
HOI", 197.0062

3600829 [M + H-CHl", 345.0612 M +
H-2GHy|", 327.0456, 273.0403,
256080

360.0828 [M + H-CH]", 345.0595 M +
H-2GHy|", 327.0488 [M + H-2CH;-
HOI", 3130704, 197.0084

3751088 [M + H-GIcUAY", 360.0890
M + H-GIUA-CH", 345.0622 M +
H-GIUA-2CH*, 327.0489 [M +
H-GIcUA-2CH;-H,0)", 305.1602 [M +
H-GIUA-4CH", 133.0879

3881176 M + H-CHyJ", 373.0916 M +
H-2CHy|", 358.0858 [ + H-3CH|",
327.0858

344.0898 M + H-CH*, 329.0663 [M +
H-2GH,|", 314.0432 [M + H-3CHJ",
31,0533, 283.0613 [M + H-3CHs-
CH;OJ",257.0453, 211.0240, 183.0297

34,0882 M + H-CHdl", 329.0630 M +
H-2GHy|", 311.0548, 283.0624 [M + H-
3CHy-CH:0J", 261.0190

350,128 [M + H-GIcUA", 344.1085.
M + H-GKUA-CHyJ", 329.0631 M +
H-GICUA-2CH;]", 289.0655

350,135 (M + H-GICUA, 344.0922
M+ H-GKUA-CH,J", 315.0886,
298,084 [M + H-GICUA-2H,-GH,0]"
350,145 [M + H-GIcUA", 344.001
[M + H-GICUACH", 320.0674 M +
H-GIcUA-2CH", 311.0534, 298.0843
[M + H-GIcUA-2CHs-CHO, 283.0608
M + H-GIcUA-BCHy CHLO]"
350,128 M + H-SO4J", 344.0880 M +
H-SO5-CHy]", 329.0664 [M + H-505-
2CH,)", 271.0532, 153.0228
350,133 [M + H-S0,]", 344.0008 M +
H-S05-CH]", 329.0673 [M + H-505-
2CH,]", 311.0511, 2830590 [M +
H-S04-3CHs-CH:OJ", 257.0479
3600832 [M + H-CH", 345.0588 M +
H-2CH,]*, 327.0467 [M + H-2CHy-
H,0[*, 314.0813 [M + H-2CH;-CH;OJ",
299.0500 (M + H-3CH;-CHSOI",
271,056 [M + H-3CHy-CH;0-COJ"
360.0861 [M + H-CHl*, 345.0598 [M +
H-2CH,]", 327.0496 [M + H-2CH;-
H,OJ", 197.0062

3600829 [M + H-CHy*, 345.0612 M +
H-2GH", 327.0456, 273.0403,
256,0380

3600828 [M + H-CHy]*, 345.0595 [M +
H-2H,]", 327.0488 [M + H-2H,-
H0]", 313.0704, 197.0084

3751088 [M + H-GICUAY", 360.0890
M + H-GKUA-CHJ", 345.0622 M +
H-GICUA-2CH", 327.0489 [M +
H-GIcUA-2CH;-H;OJ", 305.1602 M +
H-GICUA-4CH", 133.0879

388,176 M + H-OH,J", 373.0016 M +
H-2GHl", 3580858 [M + H-3CHI",
327.0858

2850755 M + H-H,0[", 177.0536,
153.0190 [M + H-CabicO21", 117.0024
56,4279, 465.1412, 449.1442,
413.1224, 3450988 M + H-Rha-
CiHG04]", 303.0872 [M + H-Rha-Gie]",
285.0762 M + H-Aha-GIo-H,0l",
263.0645, 1530147 [M + H-Rha-Glc-
CaHig0a]"

285,077 M + H-H,O[", 17,0662,
153.0186 M + H-CoHicO,1", 117.033,
890401

461.1046 (M + HH,OJ", 303.0892 M +
H-GICUAY", 285.0768 [M + H-GIcUA-
HO[", 2310244, 177.0540, 163.0180
M + H-GRUACohyo0,1"

3080908 [M + H-SO4]", 153.0204 M+
H-805-CoH10:]"

153.0186 [M + H-CaHOJ", 119.0492,
91,0606

26,8504, 167.0041 [ + H-CgH,O",
147.0431, 119.0496, 91,0551

163.0169 M + H-CaHeOal"

2580497 [M + H-H,O]", 2430659 M +

H-COJ", 215.0708, 197.0603, 153.0183

M+ H-CaHOl", 115.0541, 910563

350.1642, 2710562 M + H-GIcUAT",

2150660, 163.0222 M + H-GicUA-

CaHsO]"

ND

271.0598 [M + H-SO]", 253.0471 M+

H-S05-H;0]', 2430619 [M + H-805-

COI*,215.0704, 153.0175 M + H-S05-
CaHsOl*

“Confirmetion in comparison with mass spectral lbrary (Natura! Products HR-MS/MS Spectral Library, Version 1.0: AB Sciax, Foster Clty, United States).

Fragment ions in the negative ion
mode(m/z)*

312,068 [M - H-CHAI", 207.0380 [M -
H-2GHy|", 2822452 [M - H-3CH",
177.0194

312.0650 [M ~ H-CH,J", 297.0430 [M -
H-2CH]", 282.2433 [M - H-3CHs] ",
146.9376, 1029446

3280553 [M — H-CHJ", 313.0407 [M -
H-2CHs]", 208.2388 [M - H-3CHs]",
2972190

32805384 [M - H-CHy|", 313.0351 [M -
H-2CHs]", 208.0067 [M — H-3CHs]",
2819727 [M - H-2CHy-CH:O]",
255.9557, 208.0703, 166.0599

ND

327.0869 [M - H-SO.J", 312.0841 [M -
H-S05-CHyJ", 297.0427 [ - H-S0s-
2CHy]", 201.0807

327.0877 [M - H-S04]", 312.0682 M -
H-805-CHaJ", 207.0455 [M - H-S0;-
2CHqI

ND

NO

342.0704 M - H-CHy", 327.0474 M -
H-2CH,]", 312.0806 [M - H-3CH]",
260.0069

ND

342.0745 [M - H-CH]", 327.0516 [M -
H-2CH]", 312.0262 [M - H-3CH]",
297.0033, 269.0008

342.0751 (M - H-CH[", 827.0513 M -
H-2GHy|", 3120276 [M ~ H-3CH",
29,0565 [M ~ H-2CHy-CO, 284.0322
[M - H-3CH,-COJ", 269.0005 [M - H-
4CH;-COJ", 207.0301, 192.0063,
117.0354

ND

ND

ND

ND

357.0095 [M - H-SO4", 342.0725 [M -
H-805-CH4J", 327.0507

357.0090 [M - H-SO4]", 327.0496 M -
H-805-2CHy]", 312.0270, 269.0075

ND

58,0721 [M - H-CHJ", 343.0473 [M -
H-20H,)"

358.0720 [M - H-CH", 343.0452 M -
H-CHJ", 327.1716 [M ~ H-CHy-GHO["
3051931, 285.0019, 263.0957
358.0680 [M - H-CHyl", 343.0460 M -
H-2H, ", 328.0226 [M - H-30H,]".
3129910

ND

ND

3420751 [M - H-CHqJ", 327.0513 M -
H-2GHyI", 3120276 [M ~ H-3CH]",
29,0565 [M - H-2CHs-COl", 284.0022
M - H-3CH:-COJ", 269.0005 M - H-
4GHy-CO, 207.0301, 192.0063,
117.0354

NO

NO

NO

ND

357.0995 M - -S04, 342.0725 M -
H-805-CHaT", 327.0507

357.0990 [M - H-SO4I", 327.0496 M -
H-S0-2CHy|", 3120270, 269.0075

NO

358.0721 [M - H-CHy[", 343.0473 [M -
H-2CH,]

3580720 [M - H-CHyJ", 3430452 (M -
H-CH", 827.1716 M - H-CHy-CH,O)",
3051931, 2850019, 263.0357
358.0680 (M - H-CHyJ, 343.0460 (M -
H-2GH,|, 328.0226 [M ~ H3CHI",
3129910

NO

ND

ND

ND

286.0488 [M - CHal", 242.0557 M -
H-CH0-HCOJ", 199.0418, 164.0120

M = H-CHoOa", 1510060 M ~
H-CoHicOyl", 136.0193, 125.0260,
108.0246

3010712 [M - H-GICUA]", 286.0520 [M -
H-GICUA-CHg], 227.0294, 175.0213,
130262

ND

151.0043 M- H-CgHsO[", 119.0508 M -
H-CHO4", 107.0154 M -
H-CgHg0-CO,]", 93.0381 [M -
H-CoHeOul™

270.0544 [M - CHqJ", 243.0657,
199.0748, 165.0130 [M - H-CeHsOl,
1360137, 119.0498

ND
241,0494 [M - H-COJ", 224.0491,
201.0560, 150.0450, 133.0289,
107.0151

ND

269.0459 [M - H-GICUA]", 113.0269
269.0457 [M - H-SO4", 241.0487,
2250567, 213.0518, 151.0048 [M ~
H-S505-CaHOl, 117.0845 (M - H-805-
CHO
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Group Community richness Community diversity
ACE Chaot Shannon  Simpson

Control  516.47 + 24.71 52454 +26.4  451+£023 003 +001
Model 396.41£38517 407.74+39.15° 4.06+0.17" 0.04 + 001
CRP 459.20 + 37.60""  460.2 + 34.76" 368018  0.07 + 0.01

Note: n = 10, vs. Control: **p < 0.01: vs. Model: "'p < 0.01.
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ACR TCM vs. MTX + HCQ MTX + HCQ vs. TCM + MTX + HCQ TCM vs. TCM + MTX + HCQ

Statistic () P Value Statistic () P Value Statistic (%) P Value
ACR-20
12 weeks 5.39(2) 00203" 0.04(x2) 0.8445 621(x2) 00127
24 weeks 1.4002) 0.2364 1.07(:2) 0.3006 0022) 08755
ACR-50
12 weeks 1.670x2) 0.1958 00242) 08823 1.30(2) 02543
24 weeks 137(2) 02419 0212) 06499 259(x2) 01078
ACR-70
12 weeks 32002) 0.0699 0022) 0.9024 2.86(x2) 00910
24 weeks 0.16(x2) 06901 0.17(x2) 06787 065(x2) 04218
P < 0.05.

ACR-20/-50/-70, American Colege of Rheumatology 20%/50%/70% improvement criteria; HCQ, hydroxychioroguine; MTX, methotrexate; TOM, tradiional Chinese medicine.
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ACR TCM vs. MTX + HCQ MTX + HCQvs. TCM + MTX + HCQ TCM vs. TCM + MTX + HCQ

Statistic (x?) P Value Statistic (x?) P Value Statistic (x?) P Value
ACR-20
12 weeks 6.75(2) 0.0094" 0.00(x2) 0.9590 7.182) 0.0074*
24 weeks 1.67(x2) 0.1958 1.3162) 02520 0.02(x2) 08752
ACR-50
12 weeks 1.92(x2) 0.1659 0.05(x2) 08311 1.4102) 02358
24 weeks 1.19(2) 02750 0.27(x2) 0.6063 2.54(x2) 01109
ACR-70
12 weeks 4.22(2) 0.0400" 0.07(x2) 0.7851 5.4002) 0.0201*
24 weeks 007(2) 0.7876 0.28(x2) 05981 0.62(x2) 04308
P < 0.05.

ACR-20/-50/-70, American Colege of Rheumatology 20%/50%/70% improvement criteria; HCQ, hydroxychioroguine; MTX, methotrexate; TOM, tradiional Chinese medicine.
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ACR TCM group WM group IM group P Value

N (missing) Effective no. N (missing) Effective no. N (missing) Effective no.
(%) (%) (%)
ACR-20
12 weeks 113(0) 52 (46.02) 121 0) 74 (61.16) 170 73 (62.39) 0.0205*
24 weeks 113(0) 83 (73.45) 120 (1) 96 (80.00) 17 (0) 87 (74.36) 04431
ACR-50
12 weeks 113(0) 21 (18.58) 121 (0) 31(25.62) 170 29 (24.79) 03832
24 weeks 113 (0) 46 (40.71) 120 (1) 58 (48.33) 17 0) 60 (51.28) 02540
ACR-70
12 weeks 113(0) 5(4.42) 121 (0) 13 (10.74) 17(0) 12 (10.26) 0.1619
24 weeks 113(0) 23 (20.35) 120 (1) 27 (22.50) 17 (0) 29 (24.79) 07237
' <0.05.

ACR-20/-50/-70, American College of Rheumatology 20%/50%/70% improvement criteria; IM, integrative medicine; TCM, traditional Chinese medicine; WM, Western medicine.
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ACR

ACR-20
12 weeks
24 weeks
ACR-50
12 weeks
24 weeks
ACR-70
12 weeks
24 weeks

‘P < 0.05.

TCM group WM group IM group
N (missing) Effective no. N (missing) Effective no. N (missing) Effective no.
(%) (%) (%)

135 (9) 59 (43.70) 129 (15) 77 (59.69) 135 (10) 81 (60.00)
115 (29) 84 (73.04) 121 (23) 97 (80.17) 119 (26) 88 (73.95)
135 (9) 25 (18.52) 129 (15) 33 (25.58) 135 (10) 33 (24.44)
115 (29) 47 (4087) 121 (23) 58 (47.93) 119 (26) 61 (51.26)
135 (9) 5(3.70) 129 (15) 3 (10.08) 135 (10) 15 (1.11)
115 (29) 24 (20.87) 121 (29) 7 (22.31) 119 (26) 30 (25.21)

P Value

0.0092*
0.3764

0.3362
0.2674

0.0578
0.7218

ACR-20/-50/-70, American College of Rheumatology 20%/50%/70% improvement criteria; IM, integrative medicine; TCM, traditional Chinese medicine; WM, Western medicine.
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DAS 28

DAS-28 score
0 weeks
12 weeks
24 weeks
DAS-28 difference value
12 weeks
24 weeks

P < 0.05.

TCM vs. MTX + HCQ

MTX + HCQ vs. TCM + MTX TCM vs. TCM + MTX + HCQ

+HCQ
Statistic (2/t) P Value Statistic (2/t) P Value Statistic (2/) P Value
111 () 0.2668 018 (t) 0.8608 121 () 0.2294
320() 00016* -0.30 () 07623 298 () 0.0082*
299Q) 0.0028" 091 () 03622 -368@ 0.0002*
817@ 0.0015* -049 0 06240 -267@ 00075*
-313@ 0.0017* 050 @) 06198 -357 () 0.0004*

DAS, disease activity score: HCQ, hydroxychloroquine: MTX, methotrexate: TCM, traditional Chinese medicine.
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DAS 28

DAS-28 score
0 weeks
12 weeks
24 weeks
DAS-28 difference value
12 weeks
24 weeks

p < 0.05.

TCM vs. MTX + HCQ

MTX + HCQ vs. TCM + MTX TCM vs. TCM + MTX + HCQ

+HCQ

Statistic (2/t) P Value Statistic (2/t) P Value Statistic (2/) P Value
079 () 04283 083 @) 04037 004 () 09656
321() 00015* -0.18 () 08576 312() 0.0020°
293 Q) 0.0034* 1120 02640 -385@ 0.0001*
350 @) 0.0005* 027 @) 07881 -320@ 00014*
-328@ 00010* 053 @) 05978 -374 () 0.0002"

DAS, disease activity score: HCQ, hydroxychloroquine: MTX, methotrexate: TCM, traditional Chinese medicine.
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0.88
0.89
0.92

0.94
0.93

0.95
091
0.96
0.98

0.98
0.99
0.99

0.99
1.01

1.00
1.56
1.01
1.02
1.06
1.60
1.5
1.81
1.85

220
2.27
229
3.07
3.47
3.51
3.52
3.94

3.52

4.10
467
521
552
5.72
5.80
6.37

6.43

6.59
6.74

6.85
6.94

7.13

7.22

7.22
7.22
7.51
7.54
7.80
7.59
7.62
7.64

7.64

7.83
7.73
7.83
7.92
7.92
7.94

7.97
8.00

8.01
8.11

8.35
8.46
8.97

9.54
9.54

10.63
10.70

11.04
11.74
11.80

12.82
13.11
14.53

14.69
15.67
1517
16.79

17.22
17.26
17.39
17.46
1754

17.60
17.64

17.90
17.95
18.25
18.19

18.64
18.70
18.97
18.98

18.93
18.98

19.26

19.30
20.36
20.69
20.73

Measured mass m/z

259.0218(M + HCOO]
214.0480[M-H]
146.0458[M-H]

148.0610M + H*
193.0352[M + HCOO]

185.0220[M + HCOO]
116.0346[M + H|*
114.0310[M-H]
205.0348[M-H]

218.0672M-H]
242.0783M + Na]*
157.0368[M-H]
159.0518M + H*
170.0816[M + H*
163.0605[M + H]*

133.0142[M-H]
135.0281(M + H]*
115.0035(M-H]
664.2009M-H]
191.0193(M-H]
306.0758[M-H]
196.0616[M-H]
198.0768[M + H|*
279.0692(M + HCOO]

138.0195[M + H*
117.0192M-H]
132.1024[M + H*
870.2463[M-H]-
153.0412M + H*
151.0398[M-H]
133.0501(M + H*
131.0349[M-H]

567.1428[M-H]

218.1029[M-H]"
153.0190[M-H]
261.0404(M + HCOO]
162.0555[M + H)*
609.2019M-H] -
187.0242(M-H]
261.1585[M + H]"

327.0091M + Naj*
349.1129[M + HCOO]

165.0553(M + H|*
163.0430[M-H]~

199.0607[M + HCOO]"
141.0190[M-H]

123.0446[M + H]*
121.0294[M-H]
476.3088(M + Na]*

321.1542]M + HCOO)]
177.0191[M-H]
548.3380M + H]*
546.1013(M-H]
534.2263(M + H]"
502.1347[M-H]
504.1519M + H]*
189.1122M + H*
183.1022[M + HCOO]"
287.0562]M + H)*

285.0409M-H]

174.1281[M + H*
172.0227[M-H)
274.0694]M + HCOO)]

179.0345[M-H]

197.1178[M + H*
169.0503M + H*

245.0028(M-H]"
195.0660[M + H)*

193.0508{M-H}-

193.0501M + H)*
237.0800[M + HCOO]"
396.8020M + H]"

197.1182[M + Na]"
479.1186[M + HCOO]™
137.0244[M-H)

314.1399M + H*
187.1330M + H]*

333.2284M + H*

331.2115[M-H]

347.2430M + HCOO)]
351.2155(M + Nal*
327.2167[M-H]

331.2480[M-H]
395.3155[M + Nal"
269.1303[M-H]

228.1967[M]"
255.0659M + H)*
253.0862M-H]

303.3005(M + H*

433.3270M + HJ*
431.3099(M-H]
518.3262(M + H]"
562.3136[M + HCOO)]
301.1071[M + HJ*

299.0764{M-H]
330.3014(M + H*

696.2141(M + H*
577.2679M-H]
570.3233M + H*
279.2328M-H]

391.2594[M + HCOO)]
449.2000M + H*
265.2322(M-H]
329.2680[M-H]

307.2639M + Nal*
329.2689[M + HCOO]"

279.2328(M + H]*

323.2216[M + HCOO)]
427.3001M + H*
281.2479M-H]"
283.2643M + H]*

Mms2

NO
NO
119.0446[M-C,H;-H]", 02.0350
IM-CoHy-NH-H)
NO
NO

NO
NO
NO
NO

NO

NO

NO

NO

NO

132.0815[M-CH,OH+H]",
106.0655[M-CHOH-CoHy+H]*

NO

NO

NO

NO

NO

NO

NO

NO
261.0021[M-H,0 + HCOO]",

233.0073(M-H,0-CO + HCOO),
210.0386{M-H,0-CO-Na +
HCOO]

NO

NO

NO

NO

NO

NO

NO
113.9263(M-H;0-H]", 104.0254
[M-CoHs-H]", 87.0451(M-CHs-

NHy-H]", 77.0145M-CoHs-
CoHg-H]
521.1512[M-CoHsOH-H] ",
506.3255(M-C,HsOH-CHq-H]

NO

109.0296[M-COO-H]

NO

NO

NO

93.0345[M-CO,-H]
243.2121[M-H,0 + HJ", 217.1053
[M-HO-CoHa+H]*

NO
331.1892[M-H,0 + HCOO]",
313.0924M-2H,0 + HCOO] ",

267.0722[M-2H,0-NO,+HCOO] ,
249.0616[M-3H,0-NO2+HCOO]

NO

136.0516[M-CaHa-HJ', 121.0520
[M-C2Hs-CHa-HJ", 106.0413[M-
CoHg-2CH;H)

NO
NO

95.0494[M-CO+H]", 79.0543(M-
CO-O+H]*
93.0301[M-CO-H]", 77.0396[M-
CO-O-HJ"
459.2825[M-NH+Nal", 335.2599
[M-NHz-6H,0-NH+Naj*
NO
NO
NO
NO
NO
NO
NO
NO
NO
258,0768[M-CO]", 153.0413(M-
GsHeO2+H]", 93.9636M-
GoHeO4+H]*, 267.1966[M-Hz0-
CO-H)
239.2017[M-H,0-CO-H",
221.1911[M-2H,0-H]

NO
NO
255.1966[M -H0 + HCOO] ",
227.2016[M -H,0-CO + HCOO]~
153.0553M-CO+H|"

219.1754(M + Nl
141.9829[M-CO+H", 110.0603
[M-CH,-COO+H]*

NO
177.1284M-H;0 + H)*, 159.1178
[M-2H,0 + HJ", 149.1333[M-H,0-

€O+ H)*
178.0635[M-CHq-H]", 149.0608
[M-COO-H", 134.0376[M-COO-

CHyH)

NO

NO

381.0806[M-CHy+H]"
368.2269[M-CO, +H]"

NO

NO

108.0452M-CHO-H]", 92.0268

[M-O-H]-

NO

NO

315.2539[M-H;0 + HJ", 297.2432
[M-2H,0 + H]*, 279.2326[M-3H;0
+H)'
3132018[M-H,0-H] ", 295.1917
[M-2H,0-HJ', 277.1807[M-
3H,0-H]

NO
333.2048[M-H;0 + Na]*
300.2075(M-H,0-H], 291.1973
[M-2H,0-H]", 265.2177[M-2H,0-
GaHo-HI", 247.2073M-3H,0-
CoHoHl
313.2385[M-H0-H]

NO
241.0504{M-CO-H]", 240.0434[M-
GHO-H", 225.0555[M-CO,-H,
197.1915[M-CO,-CO-H|~
199.1488[M-CoHa]*, 171.1023M-
CoHs-COJ"
227.1804{M-CO+H]", 199.1702
[M-2CO+H]*
209.8848[M-CO,-H] ", 197.0606
[M-2C0-H]

NO

NO
269.0879[M-Clu-H]
NO
NO
283.0696[M-H,0 + H]", 255.1755
[M-H,0-CO + HJ*, 239.0800[M-
H,0-CO-NH, +H]*
281.2491(MH,0-H,  253.2541
[M-H,0-CO-H)
NO

NO

NO

NO
261.2222[M-H;0-H) ",
[M-2H,0-H]"
373.2502[M-H;0 + HCOO]

NO

NO
311.223M-H,0-H] ", 293.2122(M-
2H,0-H]', 275.2015M-3H,0-H]",
229.1449[M-3H,0-NOH] ,
211.1344[M-4H,0-NO-H]

NO
311.223{M-H,0 + HCOO),
293.2122[M-2H;0 + HCOOJ,
275.2015[M-3H,0 + HCOO]
261.2225[MH;0 + HI", 243.2116
[M-2H,0 + H]*

NO
408.211[MHZ0]"

NO
265.2537[MH,0 + H]", 247.2429
M-2H,0 + HI*

243.0621

Formula

CiH2602
C12HoNOs
CsHgNO,

CeHeOs

CeHaO4
CaHsNOs

CrHio07

C12HiaNOs

CHeN.Og

CgHy4NOs
CeHi00s.

CaHgOs
C4H404
CaoHzsNO+6
CeHgO7
CioH17N:0sS
CeH1iNO,

CaH1407

GgHiNO
CiHgO4
GeHisNO,
CaiHasNOzo
GeHiiNO2
CeHeOs
CsHeO4

CasH26015
Ci2Hi5NOs
C7HgO4
Ci2Hs04
CgH;NO,
CosHaiOrs
C7HgOs
C1sHz0N202

CiaHzeN202

CoHgOs

CaHi00s
CeHeOa

CrHgO2

CaaHzoNO7
Ci5H20Nz05
CeHeOs
Ca6HzoNO+2
CosHz7NO 12
C24HzsNO1
CgH1a0

CisH100s

CyoH7NO,
CisHiiNOs
CoHgO4
C14H1605
CgHgOs

CiaH100s
CioH1004

Ci0HsOa
Ca6Hs202
CoHig0s
CasHz60s
C7HeOs

CigH1oNO4
CioHie

C17Hz06

Ci7H1g0s
CozHs202

CigH200s
Ci7H2409
Ci5H100s
Ci4H2502

CigHio0a

CzoHa002
C21H20010
CasHz7NO1

Ci7HheOs

CigHioNOs

Ca1Ha7NO17
CorHaoOra

CigHz202
CioH2206
CarHz606

CieHz202
CigHagO4

CiagHasO2

CigHaoO2

CaoHsoO
CiaHsa02

‘Compound Name

Tridecylc acid
Robustine
L-Glutamic acid

Malicacid 1-Meester/Malicacid 4-
Meester

Coumalic acid

5-Hydroxy-2-
pyridinecarboxylicacid

L-6-citric acid acetate/L-methyl
citrate

Oleracein E

Allantoin

Noradrenaline
Dimethyl malate

Malic acid

Fumaric acid
Oleracein C
Gitric acid
Glutathiose
Levodopa

L-1,5-Dimethyl citric acid

Tyramin
Butanedioic acid

L-isoleucine

Oleracein O

Doparnine

4-Hydroxypheny! acetate/Vanilin
Mono-Methyl succinate

Portuloside B

Trolisine
Protocatechuate
5-Methoxypsoralen
Indole-3-carboxylic acid
Hesperidin

Salicyic acid
3-(2-Methylpropy)-6-benzyl-2,5-
diketopiperazine

Oleracone A

P-Coumaric acid

3,4-Dihydroxyphenylethanol
3-Hydroxy-5-methyliuran-3-car-
boxylic acid/5-Hydroxymethyl-2-
furoic acid
P-Hydroxybenzaldehyde

Oleraciamide C

Cyclotyrosine-leucine
6,7-Dihydroxycoumarin
Oleracein F
Oleracein B

Oleracein A
2,4-Nonadienal

Kaempferol

3-Quinoline carboxylic acid

5,6-Dihydro-8,9-dihydroxy-11H-
pyrrolo[2,1-blbenzazepin-11-one
Caffeicacid

Epioiolide
Vanilic acid

Isopimpinelin
Ferulic Acid

Scopoletin
Cerotic acid

9-Hydroxynonanoic acid
Lonchocarpicacid
Protocatechuadehyde

N-Trans-Feruoyltyramine
7-Propyiidene-bicycol4,1,0]
heptane
35-3-0--D-Glucopyranosy-3,7-
dimethyl-octyl-1,6-diene-3-ol

Portulacanone D
4,7,10,13,16,19-Docosahexe-
noic acid(DHA)

Portulacanone G
Syringin
Genistein

Myristic acid

Daidzein

5,8,11,14,17-Eicosapentaenoic
acid (EPA)
Genistin

Oleracein G

2,2'-Dihydroxy-4',6'-
dimethoxychalcone

N-Trans-Feruloyloctopamine/
N-Cis-Feruloyloctopamine

Oleracein D

Apigenin-4'-O-a-L-

thamnopyranoside

Linoleic acid

Portulacanone B
Lonchocarpenin

Palmitic acid
Monopalmitin

Stearic acid

a-Linolenic acid

Lupeol
Oleic acid/14-Octadecenoic acid
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Chen etal. (2003)
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Jio et al. (2015)
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Yan et dl. (2012)
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Jin et al. (2016)
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Liu et al. (2011)
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Zhao et al. (2014)
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Error ppm

0.772
1.216
0.187

-0.270
-0.052

-0.378
-0.172
-1.228
2.341

0.780
-0.041
-0.764
-0.189

0.176

0.184

1729
-1.555
2.696
2710
2513
0.229
-2.040
0.353
1792

-0.072
-0.085
0.151
0.954
111
-0.265
0.075
-0.839

0.141

0.504
0.850
-0.115
0.370
-0.295
0.438
0.038

2.049
-0.057

-0.848
0.368

-0.603
1.276

-1.067
-0.165
0.336

0.685
-0.565
1.240
-4.669
-0.431
-0.956
0.754
0719
0.928
0.348

0.070

1.321
1.337
-0.109

-0.114

1.979
-0.237

0.898
-0.205

0.673

0.622
-0.127
0.126

2384
0.167
—1.241

-0.032
-0.802

-0.030

-0.030

0.115
0.399
-0.275

-0.604
-0.025
-0.047

-0.131
-0.118
-0.198
0.824

-0.231
0.023
0.058
0.000
3.387

-0.167
0.061

-1.030
-0.987
1484
-1.361

0.077
-0.111
0.627
0.061

0.456
0.061

0.072

0.062
0.374
0.533
-0.282
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DAS 28

DAS-28 score
0 weeks
12 weeks
24 weeks
DAS-28 difference value
12 weeks
24 weeks

p < 0.05.

TCM group WM group 1M group
N (missing)  Mean P N (missing)  Mean P N (missing)  Mean P
(sD) Value (sD) Value (sD) Value
13(0)  5.82(1.05) - 121(0)  568(0.99) - 116(1)  566(1.11) =
108 (5) 4.64 (1.45) <0.0001 118 (3) 4.05 (1.32) <0.0001 115 (2) 4.10(1.26) <0.0001
113 (0 421 (1.57) <0.0001 119 (2) 357 (1.28) <0.0001 111(6) 3.41(1.27) <0.0001
108 (5) 1.17 (1.03) - 118 (3) 1.64 (1.11) - 114 (3) 1.57 (1.14) -
113 (0) 162 (1.18) - 19(2)  210(1.13) = 1o  228(1.87) =

DAS, disease activity score; IM, integrative medicine; SD, standard deviation; TCM, traditional Chinese medicine; WM, Western medicine.

Value

0.4055
0.0016*
0.0005*

0.0031*
0.0011*
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DAS 28

DAS-28 score
0 weeks
12 weeks
24 weeks
DAS-28 difference value
12 weeks
24 weeks

p < 0.05.

DAS, disease activity score; IM, integrative medicine; SD, standard deviation; TCM, traditional Chinese medicine; WM, Western medicine.

TCM group ‘WM group IM group

N (missing)  Mean P N (missing)  Mean P N (missing)  Mean P
(sD) Value (sD) Value (sD) Value

143(1)  573(1.08) - 1440 563(1.02) - 143@  672(129 -
127 (17) 461 (1.42) <0.0001 124 (20) 4.06 (1.32) <0.0001 129 (16) 4.09 (1.27) <0.0001
115(29)  420(156 <0.0001  120(24)  358(128 <00001  118(32)  339(1.27)  <0.0001

127 (17) 1.07 (1.11) - 124 (20) 161 (1.12) - 128 (17) 1.63(1.29) -

115(29) 160 (1.17) - 120(24)  210(1.12) = 112(33)  2.24(1.40) =

Value

0.7013
0.0011*
0.0003"

0.0005*
0.0006*
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Characteristic TCM group ‘WM group IM group

N (missing) ~ Mean (SD)/n N (missing) ~ Mean (SD)n N (missing) ~ Mean (SD)/n

(%) (%) (%)

Age, years 139 (5) 47.86 (10.70) 139 (5) 48.74 (10.76) 141 (4) 48.11 (10.64)
Male sex, n (%) 144 (0) 13 (9.03) 144 (0 22 (15.28) 145 (0) 25(17.24)
Height, cm 144 () 160.43 (5.62) 143 (1) 161.05 (6.04) 145 (0) 161.96 (7.07)
Weight, kg 144 (0) 59.39 (10.75) 143 (1) 60.21 (10.35) 145 (0) 60.16 (11.60)
SBP, mmHg 149 (3) 121.38 (14.08) 153 (1) 12099 (14.33) 150 (3) 12139 (12.74)
DBP, mmHg 149 @3) 77.06 8.79) 153 (1) 77.37 (8.68) 150 (3) 77.19 (9.16)
HR, bpm 148 (4) 78.91 (11.68) 150 (4) 76.92 (1081) 145 (8) 78.10 (9.19)
Respiration, times/min 146 (6) 18.42 (1.37) 150 (4) 18.65 (1.37) 147 (6) 18.58 (1.47)
Duration, months 141(3) 2160 (17.40) 141(3) 22.17 (19.21) 140 (5) 21.59 (17.78)
Patients receiving other drugs, n (%) 140 (4) 66 (51.97) 133 (1) 62 (49.21) 139 (6) 56 (44.44)
RF 127(17)  28081(46501)  127(17)  321.01(566.27)  129(16) 22266 (436.05)
Anti-CCP 76(68) 52394 (797.23) 60 (84) 45842 (756.70)  68(77)  465.16 (651.49)
ESR 140 (4) 42,54 (26.80) 144 (0) 4168 (27.35) 143(2) 42.25 (26.37)
CRP 143 (1) 20.16 (27.38) 137 (7) 19.17 (26.40) 139 (6) 16.94 (19.76)
Resting pain (VAS score, mm) 143 (1) 58.32 (17.11) 144 (0 54.84 (19.01) 144 (1) 54.70 (18.76)
Patient’s global assessment (VAS score, mrm) 143 (1) 59.60 (17.62) 144 (0) 56.91 (19.01) 144 (1) 60.22 (19.54)
Physician’s global assessment (VAS score, mm) 143 (1) 58.95 (15.18) 144 (0 54.92 (17.41) 144 (1) 56.41 (18.61)
Tender joint count 143 (1) 10.59 (6.62) 144 (0) 9.86 (5.88) 144 (1) 10.56 (6.95)
Swollen joint count 143 (1) 7.41 (5.25) 144 (0 6.80 (5.09) 144 (1) 7.40 (6.31)
HAQ score 143 (1) 1.12 (0.65) 144 (0) 0.98 (0.64) 144 (1) 1.03 (0.65)

Data are presented as mean (SD) unless otherwise indlicated.

P Value

0.7506
0.1082
02170
0.7339
09124
0.8919
0.1974
0.3916
0.9832
0.4804
0.7110
06533
0.9437
0.7649
0.1660
0.2638
0.0899
0.8209
0.4422
0.1328

CCP, cyclic citrullinated peptide; CRP, C-reactive protein; DBP, diastolic blood pressure; ESR, erythrocyte sedimentation rate; HAQ, Health Assessment Questionnaire; HF, heart rate; IM,
integrative medicine; RF, rheumatoid factor: SBP, systolic blood pressure; SD, standard deviation; TCM, traditional Chinese medicine; VAS, visual analog scale; WM, Western medicine.
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No Total

sample
1 80g
2 20009
3 1g

4 059
5 209

5 s00g
7 259

Method

Water immersion

Water immersion

MASH microwave extraction
system

UAE extraction
system

Smashing tissue extraction system

‘Alcohol extraction method

DMSO extraction
method

Pre-treatment

The fresh flowers were
shade dried
and powdered

Stirted 14 times the
amount of DMSO at
room temperature
to avoid ight for

30 min, impurity
remova, fitered

Extraction

Distiled water (10, 80'C, 20 min)
for 2 cycles

Distiled water (60°C, 30 min, 20 L)
for three times

Distiled water at 70 °C for 20 min with

soid and liuid ratio 100 for 3 cydes,
and then the extracts were fitered
Utra-pure viater (55°C, 39 min,
iquiHo-sold ratio of 16) in ulrasoric
{40 Kbz, 250 W) for 3 times.

Distiled water with iquicto-soiid ratio
f 40, at 2.5 min for 90V, and fitered
75% aqueous ethanol (3,000 m, 12 1)
for 10 cycles

“The fiter residue added DMSO to
soaking, heating extraction in seal
‘condition at 80°C for 50 min, fitered
‘Then residue again added 12 times the
amount

of DMSO, heating extraction in

seal conifon at 80°C for 50 min.
Fitered and

‘combined the fitrate

Purification

‘The extracts were combined,
evaporated

and fitered

‘The solvent by evaporation under the
reduced pressire, the residue was
dissolved in 10%

ethanol (1,000 mi), then evaporated to
dryness under vacuum to afford a
residue

NA

The extracts were fitered, and
transferred

10 100 mi volumetrc flask, fitered by
2022 pm fiter

NA

‘The extracts were concentrated to
dryness.

in vacuo at S5'C, re-solved with water,
and extracted by petroleum ether and
ethyt aceate for five times

‘The fitrate added 3 times ofthe amount  14.564%

of butyl acetate, centrifuged. Washed
the precipitate with ethanol, dried

Yield

0023%

0.066%

696%

1.798%

1.350%

0584%

Additional
notes.

Reflow by cold
water during
ultrasonic procedure

NA

RP-MPLC was
used to isolate
and purify

A comparation
of hot, cold and utafiration
models

Referencces

Lietal (2013

Bai et al. (2012)

Yeng et a. (2008)

Sun et al. (2013)

Wang et dl. (2012)

Zong et al. (2013)

Letal. (2016)
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No tR(min) Formula lon model ‘Theoretical Measured
mass mass

I 8420 CgHeO, IMsH MsNal'  5113003533.3813  511.3958,5333778

-1 4208  CaeHeO10 M+ 655.4416 6655.4391

3 4838  CuMuOi IMiH MsNal'  655.4416677.4235  655.4390,677.4200

4 5402 CoHeOp (MeH] 639.4467 630.4463
5655  CaHecOp  [MeNa® 661.4286 6614274

o 5799  CoHeOy  IMeNal’ 661.4286 661.4273

7 6268 CuHeOy  MeNal® 661.4286 661.4275

B 6566 CoHOp (MH) 637.4310 637.4280

- 6.875 CacHezO0 M+H)* 639.4467 639.4446

10 7.562 CagHeaOs M+H]" 637.4310 637.4297

11 7793 CuHeOy (MeH) 637.4310 607.4202

12 9.327 CaeHecOs M+H 621.4361 621.4349

18 9517  CoHeeOs  IMeNal’ 643.4180 643.4183

16 10321 CuHeOs (MsH) 621.4361 621.4380

15" 10547  CagHeOs M+H)* 621.4361 621.4326

16 10924  CoHeeOs MeH) 621.4361 621.4342

17 11866 CoHecOs (MH) 6284517 620.4485

18 1433 CoHeOn (MeH)* 6234517 6234484

19 14912 CygHeOs MeH" 621.4361 621.4331

20 16699 CockecOs (MeH* 621.4361 6214345

219 18085 CoHpOs [M+H] M+Nal®  620.4517,645.4337  623.4482,645.4407

22 18800 CoHeOn  [MsH! 12458962 1,245.8940

23" 19127  CaHeOp  [M+Nal' [2M+H]" 6454337 1,245.8962 645.4323 1,245.8922

24° 19367 CagHe:Os  [M+Na]" [2M+H]" 6454337 1,245.8962 645.4333 1,245.8895

25 20349  CagHeOs [M+Na]* 645.4337 645.4316

2 2065 CubecOn  [MeH! 1,245.8962 12458914

27° 21328 CoHeOr MeH" 605.4412 605.4398

28" 21547  CoHeOr [M+Na]* 605.4412 605.4426

Shourainis ickenilieh with ralrani alandid

Error
(pPm)

-3535

EE]

13
18
“12
03
19

35

19

-33

30

16

-357.0

-1.4-40

-04-67

48

14

14

ms?

4983876 [M+H-H,0]" 475.3807 [M+H-2H,0)" 457.3691 [M+H-
3,0 430.3573 [M+H-4H,0) 421.3460 [M+H-5H,0]"
637.4202 [M+H-H;0) 619.4224 [M+H-2H;0]" 475.3783 [MsH-
H,0-gc]" 457.3664 [M+H-2H,0-glc]* 439.3567 [M+H-
3H,0-gc]” 421.3459 [M+H-4H,0-gic]

4573648 [Ms+H-2H,0-glc]* 439.3665 [M+H-3H,0g]*
4213458 MsH-4H,0-glc]”

603.4249 [M+H-2H,0) 441.3694 [M+H-2H,0-g]"
4233608 [MsH-3H,0-glc]* 4053521 [M+H-4H,0lc]*
621.4345 [M+H-H;0]" 603.4256 [M+H-2H,0]" 477.3926 [M+H-
g} 441.3687 [M+H-2H,0-glc) 423.3604 [M+H-3H,0-gc]”
405.3518 [M+H-4H,0-lc)”

621.4348 [M+H-H,0]* 603 4248 [M+H-2H,0]" 477.3911 [MsH-
gl 441.3699 [M+H-2H,0-glc)” 428.3612 [M+H-3H;0-gc]”
4053519 MsH-4H,0-c]”

621.4347 [M+H-H;0)* 603 4254 [M+H-2H,0]" 441.3694 [MsH-
2H,0-91" 423.3606 [M+H-3H,0-0i)" 405.3512 [M+H-
4H.0-gie]"

619.4206 [MsH-H,0]" 457.3651 [M+H-H,0-g]"
439.3557 [MsH-2H,0-gc]* 421.3463 [MsH-3H,0-9]*
4033338 M+H-4H,0-gc]*

6214326 [M+H-H,0]"

441.3684 [M+H-2H,0-lc]"

423,360 MsH-3H,0-gc]*

619.4240 [MsH-H O] 457.3703 [M+H-H,0-gic)
4393581 (M+H-2H;0-glo]* 421.3461 [M+H-3H,0c]”
619.4221 [MsH-H,0]" 457.3666 [M+H-H,0-gc]”
4393565 [M+H-2H,0-glo]* 421.3457 [M+H-3H,0-1c]*
603.4246 [MsH-H,0]" 441.3687 [M+H-H,0-gc]*
4283622 [M+H-2H;0-glo)* 405.3535 [M+H-3H,0-lc]”
603.4253 [MsH-H,0]" 441.3695 [M+H-H,0-gc]”
4233614 [M+H-2H,0-glo]* 405.3521 [M+H-3H,0-lc]”
41,3703 [M+H-H,0-glo)* 423.3613 (M+H-2H,0-c)*
4053521 [M+H-3H,0-gle]”

603.4245 [MsH-H,0]" 441.3698 [M+H-H,0-gc]"
4233612 [M+H-2H,0-glo)* 405.3515 [M+H-3H,0-lc]”
3412817 [2gio+HO-H"

603.4233 [MsH-H,0]" 441.3699 [M+H-H,0-gc]"
4233612 [M#H-2H,0-glo]* 405.3510 [M+H-3H,0-glc]”
343,207 [2gio+H,0+H]® 325.2693 [2gc+H]"
605.4379 (M+H-H;0) 557.4325 [M+H-2H;0]" 443.3880 [Mst-
H,0-gc]" 425.3761 [M+H-2H,0-glc]” 407.3653 [M+H-
34,0
605.4428 [MeH-H,0]" 587.4300 [M+H-2H,0)" 425 3758 [M+H-
2H,0-gic]"

600.4266 (M+H-H,0)* 585.4148 [M+H-2H,0]" 4413716 [MsH-
H,0-gc]" 4233611 [M+H-2H,O-glc]” 405.3511 [M-+H-
3H,0g’

603.4254 [M+H-H;0]* 585 4178 [M+H-2H;0]" 441.3703 [MsH-
H,0-glc]" 423.3614 [M+H-2H,0-glc]* 4053509 [M-+H-
3H,0-gic]"

605,440 (M+H-H,0) 557.4305 [M+H-2H,0]" 443.3966 [MsH-
H,0-gc]" 425.3755 [M+H-2H,0-gle]” 407.3670 [M+H-
3H,0g)’

587.4286 [M+H-2H,0]" 425.3749 [MsH-2H,0-gic)*
407.3656 M+H-3H:0-gc]*

605.4396 [M+H-H,0]" 587.4279 [M+H-2H,0)" 425.3741 [M+H-
2H,0-gc]” 407.3661 IM+H-3H,0-gic]”

605.4403 [M+H-H,0]" 587 4296 [M+H-2H,0)" 425.3751 [M+H-
2H,0-gi]" 407.9652 [M+H-8H.00lc)

605.4405 [M+H-H,0]* 567.4301 [M+H-2H,0]" 4433676 [MsH-
H,0-gc]" 425.3750 [M+H-2H,0-glc]” 407.3667 [M+H-
3H,0g0)"

587.4300 [M+H-2H,0]" 4433858 [M+H-H,0-gi]
425.3751 [M+H-2H,0-gic] 407.3648 [M+H-3H,0-glc]"
587.4308 [M+H-H,0)" 543.4216 [M+H-H,0-CO,J"
443:3841 [MsH-glo)* 425.3750 [M+H-H,0-gc]"
407.3655 [M+H-2H,0-gic]*

567.4328 [MsH-H,0]" 425.3748 [M+H-H,0-g]"
407.3657 MsH-2H,0-9c]”

Components

Unknown

Pseudoginsenoside RT.

Pseudoginsenoside RTs
Isomer of ginsenoside Ay

20(5)-ginsenoside R,

20(R)- ginsenoside Rh,

Isomer of ginsenoside R,

Ginsenoside R

20(9)- ginsenoside F,

Ginsenoside Rhy/Rhy/Rhy
Ginsenoside Ry/Rny/Rh,
Ginsenoside Rh/Rk or ts somer
Ginsenoside Rhy/Rk or ts somer
Ginsenoside RnyRks or ts somer

Ginsenoside AN,

Ginsenoside Rhy/R or its isomer

Isomer of ginsenoside R,

Isomer of ginsenoside Rh,

Ginsenoside Rhy/Rik, o s somer

Ginsenoside Rhy/Rk o its isomer

Ginsenoside CK

Isomer of ginsenoside Rh,
20(S)-ginsenoside Rh,
20(Rr-ginsenoside Rn

Isomer of ginsenoside R,

Isomer of ginsenoside R,

Ginsenoside Rk

Isoginsenoside Rn;
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No

HID1
HID2

HID3

HID4

HID5

HIDG

HID7

HID8

HID9

HID1O
HIDT 1
HID12
HIDI3
HID14
HIDIS
HID16
HID17
HIDIB
HID19
HID20
HID21
HID22
HID23
HID24
HID25
HID26
HID27
HID28
HID29
HJD30
HID3T
HIDG2
HID33
HJD34
HIDBS
HID36
HID37
HJD3B
HID3Y
HID40
HID41
HID42
HID43
HID44
HID45
HID46
HID47
HID48

HID49
HID50
HIDS1
HID52
HID53
HIDs4

HIDS5
HIDS6
HIDST

Component

Quercetin
Magnograndioide

Paimicin A

Corchoroside A_at

Obacunone

Pamatine

Berberine

Coptisine

Fagarine

Worenine

Berbembine

Epberberine

(R)-Canadine.

Bedambine

Mouginamide

Ent-Epicatectin

EC

Wogonin
(2R7-hyckony-5 methory 2 phanyttraman-cie
Beta-stosterol

Stosterol

Stigmasterol

Norwogonin
5.2/~dihycrory-6.7,8-trimethoxyflavone
Coptisive

Supraene

Acacetin

Methyl inoleladate

Baicalein

Diop

Epiberberine

5.7,2,5 Tetrahydroxy-8,6-cimethoxyflavone:
Cartharnidin

2,62 4tetrahydroxy-6"methoxychaleone
Dihydrobaicalin_at

Eriodyctiol (favanone)

Savigerin

5.2'6/-trhycroxy-7 8-dimethoxylavone
5.7,2'6/-tetrahydroxyflavone
Dinycrooronyin A

Skulcapfiavone I

Oroxyin a

Panicolin
5.7.4"tihycroxy-8-methoxyfavone
NEOBAICALEIN

DIHYDROOROXYLIN

Mosiosoofiavone

11,13-Eicosadiencic acid, methyl ester

Linolenic acid methyl ester
5.7,4'-trihydroxy-6-methoxyflavanone
5,7,4' trinydroxy-8-methoxyflavanone

Riviasin

bis (2 §)-2-ethylhexyl benzene-1,2-cicarboxylate.

5,8,2'-trihycoxy-7-methoxyfavone

Quercetin
Beta-sitosterol
Stigmasterol

0B (%)

46.43
6371
35.36
10495
4329
646
36.86
3067
72.23
45,83
3574
4309
55.37
36.68
86.71
8.96
419
3068
5523
3691
3691
38
304
3171
3067
3355
3497
9.9
3352
4359
4309
382
4115
60.04
4004
4135
4907
4505
a7.01
3872
6951
4137
76.26
36.56
10434
66.06
44.00
3028

.15
3663
7424
a7.94
4359
37.01

46.43
3691
4383

DL botanical drug

028
019
065
078
077
065
078
086
015
o087
073
078
077
082
026
024
014
028
02

075
075
076
021

035
086
042
024
017
021

039
078
045
024
022
021

024
033
033
024
023
044
023
029
027
044
023
025
028

017
027
026
037
035
027

028
075
076

Huangian
Huangian
Huanglan
Huanglan
Huanglan
Huangian
Huangian
Huangian
Huanglan
Huangian
Huangian
Huanglan
Huanglan
Huangian
Huanglan
Huangain
Huangain
Huangan
Huangain
Huangain
Huangain
Huangan
Huangan
Huangan
Huangan
Huangdin
Huangan
Huangain
Huangdin
Huangain
Huangan
Huangain
Huangain
Huangain
Huangan
Huangain
Huangain
Huangdin
Huangain
Huangain
Huangain
Huangain
Huanggin
Huangdin
Huangain
Huengan
Huangain
Huangain

Huangan
Huanggn
Huangan
Huanggn
Huangan
Huangan

Huangbo
Huangbo
Huangbo

Jn
Jn

dun

Jn

dun

Jn

Jn

Jn

Jun

Jun

Jun

Jn

Jun

dn

Jun

Chen
Chen
Chen
Chen
Chen
Chen
Chen
Chen
Chen
Chen
Chen
Chen
Chen
Chen
Chen
Chen
Chen
Chen
Chen
Chen
Chen
Chen
Chen
Chen
Chen
Chen
Chen
Cren
Chen
Chen
Chen
Chen
Chen

Chen
Chen
Chen
Chen
Chen
Chen

Chen
Chen
Chen

No

HiDs8
HIDS9
HIDEO
HIDB1
HIDE2
HIDE3
HIDB4
HIDES
HIDES
HIDE7
HJDES
HIDEY
HID70
HID71
HID72
HID73
HID74
HIDT5
HID76
HID77
HID78
HID79
HJD8O
HJDB1
HJDB2
HDE3
HJDB4
HJD8s
HJD8BS
HID87
HJDes
HIDEY
HIDZO
HIDO!
HDo2
HID93
HIDO4
HID9S
HIDOS
HIDO7
HiDo8
HID99
HID100
HIDI01
HID102
HID103
HID104
HID105

HID106
HID107
HID108
HID109
HID110
HID111

HID112
HID113
HID114

Component

Magnograndiolide
Oleic acid

Palmicin A
phellamurin_at
Porfferast-5-en-3oeta-ol
Khadalactone A
Phelavin_qt

Detta 7-stigmastenol
Phelopterin
Denydrotanshinone Il A
Dhydronioticin
Khadanin A

Nioticin

Chelerythrine
Candietoxin A
Hericenone H
Hispidone

Campesterol

Melianone

Phelochin

Obacunone

Pamatine

Fumarine
Isocorypalmine
Berberine

(S)-Canadine

Coptisine
N-Methylfindersine
delta7-dehydrosophoramine
Rutaccarpine
Skimmianin

Fagarine

Worerine

Cavidine

Berbernubine

Plolein

Thaifendine

Quercetin

EC

Beta-sitosterol
Kaempferol
Stigmasterol

Oleic acid

Crocetin

Mandenol

Supraene

METHYL LINOLEATE
(4aS6 aR,6aS 60RE
R,10R, 12 R, 146S)-10-hydroxy-2,2,62.60.9.9,12a-
heptamethyl-1,3,4,6.6,627.8,84,10,11,12,13,14 b-
tetradecahydropicene-4a-carboxyic acid
Methyl vaccenate
Ammidin

Isomperatorin

Exceparl M-OL

Ethyl oleate (NF)
5-Hydroxy-7-methoxy-2-(3.4.5-trimethoxypheny)
chromone
3:Methykempferol
GBGB

Sudan Il

0B (%)

6371
313
35.36
6.6
3691
321
36,86
3742
4019
4376
3643
316
4141
3418
3181
£
36.18
37.58
4053
35.41
4329
646
5026
3677
36.86
5383
3067
3236
54.45
03
4014
7223
45,83
3564
3674
72.44
44.41
46.43
419
3691
4188
4383
3313
353
42
355
4198
3208

319
3455
45.46
319
324
51.96

60.16
4558
84.07

oL

019
014
085
039
075
082
044
075
028
04
081
o7
082
078
069
063
083
o7
078
082
077
065
083
059
078
o077
086
018
025
06
02
015
087
081
078
015
073
028
014
075
024
076
014
026
019
042
047
076

047
022
023
016
019
041

026
083
059

botanical drug

Huangbo
Huangbo
Huangbo
Huangbo
Huangbo
Huangbo
Huangbo
Huangbo
Huangbo
Huangbo
Huangbo
Huangbo
Huangbo
Huangbo
Huangbo
Huangbo
Huangbo
Huangbo
Huangbo
Huangbo
Huangbo
Huangbo
Huangbo
Huangbo
Huangbo
Huangbo
Huangbo
Huangbo
Huangbo
Huangbo
Huangbo
Huangbo
Huangbo
Huangbo
Huangbo
Huangbo
Huangbo
Zhai

2

Zhii

i

Zhai

Zhin

Zhin

Zhii

Zhai

2z

Zhi

2z
Zha
2z
2
Zha
Zha

i
Zha
i

Chen
Chen
Chen
Chen
Chen
Chen
Chen
Chen
Chen
Chen
Chen
Chen
Chen
Chen
Chen
Chen
Chen
Chen
Chen
Chen
Chen
Chen
Chen
Chen
Chen
Chen
Chen
Chen
Chen
Chen
Chen
Chen
Chen
Chen
Chen
Chen
Chen
Zuo

Zuo

Zuo

Zuo

Zuo

Zuo

Zuo

Zuo

Zuo

Zuo

Zuo

Zuo
Zuo
Zuo
Zuo
Zuo
Zuo

Zuo
Zuo
Zuo
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Formula

Huanglian Jiedu decoction (HJD)

Method

HPLC

Component

Phellodendrine
Heriguard
Magnoforine
Geniposide
Coptisine
Epiberberine
Jatrorrizine
Berberine
Palmatine
Baicalin
Oroxindin
Wogonin
Oroxylin A

Concentration (mg/g)

3.8276 + 0.1158
1.0800 + 0.0261

6.7489 + 0.0450
72.3830 + 1.0948
14.0580 + 0.1631
8.9056 + 0.0864
9.4028 + 0.0966
53.0820 + 0.5443
19.6820 + 0.1452
18.5770 + 0.0927
17.5360 + 0.2370
2.1689 + 0.3488
0.2618 + 0.0212

Ref

(Yang et al, 2019)
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Chinese Herbal
Prescription

Siwu Tang

BuzhongYici Tang

Xuebijing (XBJ)
injection

Yigj Yangyin
Fang (YYF)

HemoHIM

Bushen Jiedu
Recipe

Wumai Danghuang
Oral Liquid

Co-Herba
Houttuyniae Oral
Liquid
Radioprotection
Formula

STW 5

Astragalus immortal
prescription

Wuzi Yanzong Pill

raz)

Yij Jiedu Decoction
(YaJo)

Content

Rehmannia glutinosa (Gaertn.) DC.,
Angelica sinensis (Oliv,) Diels,
Conioselinum anthriscoides ‘Chuanxiong’,
Paeonia lectifora Pall

Astragalus mongholicus Bunge,
Codonopsis pilosula (Franch.) Nannf.,
Atractylodes lancea (Thunb.) DC.,
Bupleurum chinense DC., Actaea
cimicifuga L., CCitrus reticulata Blanco,
Angelica sinensis (Oliv.) Diels, Glycyrrhiza
glabra L.

Carthamus tinctorius L., Paeonia lactifora
Pall, Conioselinum anthriscoides
'Chuanxiong’, Salvia miltiorrhiza Bunge,
and Angelica sinensis (Oliv.) Diels
Astragalus mongholicus Bunge, Panax
ginseng C.AMey., Ligustrum lucidum
W.T.Aiton, Eclpta prostrata (L.) L.,
Angelica sinensis (Oli.) Diels, Atractylodes
macrocephala Koidz., Poria cocos (Schw.)
Wolf, Glycyrrhiza glabra L.

Angelica sinensis (Oliv.) Diels, Ligusticum
officinale (Makino) Kitag., Paeonia lactifiora
Pall

Schisandra chinensis (Turcz) Baill,
Ophiopogon japonicus (Thunb.) Ker
Gawl, Codonopsis pilosula (Franch,)
Nannt., Astragalus mongholicus Bunge
Schisandra chinensis (Turcz) Bail.,
Ophiopogon japonicus (Thunb.) Ker
Gawl, Codonopsis pilosula (Franch,)
Nannt,, Astragalus mongholicus Bunge
Houttuynia cordata Thunb., Panax
ginseng C.AMey., Lycium barbarum L.

Astragalus mongholicus
Bunge,Ganoderma Lucidum Karst,
Lycium barbarum L., Poria cocos (Schw.)
Wolf

Iberis amara L., Melissa officinalis L.,
Matricaria chamomila L., Carum carvi L.,
Mentha aquatica L., Angelica archangelica
L., Siybum marianum (L) Gaertn.,
Chelidonium majus L., Glycyrrhiza

glabra L.

Rehmannia glutinosa (Gaertn.) DC.,
Ophiopogon japonicus (Thunb.) Ker Gawl.
and Equus asinus L., Astragalus
mongholicus Bunge

Lycium barbarum L., Cuscuta chinensis
Lam,, Schisandra chinensis (Turcz.) Bail.,
Plantago asiatica L., Rubus chingil Hu
Astragalus mongholicus Bunge, Angelica
sinensis (Olv.) Diels, Lycium barbarum L.,
Panax quinquefolus L., Paeonia lactifiora
Pal, Crataegus pinnatifida Bunge, Poria
cocos(Schw.)Wol, Portulaca oleracea L.

Objects (model inducer,dose)

Female C57BL/6 mice (3.5 Gy
%Co y rays))

ICR mice (3 Gy *°Co y rays)

ICR mice (2 Gy, 7.5Gy *Co y
rays) Bone marrow
mononucleated cels (1 Gy, 4Gy
%Co y rays)

ICR mice (2 Gy, 4Gy ' Cs yrays)

Female C57BL/6 mice (5 Gy
97 Cs y rays)

Knockout mice (6 Gy *°Co y rays)

Kunming mice (2 Gy, 3 Gy ®°Co y
rays)

Kunming mice (1.5 Gy, 3 Gy *°Co
y rays)
Kunming mice (3 Gy, 7.5 Gy ®Co

y rays)

Male Wistar rats (6 Gy “°Co y rays)

Kunming mice (8 Gy X rays)

Male Kunming mice (4 Gy X rays)

Male Balb/c mice (2 Gy *°Co y
rays)

Pharmacological action/Mechanisms

Promotes hematopoietic and immune
system recovery

Increases the peripheral white biood cell
count, relieves platelet damage, reduces
lipid peroxides and improves the
hematopoietic microenvironment

Reduces ROS in bone marrow cells

Increases the number of bone marrow
cells, hematopoietic progenitor cells, and
hematopoietic stem cells, inhibits bone
marrow suppression by reducing
intracelluiar ROS levels

Regulates IL-12 p70/pSTAT4 signaling
pathway, accelerates the recovery of
immune oells

Regulates TLR4 signaling pathway,
reduces white blood cell damage, and
protects immune organs

Increases SOD activity, degrades MDA
content, repairs the immune system

Reduces the rate of chromosornal
aberrations, enhances immune functions
and the anti-stress ability

Increases the survival rate, white blood cel
count, thymus index, spleen index and
bone marrow cell DNA content

Inhibita oxidative stress responses, lowers
inflammatory factors and intestinal
damage index, reguiates apoptosis-
related factors

Increases the activities of GSH-Px, SOD
and reduces MDA content in the liver

Increases serum testosterone and
reduces MDA and oxidative stress
index (OS))

Promotes testicular index and testicular
structure recovery, decreases
spermatogenic cell apoptosis, and
protects spermatogenic functions by
intervening in TLRS signaling pathways

References

Liang et al. (2006)
and Liu et al. (2017)

Xiao-fang et al.
(2013) and Xiaoing
et al. (2006)

Liet al. (2014a)

Zhang et al. (2017b)

Park et 4. (2012)
Park et al. (2014)

Yunjing et al. (2015)
and Lidan et al.
(2016)

Chunhong et al.
(2014) and Hang
etal. (2013)

Lin et al. (2001) and
Lin et al. (2002)

Liming et al. (2011)

Knayyal et al. (2014)
and E-Ghazaly et al
(2015)

Cai-qin et al. (2017)

Jietal. (2016)

Wang et . (2020)
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Names

Panax ginseng
C.AMey.
Panax ginseng
C.AMey.
Panax ginseng
CAMey.
Panax ginseng
CAMey.
Panax ginseng
CAMey.

Panax ginseng
CAMey.
Panax ginseng
CAMey.
Panax ginseng
CAMey.
Panax ginseng
CAMey.

Panax
quinquefolius L.
Zingiber officinale
roscoe

Zingiber officinale
roscoe

Zingiber officinale
roscoe

Zingiber officinale
roscoe

Zingiber officinale
roscoe

Angelica sinensis
(Oliv.) Diels

Ginkgo bioba L.

Ginkgo bioba L.
Portulaca
oleracea L.
Lycium barbarum L.

Crataegus
pinnatifica Bunge
Hiopophae
rhamnoides L.

Hiopophae
rhamnoides L

Familia
Avraliaceae
Avraliaceae
Avraliaceae
Avraliaceae

Avraliaceae

Avraliaceae
Avraliaceae
Avraliaceae

Avraliaceae

Avraliaceae

Zingiberaceae
Zingiberaceae
Zingiberaceae
Zingiberaceae
Zingiberaceae

Apiaceae

Ginkgoaceae

Ginkgoaceae
Portulacaceae

Solanaceae
Rosaceae
Blaeagnaceae

Blaeagnaceae

Obijects (model inducer,dose)
Outbred albino rats (4 Gy Co y rays)
Balb/c mice (8 Gy *°Co y rays)

Swiss albino mice (6 Gy Co y rays)
Splenocytes (5 Gy “Co y rays) Balb/c mice
(4.5 Gy *Co y rays)

Wistar rats (6 Gy Co y rays)

C57BL/6 mice (15 Gy X-rays)

C57BL/6 micel6.5 Gy Co y rays)
RAW264.7 cells (10 Gy °Co y rays)
RBL-2H3 cells (10,30, 50, 70, 100 kGy “’Co
y rays) Balb/c mice (100 kGy *Co y rays)
Human (1, 2 Gy X-rays)

Swiss albino mice (6-12 Gy ®Co y rays)
Human mesenchymal stem cells (4 Gy *Co
y rays)

SD rats (2 Gy “Co y rays)

Albino rats (6 Gy *°Co y rays)

Albino rats (6 Gy *°Co y rays)

Wistar rats (8 Gy X-rays)

Wistar rats (6 Gy “’Co y rays)

Wistar rats(1 mci of (99 m)Tc)
Albino rats (6 Gy *Co y rays)

Kunming mice (5 Gy X-rays)
Lymphocytes (150 cGy *Co y rays)
Swiss albino strain *A'Male mice (10 Gy *°Co

y rays)
Swiss albino mice (5Gy, 10 Gy *°Co y rays)

Pharmacological action/Mechanisms

Inhibits carcinogenesis
Protects the bone marrow and increases inflammatory factor

Protects against radiation-induced hematological and
biochemical alterations

Inhibits immunosuppression

Protects against cardio-nephrotoxicity through enhancing
the antioxidant activity and inhibition of endothelial
dysfunction

Prevents the manifestations of oxidative stress, protects
against RILI

Protects against radiation-induced inflammation and cancer

Inhibits proinflammatory responses

Suppresses the release of p-hexosaminidase, histamine,
intracellular ROS and Ca2 + influx induced by IgE-antigen
complex, inhibits mast cell-mediated signal transduction
activity, and reduces IL- 4 serum levels

Inhibits lymphocytic DNA damage after radiotherapy,
Increases total antioxidant capacity

Inhibits lipid peroxidation

Induces Nrf2 nuclear translocation
Improves taste, vomiting symptoms
Regulates inflammatory signaiing pathways

Suppresses inflammatory factors, enhances mitochondrial
complex activity

Inhibits OPN, C-Jun, miRna-21 expressions, reduces TGF-
1 release and Tn-l levels, resistance to radiation-induced
cardiac fibrosis

Inhibits lipid peroxidation and prevents DNA damage

Anti-lipid peroxidation and anti-apoptotic
Relieves lipid peroxidation in fiver and kidney

Inhibits the expression of P53, caspase-3 and caspase-6,
and accelerates the recovery of splenic functions
Reduces micronucleus in lymphocytes

Protects mitochondria and chromatin

Enhances spermatogonial proliferation, stem cell survival
and reduces sperm abnormalities

References
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Names

Ginsenoside Rb(1),
Rb(2), Re, Rd, Re
and Ry(1)
Gypenosides

Eleutheroside
Acidic polysaccharide
of ginseng

Acidic polysaccharide
of ginseng

Lycium Barbarum
Polysaccharide
Lycium Barbarum
Polysaccharide
Lycium Barbarum
Polysaccharide
Astragalus
Polysaccharide

Astragalus
Polysaccharide

Astragalus
Polysaccharide

Astragalus
Polysaccharide

Ganoderma
Polysaccharides
Ganoderma
Polysaccharides
Angelica sinensis
polysaccharide
Gingko flavonoids
Houttuynia Cordata

Paeoniflorin

Paeoniflorin

Paeoniflorin

Astragaloside IV

Rhodioloside

Ferulic Acid

Ferulic Acid

Ferulic Acid

Ferulic Acid

Ferulic Acid

Ferulic Acid

Salvianic acid A
Salvianic acid A
Resveratrol
Resveratrol

Resveratrol

Resveratrol

Tea Polyphenols

Tea Polyphenols

Ginseng oligopeptide

Ginseng oligopeptide

Category

Saponins

Saponins

Saponins

Polysaccharides

Polysaccharides
Polysaccharides
Polysaccharides
Polysaccharides

Polysaccharides

Polysaccharides

Polysaccharides

Polysaccharides

Polysaccharides

Polysaccharides

Polysaccharides
Flavonoid
Flavonoid
Glycosides

Glycosides

Glycosides

Glycosides

Glycosides

Phenolic acids

Phenolic acids

Phenolic acids

Phenolic acids

Phenolic acids

Phenolic acids

Phenolic acids
Phenolic acids
Polyphenols
Polyphenols

Polyphenols

Polyphenols

Polyphenols

Polyphenols

Oligopeptides

Oligopeptides

Origins
Panax ginseng C.AMey.
Gynostemma
pentaphyllum
Eleutherococcus
senticosus (Rupr. &
Meaxim.) Maxim.
Panax ginseng C.AMey.
Panax ginseng C.A Mey.
Lycium barbarum L.
Lycium barbarum L.
Lycium barbarum L.

Astragalus mongholicus
Bunge

Astragalus mongholicus
Bunge

Astragalus mongholicus
Bunge

Astragalus mongholicus
Bunge

Ganoderma Lucidum
Karst

Ganoderma Lucidum
Karst

Angelica sinensis (Oliv,)
Diels

Ginkgo biloba L.
Houttuynia cordata
Thunb.

Paconia lactifiora Pall.

Paeonia lactifiora Pall.

Paeonia lactifiora Pall.

Astragalus mongholicus
Bunge

Rhodiola rosea L.
Angelica sinensis (Oli,)
Diels

Angelica sinensis (Oliv.)
Diels

Angelica sinensis (Oliv.)
Diels
Angelica sinensis (Oliv.)

Diels

Angelica sinensis (Ol
Diels

Angelica sinensis (Oli.)
Diels

Salvia mittiorrhiza Bunge
Salvia mittorrhiza Bunge
Red grapes

Red grapes

Red grapes

Red grapes

Green tea

Green tea

Panax ginseng C.A.Mey.

Panax ginseng C.A.Mey.

Objects (model
inducer,dose)

ICR mice (12 Gy, 6.5 Gy
%Co y rays)

Male Balb/c mice (5 Gy
%Co y rays)

Male mice (2 Gy x rays)

Bms (1 Gy ®°Co y rays)
Balb/c mice (5 Gy “Co y
rays)

C57BL/6 mice(7 Gy ®Co
y rays)

Wistar rats (2.3 Gy *°Co y
rays)

Kunming mice (4 Gy
X-rays)

Wistar rats (2.3 Gy “°Co y
rays)

Balo/c mice (6 Gy ®Co y
rays)

Bmscs A549 cells (2 Gy
X-rays)

Human bone marrow
mesenchymal stem cells
(2Gy Xerays)

Human bone marrow
mesenchymal stem cells
Gy ™)

Mice (5 Gy X-rays)

Kunming mice (7.5 Gy
%Co y rays)

Balo/c male mice (3 Gy
Co y rays)
SD rats (800 cgy X-rays)

Kunming mice (3 Gy *°Co
y rays)

EAhy926 cell line (10 Gy
%Co y rays)
Thymooytes (0-8 Gy
%Co y rays)

HSF cell line (16 Gy
X-rays)

Balb/c mice (6 Gy “°Co y
rays)

AHH-1 cells (4, 6, 8,

10 Gy *°Co y rays)
Swiss albino mice (10 Gy
%Co y rays)

Swissmice (4,6,8,10 Gy
%Co y rays)

Swiss albino mice (10 Gy
%Co y rays)

Swiss albino mice (10 Gy
©Co y rays)

Swiss albino mice (2.5, 5,
10 Gy *°Co y rays)
SDrats (5 Gy °Co y rays)

L-02 cells (4 Gy ®°Co y
rays)

Balo/c mice (4,8 Gy *°Co
y rays)

Female SD rats (3.2 Gy
197 Cs y rays)
Lymphocyte (0.5, 1 Gy
X-rays)

Male C57BL/6 N mice

(7 Gy ™7 Cs y rays)

Male C57BL/6 mice (6 Gy
197 Gs y rays)

Kunming mice (738 oGy
%0Co y rays)

Male C57BL/6 mice (2 Gy
X-rays)

Caco-2 (2 Gy X-rays)
Balb/c mice (3.5 Gy
X-rays)

BALB/c mice (3.5, 8Gy
Co y rays)

Pharmacological
action/Mechanisms

Reduce intestinal crypt cells apoptosis

Increase the activity of SOD and CAT in
serum, interference with Nrf2 signaiing
pathways

Improve peripheral blood cellradiation injury

Alter the phenotype of bms, increase the
viabiity and alloreactity of bms

Inhibit p53 dependent pathway and
mitochondrial apoptosis pathway activation
Elevate SOD levels, suppress MDA levels
and restores testosterone levels

Improve antioxidant capacity and cel cycle

Inhibit mitochondrial apoptosis

Inhibit the secretion of pro-inflammatory
factors, reduce the damage of puimonary
fiorosis caused by peroxide

Improve the ROS - mediated side effects of
ionizing raciiation via MAPK/NF-«B signaling
pathway

Promote the seff-renewal and prolfferation
of cells

Down-regulates NF-B signaling pathway
to maintain cell DNA stabiity

Improves the expression of biomarkers in
the thymus

Increase the sunvival rate, improve the
phagocytosis of mononuclear
macrophages and NK cell activity
Increase the number of bone marrow cell
and protect hematopoietic system

Inhibit lipid peroxidation and reduce the
secretion of LDH and TNF-a

Improve peripheral biood cell injury

Interfere with Nrf2/HO-1 pathway to reduce
oxidative stress response

Act on the expression of Bcl-2, Bax and
Caspase-3, and reduce mitochondrial
apoptosis

Inhibits MAPK signal pathway to revers DNA
damage

Regulates cell apoptosis or cell cycle, down-
regulates Bax/Bcl-2 ratio, and reduces cell
cycle arrest in GO/G1 phase

Increases the proliferative activity of
lymphocytes

Promotes Nrf2 nuclear translocation and
activates the NHEJ repair pathway
Reduces DNA strand break in leukocytes
and bone marrow cells and promotes the
recovery of bone marrow hematopoietic
functions

Reduces IkBa phosphorylation, and NF-x8
nuclear translocation, improves radiation-
induced inflammation

Reduces lipid peroxidation and increases
the activity of SOD and catalase, increases
PI3K phosphorylation levels, reduces cell
cycle arrest

Inhibits peroxide and downstream
mitochondrial apoptosis pathway activation
Increases SIRT1 activity and testosterone
levels in testis, and decreases oxidative
stress response

Reduces apoptosis and DNA damage

Protects hematopoietic system

Inhibits NF-xB - activated inflammatory
cytokines
Inhibits DNA damage

Improves intestinal morphology, reduce
crypt cell apoptosis, and regulates the
expression of Sirt1 and p53

Ameliorates thymus and spleen atrophy,
reduce lymphocyte count, Modulates
immunosuppression

Recovery the haematopoietic system,
antioxidant potential activity and reduce
inflammatory cytokines

Inhibits oxidative stress and mitochondial
apoptosis

Attenuates immune dysfunction

Decreases inflammatory and oxidative
stress
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Group Weeko
Control 153+0.14
coPD 1.55 +0.12
BUF 1.54 +0.08
AICAR 1,53 +0.08
BUF + ACAR 157 £0.12
APL 1,55 +0.12

Data are presented as mean + SD (n = 6 per group). *'P < 0.01, "P < 0.05 vs. cont
0.05 vs. 5-aminoimidazole-4-carboxamide ribonucleotide (AICAR) group; an

Week4

1.59 + 0.10
1.50 + 0.10
1.51+0.156
144011
1.48 + 0.14
145+ 0.12

Week8

1.63 + 0.10
1.33£0.11*
1.33 +0.10
1.34 +0.07
1.35 + 0.06
1.37 +0.07

Week12

1,69 + 007
132+ 007"
142+ 005"
129+ 0.04**

1.44 £ 0.04"A4
1.41 £ 0.06"44

Week16 Week20

1.71+ 0,08 1.76 £ 0.08
129008 1.27 + 008"
1.45 + 007" 1.46 + 006"
128 +0.10% 1.30 + 0.05*
1.46 + 0.06"44 1.48 £ 0.07""44
1.42 £ 0.10"44 1.44 £ 010744

I group; **P < 0.01, "P < 0.05 vs. model group; **P < 0.01, *P < 0.05 vs. BJF group; 4P < 0.01, *P <
< 0.01, °P < 0.05 vs. BJF + AICAR group. APL, aminophylline.
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Group Weeko
Control 1530 + 1.18
coPD 15.55 + 1.22
BUF 15,63 + 0.93
AICAR 15.44 £ 0.70
BUF + ACAR 1588 + 0.60
APL 15.50 + 0.59

Data are presented as mean + SD (n = 6 per group). **P < 0.01, *P < 0.05 vs. cont
0.05 vs. 5-aminoimidazole-4-carboxamide ribonucleotide (AICAR) group; an

Week4

16.97 + 0.60

13.40 + 1.097

13.756 + 0.58
13.83 + 0.98
1359 + 0.58
13.64 + 0.85

Weeks

16.02 + 0.93

11.62 £ 1.00”

11.43 £ 0.91
11.39 + 0.85
11.74 £ 0.92
11.24 +0.94

Week12

1622 +0.77

10.75 +1.04”
12.64 +1.04"
10.93 + 0.49**
12.60 +0.77""
12.29 + 0.90"

Week16

1651 +0.72
1042 +0.78"
13.35 + 1.33"
10.66 + 09242
13.57 + 1.04""44
13.63 £ 1.08"44

Week20

16.83 +0.88
10.89 + 0.97"
13.98 + 1.50""
11.43 £ 0.88*
14.23 + 0.56""44
1357 £ 0.90"

I group;*"P < 0.01, "P < 0.05 vs. model group; *P < 0.01, P < 0.05 vs. BJF group; 44P < 0.01, 4P <
< 0.01, °P < 0.05 vs. BJF + AICAR group. APL, aminophylline.
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Group Weeko

Control 171£011
COPD 1.80 £ 0.12
BUF 175+ 014
AICAR 174£017
BUF + AICAR 1.76 £ 0.09
APL 1.75+£0.15

Data are presented as mean + SD (n = 6 per group). “'P < 0.01, “P < 0.05 vs. control group;"* P < 0.01, *P < 0.05 vs. model group; **P < 0.01, *P < 0.05 vs. BJF group;

Week4

1.81+0.17
174014
172+ 0.13
170 £ 0.14
1.72+0.10
1714015

Weeks

1.86 +0.13

170+ 015"

1.69 £ 0.11
1.68 £+ 0.13
1.65 +0.08
1.69 017

Week12

189+ 0.1
1.65 £ 0.16"
164015
162+ 015
164+ 008
162012

Week16

1.93 + 0.09
162 +0.12"
1.69 + 0.07
159+ 0.11%
1.67 £ 0.10
1.67 £ 0.09

0.05 vs. 5-aminoimidazole-4-carboxamide ribonucleotide (AICAR) group; and “°P < 0.01, °P < 0.05 vs. BJF + AICAR group. APL, aminophyline.

Week20

194+ 007
158 +0.14"
1.69 +0.11"
1.61+008"
1.69 + 0.07""
1.66 + 0.07%

44P<0.01,4P<
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Chinese Name for publishing Amount(g)  Lot. No Company
name

Dang Shen  Codonopsis pilosula (Franch.) Nannf. 15 19110102 Zhengzhou Ruilong Pharmaceutical Co. Ltd.
Huang Qi Astragalus mongholicus Bunge 15 19070102 Zhengzhou Ruilong Pharmaceutical Co. Ltd.
Bai Zhu Atractylodes macrocephala Koidz 12 19110202 Zhengzhou Ruilong Pharmaceutical Co. Ltd.
Fu Ling Poria cocos (Schw.) Wolf 12 19100102 Zhengzhou Ruilong Pharmaceutical Co. Ltd.
Huang Jng  Polygonatum kingianum Collett & Hems! 15 191001 Bozhou Guangyuan Tang Traditional Chinese Medicine Decoction pieces
Co. Ltd.
Zhe BeiMu  Fritlaria thunbergii Miq 9 19060101 Zhengzhou Ruilong Pharmaceutical Co. Ltd.
Di Long Pheretima aspergillum (E. Perrier) 12 19100102 Zhengzhou Ruilong Pharmaceutical Co. Ltd.
Hou Po Magrolia officinalis Rehder and E. H. 9 19100102 Zhengzhou Ruilong Pharmaceutical Co. Ltd.
Wilson
Chen Pi Citrus reticulata Blanco 9 19120108 Zhengzhou Rulong Pharmaceutical Co. Lid.
Zi Wan Aster tataricus L.f. 9 CP-427- Bozhou Shenglin Pharmaceutical Co. Ltd.
191101
Ai Di Cha Avrdisia japonica (Thunb.) Blume 15 191201 Anhui Jishun Traditional Chinese Medicine Decoction pieces Co. Ltd.

Yin Yang Huo  Epimedium brevicomu Maxim 6 190201 Hebei Sirui Pharmaceutical Co. Ltd.
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Methods

HPLC-DAD and UPLC-Q-TOF-MS

UFLC-Q-TOFMS.

Lo-MSMS

LC-MSMS

UPLC-MS-MS

UPLC-DAD-MS

RP-HP LGV

Novel multiayered porous siicon-
based immunosensor

Sample source

Pant extracts

Bil, uine, plasma and feces
samples from SD rat

Human plasma

Human plasma

Human urine

Xue fu zhu yu (XFZY)

Xuebiging injection

NA

Sample preparation Chromatographic method

Dred in the cabinet drier at 35°C for
24 h, crushed and passed through an
80-mesh sieve and stored in a
desiceator at room temperature
Mixed sample at same time point,
loaded onto a SupelClean™ LC-18
SPE wbe

Waters ACQUITY BEH G18 column
{30.0°C), elution solent: Methanol:
Water (1: 3, v: ) And flow-rate of
08 mimin

Thermo hypersil gold G18 column
(35.0°C), elution solvent: Phase
radient, methanol Aand 0.5%o acetic
acidinwater B, flowrate of 0.2 mmin
Shirm-pack VP-ODS Cyg column
(30.0°C), isocratic elution system:
Methanol and 5 mi ammonium
acetate (80:20, vA), flow rate of

0.4 mymin

Agient ZORBAX S8 G18 column
4.6 x 150 mm, 5 ym, 35°C),
elution soivent: 0. 2mol L™
ammonium acetate aqueous soltion’
‘methanol (30/70), flow rate of 400

Mixed with intemal standard working
solution and vortexed for 305

Added to an intemal standard
working soluion, vortexed and
centrtuged, the supematant loaded
to the activated SPE soid phase.
cartrdge, and then washed with

Freeze-dried, added 10% perchioric
acid and 1 mi ethy acetate,
entrituged, and cried under uitrogen
gas blower

UPLC BEH G18 coumn (2.1 x
100 m, 1.7 um), eluton sobvent:
Gradient ektion, Acetonitie-0.5%
acetic acid (42:58), fow rate of

035 mimin

ZORBAX SB-C18 colun (4.6 mim x
100 mm, 1.8 m): (50.0C), mobie
phase: 0.1% formic acid-water A and
acetoniie B, gradient program, flow
rate of 0.5 miimin

Pills and granules of XFZY ground to
fine powder, separated by 50%
methanoi-water solution extraction.
Liquids of XFZY, 1 mi was diuted to
50 mi by 50% methanol-water

Zorbox SB G18 column, eltion
Sovent: Gradient elution, water with
0.2% phosphoric acid A and
acetonitie B, flow rate of 1.0 mimin
Sythesized the polyclonalant-HSYA NA

antibody and HSYA artiicial anigen

by the immediate couping method

XBJ injection of 1.0 mi was diuted to
10 mi with millpore water and fitered
through 0.45 mm membrane fiters

Advantage

High-speed separation and structural
identifcation of muliple constituents

NA

High selectivity, wide inear range,
short run time (5.5 min per sampie),
low LOQ and smal injection volume

NA

High-speed detection, excslent peak
shapes, and less solvent usage.

Better biocompaivilty, arger speciic
surface area, good conduction effect
and catalytc activity

High surface area, easily preparation,
label-free procedures and
compatibiity with standard
microelectronics processing

Reference

Hong et al. (2015)

Jin Yt al. (2016)

Wen et al. (2008)

Lietal. (2014)

Zeng et al. £013)

Znangetal.(2012)

Wang etal. (2016)

Lvetal 2011)
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Class

Pain

Inflammation

Endocrine

Blood circulation

Energy
metabolism

Biological processes and
signaling pathways

CAMP signaling pathway
MAPK signaiing pathway
CGMP-PKG signaiing pathway
HIF-1 signaiing pathway
Sensory perception of pain
Muscle contraction
Regulation of neurotransitter levels
Regulation of cytosolic calcium ion concentration
Cytokine-mediated signaling pathway
Inflammatory response:
Inflammatory mediator regulation of TRP
channels
NF-kappa B signaling pathway
Steroid hormone mediated signaling pathway
Estrogen signaiing pathway
Regulation of hormone levels
Prolactin signaling pathway
Oxytocin signaling pathway
GnRH signaling pathway
Steroid hormone biosynthesis
Blood circuiation
VEGF signaling pathway
Platelet activation
Blood coagulation
Regulation of blood pressure
Blood vessel development
PPAR signaliing pathway
ATP metabolic process

AMPK signaling pathway
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Chinese medicine

Taoren (Semen Persicae)

Chishao (Radix Paeoniae Rubra)
Chuanxiong (Rhizoma Ligustici Chuanxiong)
Honghua (Flos carthami)

Dazao (Fructus Jujubae)

Cong (Scallion)

Shexiang (Moschus)

Shengjiang (Zingiber officinale Roscoe)

Family

Rosaceae
Ranunculaceae
Apiaceae
Asteraceae
Rhamnaceae
Liliaceae
Cervidae
Zingiberaceae

Weight (g)

oZwnowwo
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No.®

F1
F2
F3
F4
F5
F6
F7(s)
F8
Fo
F10

Relative retention time

0.53
0.68
0.84
0.90
0.94
0.97
1.00
1.23
1.25
1.26

efer to the same numbers in Figure 2

Relative peak area

Pieces

114
174
0.44
0.12
0.06
0.59
1.00
0.59
0.15
0.25

Freeze-dried powders

161
1.09
0.54
0.16
0.13
0.36
1.00
0.36
0.10
0.15

Formula granules

474
022
1.74
0.52
0.28
o1
1.00
0.38
0.12
0.21
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No.*

F1
F2
F3
F4
F5
F6
F7
F8
Fo
F10
St
s3
S4
S5
6
s7

Identification
Calycosin 7-O-p-D-glucoside (CG)°

Calycosin 7-0-p-D-6"-malonyl)-glucoside (CGM)
Ononin (FG)°

(6aR, 11aR)-3-hydroxyi-9,10-dimethoxypterocarpan-3-O-p-D-glucoside
(3R)-2'7-dihydroxy-3' 4'-dimethoxyisoflavan-7-O-p-D-glucoside
6"-O-malonylononin (FGM)

Calycosin (C)°

Formononetin (F)°

(6aR, 11aR)-3-hydroxy-9,10-dimethoxypterocarpan®
(3R)-7,2"-dihydroxy-3' 4'-dimethoxyisofiavan®

Astragaloside IV (Ag IV)°

Astragaloside Il (Ag II)®

Isoastragaloside 1l (iAg 11)*

Astragaloside | (Ag 1)*

Isoastragaloside | (iAg )

Acetylastragaloside | (AgA I)

“Refer to the same numbers in Figures 2, 3.
“Confirmed with standard compounds in HPLC-PDA.

Formula [M]

Ca2H22010
CasH24015
CaoHz209
CasHz6010
CasHz6010
CasH240r2
CigH1205
CigH1204
Ci7H1605
Ci7H1605
CaiHeeO1a
CasHroO1s
CagHro01s
CasH72016
CasH72016
CarH74017

Experimental

[M + H, 447.1285]

[M + H, 533.1246]

M + H, 431.1328]

[M + H, 463.1585]

[M + H, 465.1748]

[M + H, 517.1364]

[M + H, 285.07151]

[M + H, 269.0886]

[M +H, 301.1071]

[M + H, 303.1239]

[M-H + FA-H, 829.4547]
[M-H + FA, 871.4705]
[M-H + FA, 871.4705]
[M-H + FA, 913.4780]
[M-H + FA, 913.4780]
[M-H + FA, 955.4964] [M-H, 9115013

Theoretical

447.1291
533.1295
431.1342
463.1604

465.176
517.1346
285.0762
269.2812
301.1071
303.1232
829.4585
871.1691
871.1691
913.4796
913.4796
955.4902
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No. Batch number Correlation coefficient Content of quality marker (%) (n = 3)

Calycosin RSD% Astragaloside IV RSD%
YP-1 AR-201504 0.980 0.007 3.85 0.06 0.93
YP-2 AR-201505 0.967 0.009 3.84 0.06 0.14
YP-3 AR-201506 0.989 0.015 2.83 0.06 o7
YP-4 AR-201507 0.894 0.018 0.16 0.05 1.65
YP-5 AR-201508 0.906 0.023 0.24 0.05 0.72
YP-6 AR-201509 0.986 0.035 1.14 0.04 0.42
YP-7 AR-201510 0.969 0.016 099 005 127
YP-8 AR-201511 0.979 0.007 0.17 0.05 0.67
YP-9 AR-201512 0.976 0.007 4.26 0.05 1.92
YP-10 AR-201504 0.983 0.007 293 0.04 1.70
YP-11 AR-201505 0.943 0.005 0.00 0.06 1.65
YP:12 AR-201506 0.983 0.009 177 0.07 127
DGF-1 DG16009015 0.804 o017 3.90 0.16 0.42
DGF-2 DG1609002 0.861 0.108 0.64 0.14 0.57
DGF-3 DG1609008 0.868 0.102 0.31 0.14 0.18
DGF-4 DG1611006 0.851 0.075 0.04 0.14 0.55
DGF-5 DG1609014 0.848 0.065 0.69 0.19 0.24
DGF-6 DG169011 0.786 0.066 0.27 0.14 0.34
DGF-7 DG1609007 0.768 0.096 1.34 0.12 0.69
DGF-8 DG1611003 0.807 0.065 221 0.13 0.34
DGF-9 DG1607007 0.867 0.078 0.95 0.13 0.29
DGF-10 DG1611007 0.795 0.072 3.08 0.15 0.63
DGF-11 DG1611002 0.794 0.174 0.08 0.12 1.36
DGF-12 DG1611001 0.795 0.058 221 0.10 2.74
PFKL-1 4062001 0.534 0.013 2.67 0.1 266
PFKL-2 1406002 0.591 0.030 161 0.13 0.96
PFKL-3 1506027 0.560 0.022 2.02 013 1.60
PFKL-4 1601057 0.584 0.028 0.93 0.13 1.68
PFKL-5 6101141 0.557 0013 031 012 0.42

PFKL-6 5090891 0.544 0.016 071 0.12 298





OPS/images/fphar-11-554777/fphar-11-554777-g003.gif
st

52

2%

2

S3
S4 s s6s7

ns 30 a2
Tanefasin

75 30 325
Teeimin





OPS/images/fphar-11-554777/fphar-11-554777-g002.gif





OPS/images/fphar-11-554777/fphar-11-554777-g001.gif
Asragal Ras (AR) Peces
[ Itermediate: AR Frecze dred Powders

Prodncts: AR Gramies |

Chemica Profie Ansi

5
H
g
E

Procen [ piny

candoun
o

Flogeprin At &
Quanicaton Methods Metbois

PR i






OPS/images/fphar-11-608703/fphar-11-608703-g001.gif
= =r8-d






OPS/images/fphar-11-608703/crossmark.jpg
©

2

i

|





OPS/images/fphar-11-580978/fphar-11-580978-t004.jpg
No.

RT (min)

11.09
13.62
12.78
9.83

6.04

8.72

13.64
13.46
1357
1497
13.89
1347
12.14
10.68
12.34
4781

Identified compounds

Astragaloside |
Astragaloside I

Astragaloside IV

Calycosin

Calycosin -7-0-p-D-glucoside
Ononin

M1

M2

M3

M4

M5

M6

M7

V8

Mo

Mi0

Element
composition

CasHr2016
CazHroOrs
CatHesO1a
CigHi205
Co2H22010
CaoHz209
CasHesO16
CasHeoOr0
CaoHezO11
CaoHsoOs
Ca7Heo00
CosHseOg
CigH1204
CieHi605
CieHie0s
CooHo2011

lonization

[M+COOH]

[M+COOH]"

[M+COOH]
M-H)
[M+COOH]

[M+COOH]"

[M-H]
[M-H)
[M+COOH]

[M+COOH]"

[M+COOH]
[M+COOH]
M-H]"
[M-H]
M-H]
[M+COOH]

Prototype

Astragaloside |
Astragaloside V/Astragaloside IlAstragaloside IV
Astragaloside |

Astragaloside I/Astragaloside IVAstragaloside IV
Astragaloside

Astragaloside IV

Calycosin/Ononin

Calycosin

Calycosin

Calycosin

Metabolic way

dehydrogenation
glycosylation

glycosylation

glycosylation
glycosylation+dehydroxylation
glycosylation

dehydroxylation
hydrogenation-+open loop
hydrogenation+deoxidation
hydrogenation+glucuronidation
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Potential targets-signal
pathway

Pathways in cancer

PI3K-Akt signaling pathway
Proteoglycans in cancer

Human papilomavirus infection
Hepatitis B

MicroRNAS in cancer

Human cytomegalovirus infection
Human T-cel leukemia virus 1 infection
Prostate cancer

MAPK signaling pathway

Kaposi sarcoma-associated herpesvirus infection
Focal adhesion

Ras signaling pathway

Human immunodeficiency virus 1 infection
Rap1 signaling pathway

FoxO signaling pathway

Apoptosis

Cellular senescence

Hepatocellular carcinoma

Breast cancer

Gastric cancer

Viral carcinogenesis

HIF-1 signaling pathway

Thyroid hormone signaling pathway
Hepatitis C

Epstein-Bar virus infection

Non-small cell lung cancer

Central carbon metabolism in cancer
ErbB signaling pathway

Relaxin signaling pathway

AGE-RAGE signaling pathway in diabetic compiications
Colorectal cancer

Pancreatic cancer

Melanoma

Chronic myeloid leukemia

Fluid shear stress and atherosclerosis
JAK-STAT signaling pathway

Glioma

Neurotrophin signaling pathway
Regulation of actin cytoskeleton
Estrogen signaling pathway

Small cell lung cancer

C-type lectin receptor signaling pathway
Chagas disease (American trypanosomiasis)
Toxoplasmosis

Tuberculosis

influenza A

Renal cell carcinoma

Chemokine signaling pathway
Phospholipase D signaiing pathway
Signaling pathways regulating pluripotency of stem cells
Prolactin signaling pathway

Acute myeloid leukemia

Autophagy

VEGF signaling pathway

Choline metabolism in cancer
CAMP signaling pathway

TNF signaling pathway

Genes/
Term%

16.04
156.25
23.38
1212
23.93
13.04
16.44
16.89
38.14
12.20
19.35
17.59
14.22
15.57
14.56
22.73
22.06
18.75
17.86
19.73
19.46
13.93
27.00
23.28
17.42
13.43
4091
41.54
30.59
20.00
26.00
30.23
34.67
36.11
34.21
18.71
15.43
33.33
20.17
11.21
17.39
25.81
2212
22.33
20.35

12.85
13.45
33.33
11.58
14.86
15.83
31.43
33.33
16.41
35.59
21.21
9.43
18.18

Nr. Genes

85
54
a7
40
39
39
37

23
23
23
22
a2
22
22
22
21
21
21
20

Potential target-signal
pathway

Progesterone-mediated oocyte maturation
Transcriptional misregulation in cancer
Endometrial cancer

Bladder cancer

Sphingolipid signaling pathway

mTOR signaling pathway

T cell receptor signaling pathway
Insuiin signaling pathway

P53 signaling pathway

Axon guidance

Tol-ike receptor signaiing pathway

Fc epsilon R signaling pathway
Measles

Cell cycle

Osteoclast differentiation

Th17 cell differentiation

Apelin signaling pathway

Natural killer cell mediated cytotoxicity
Herpes simplex virus 1 infection
Platelet activation

NOD-like receptor signaling pathway
IL-17 signaling pathway

B cell receptor signaling pathway
Cholinergic synapse

GnRH signaling pathway

Oxytocin signaling pathway

Insulin resistance

CGMP-PKG signaling pathway
Longevity regulating pathway

Gap junction

Non-alcoholic fatty liver disease (NAFLD)
AMPK signaiing pathway

Longevity regulating pathway
Serotonergic synapse

Adrenergic signaling in cardiomyocytes
Adherens junction

Fc gamma R-mediated phagocytosis
Leukooyte transendothelial migration
Melanogenesis

Adipocytokine signaling pathway
Pertussis

Thyroid cancer

NF-kappa B signaling pathway
Long-term potentiation

Parathyroid hormone synthesis, secretion and
action

Leishmaniasis

Amebiasis

Thi and Th cell differentiation
Long-term depression

Type Il diabetes melitus

Amyotrophic lateral sclerosis (ALS)
Epithelial cellsignaling in Helicobacter pyloriinfection
Mitophagy

Apoptosis

Regulation of lipolysis in adipocytes
Shigellosis

Aldosterone-regulated sodium reabsorption

Genes/
Term%

2020
10.75
34.48
48.78
15.97
12.42
18.81
13.87
25.00
9.94
17.31
26.47
13.64
13.71
13.28
15.89
11.68
12.21
8.65
12.10
8.43
16.13
2113
13.39
15.05
9.15
12.96
7.83
14.61
14.77
8.72
10.00
19.35
10.43
7.59
15.28
12.09
9.82
10.89
15.94
14.47
20.73
10.53
14.93
9.43

13.51
10.42
9.78
15.00
19.57
17.65
13.24
12.31
24.24
14.55
1231
16.22

Nr. Genes

20
20

33

OPEE®OOOOO
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Name

Jaranol

Flavaxin

Astragaloside IV

Isorhamnetin

Rhamnocitrin

Kaempferol

Quercetin

Astrachrysoside A

Astrapterocarpan

glucoside

Isomucronulatol

Calycosin

Cycioastragenol

Formononetin

Lariciresinol

Ononin

Biochanin A

Alexandrin

Astraisoflavanin

Betulinic acid
Daidzein
Soyasaponin |
Geristin
Astragaloside II
isoflavanone
Astragaloside Il
Astrasieversianin XV
Hederagenin
Syringaresinol
Acetylastragaloside |
Lupeol
Calycosin-7-0-p-D-
glucoside

Rutin

Astragaloside |
Hirsutrin

Lupenone
Coumarin

Molecular formula

Ci7H140s

Ci7H20N40s

CaiHeeOra

CigH1207

CigH120s

CisH100s

Cisti007

CarH7018

Oro

CasH72016

CieH1205

CaoHso0s

CieH1204

CaoH2aOs

CigH1205

CasHeoOs

CaaHze010

CaoHagOs
CisHioOs
CagH7e01s
C21Ha0010
CagH70015
CisHi20,
GCitHesOra
CagH76017
CagHagOs
CooHo60s
CarHriOyr
CaoHseO
CaoHzz010

CorHaoOre
CugHesOr6

Co1Ha0012
CaoHagO
CoHeOo

CAs

3301-49-3

83-88-5

84687-43-4

480-19-3

569-92-6

520-18-3

117-395

123914

385

94367-42-7

84676-88-0

20575-57-9

84605-18-5

485-72-3

27003-73-2

486-62-4

491-80-5

474-58-8

131749~
60-6

472-15-1

486-66-8

51330-27-9

529-69-9

84676-89-1

4737-27-3

84687-42-3

101843~

83-8

465-99-6

21453-69-0

84687-47-8

545-47-1

20633-67-4

153-18-4
84680-75-1

482-35-9
1617-70-5
91-64-5

Degree

42

38

37

37

37

35

35

33

27

27

26

25

25

25

25

24
23

23

16
14

14
12

12
12
;-4

Protein targets from
effective components.

ABCB1, ABCC1, ABCG2, ACTC1, AHR, AKT1, ALK, ALOX5, APEX1, AR, CAT, CDK1, CDK2,
CDK®, CYP19A1, P1B1, DAPK1, EGFR, ESR1, ESR2, F2, IGF1R, KDR, KIT, MCL1, MET, MMP2,
MMP3, MMP9, MYLK, NOS2, ODC1, ARP1, PIK3CG, PIK3R1, PLG, PLK1, PTGS2, PTK2, SRC,
TERT, TOP2A

ABCG2, ABL1, ALK, ATM, AURKA, BMPR1A, BRAF, CDK1, CDK2, CDK4, CHEK1, EGFR,
EPHB4, F2, HSPI0AAT, JAK2, JAKS, JUN, KDR, MAPK1, MAPK14, MAPKS, MMP2, MMP3,
MMP9, MTOR, NQO1, NTRK1, PDGFRB, PIK3CA, PIK3CB, PIK3CG, PPARG, PRKCA, PTK2,
SRC, TGFBR1, TLR4

ADRB2, AKT1, AKT2, AR, CAT, CDK1, CDK4, CYP2D8, EGFR, ESR1, F2, FGF2, HMOX1,
HSPY0AAT, IGF1R, IKBKB, IL2, ITGA2B, ITGAV, ITGB1, LGALS3, MDM2, MET, MMP1, MTOR,
NRP1, PARP1, PIK3CA, PIK3CG, PLG, PKCA, SRC, STAT3, TOP1, TYMS, VDR, VEGFA
ABCB1, ABCC1, ABCG2, AHR, AKT1, ALK, ALOX5, APEX1, CAT, CDK1, CDK2, CDK8,
CYP19A1, CYP1B1, DAPK1, EGFR, ESR1, ESR2, F2, HMOX1, IGF1R, KDR, MET, MMP2, MMP3,
MMP9, MPO, MYLK, PARP1, PIK3CG, PIK3R1, PLG, PLK1, PTK2, SRC, TERT, TOP2A
ABCB1, ABCC1, ABCG2, ADA, AHR, ALK, ALOXS5, APEX1, AR, CAT, CDK1, CDK2, CDKS6, CFTR,
CYP19A1, CYP1B1, DAPK1, EGFR, ESR1, ESR2, F2, GSTM1, IGF1R, KDR, MCL1, MET, MMP2,
MMP3, MMP9, MPO, PIK3CG, PI3R1, PLG, PLK1, PTGS2, SRC, TERT

ABCB1, ABCC1, ABCG2, ADA, AHR, ALK, ALOX5, CAT, CDK1, CDK2, CDK6, CFTR, CYP19A1,
CYP1B1, DAPK1, EGFR, ESR1, ESR2, F2, IGF1R, KDR, MET, MMP2, MMP3, MMP9, MPO,
PARP1, PIK3R1, PLK1, PTGS2, PTK2, SRC, TERT, TOP1, VEGFA

ABCB1, ABCC1, ABCG2, AHR, AKT1, ALK, ALOX5, APEX1, CALR, CDK1, CDK2, CDK6,
CYP19A1, CYP1B1, DAPK1, EGFR, ESR2, F2, IGF1R, KDR, MET, MMP2, MMP3, MMP9, MPO,
MYLK, PARP1, PIK3CG, PIK3R1, PLK1, PTK2, SRC, TERT, TOP1, TOP2A

AR, CAT, CDK1, CDK2, CTSB, CYP2D8, ELANE, ESR1, FGF2, FGF2, FGFR2, HMOX1,
HSP0AA1, IKBKB, IL2, ITGA2B, ITGAV, ITGB1, LGALS3, MAPK14, MET, MMP2, MMP9, MTOR,
NTRK1, PIK3CA, PIK3CB, PPARG, SLC2A1, STAT3, TYMS, VDR, VEGFA

ABL1, AR, CASP3, CASP8, CAT, CDK1, CDK2, CHEK1, CYP19A1, EGFR, ERBB2, HMOX1,
HSPAS, IL2, LGALS3, MAP2K1, MAPK1, MAPK14, MCL1, MGMT, MMP1, MMP2, MMP3, MMP9,
ODC1, PARP1, PDGFRB, PTGS2, PTPN11, SLC2A1, TOP1, TYMP

ABL1, ALK, AURKA, BAD, CASP3, CCND1, CDK1, CDK2, CHEK1, CYP19A1, EGFR, EP300, EZR,
FLT1, HDACS, HSP90AA1, KDR, MAPK1, MET, MMP1, MMP7, MTOR, PIK3CB, PIK3CG,
PIK3R1, PLK1, PRKCA, RAF1, RET, SRC

ABCB1, ABCC1, ABCG2, ALK, ALOX5, BAD, BCL2, CDK2, CDK6, CHEK1, CYP19A1, CYP1B1,
EGFR, ESR1, ESR2, F2, IGF1R, IGFBP3, IL2, KDR, MCL1, MET, PARP1, PLAU, PLAUR, PLG,
PLK1, TERT, TLR9, TNF

AKT1, AKT2, AKT3, ALOXS, AR, ATR, AURKA, BRAF, CDK2, CHEK1, EGFR, EPHX2, ERBB2,
ESR1, ESR2, FGFR, IGF1R, IKBKB, JAK2, KDR, MAPK14, MAPKS3, MAPKS, MDM2, MMP3,
MTOR, PGR, PLK1, ROS1

ABCB1, ABCG2, AR, BAD, BCL2, CAT, CHEK1, CYP19A1, CYP1B1, EGFR, ERBB2, ERBB3,
ERBB4, ERCCS, ESR1, ESR2, EZR, IDH1, IL2, MCL1, MMP2, MMP9, PPARG, RAF1, SRC, TLR9,
TOP1

ABL1, ADA, AKT2, ALOXS, AURKA, BRAF, CDK1, CDK2, CDK4, CFTR, CHEK1, EPHB4, HDACH,
HIF1A, JAK2, MAP2K1, MCL1, MMP7, MTOR, NTRK1, PIK3CA, PIK3CB, PIK3CG, SLC2A1,
TLR4, TOP1, XIAP

ABL1, ACE, CASP3, CD274, CYP19A1, EGFR, HDACT1, HRAS, IL2, KIT, MAPK 14, MGMT, MMP1,
MMP2, MMP3, MMP7, MMP9, NRAS, NTRK1, PARP1, PDGFRA, PPARG, PRKCA, SRC, TNF,
TOP1, TYMP

ABCB1, ABCC1, ABCG2, ADRB2, BAD, BCL2, BRAF, CCND1, CHEK1, CHEK2, COMT,
CYP19A1, CYP1B1, EGFR, ESR1, ESR2, HSP90AA1, IGFBPS, IL2, MCL1, NTRK1, PLAU,
PPARG, RAF1, TERT, TLR9

ABL1, AKT1, ALK, ALOX5, AURKA, BCL2L1, FASN, FGF2, FGFR1, FLT1, HDAC1, HSP90AAT1,
IGF1R, IL2, JAK2, KIT, MAPK14, MET, PDGFRA, PDGFRB, PTPN11, RET, STAT3, TYMS, VEGFA
ABL1, BCL2L1, CASP3, CAT, CD274, CDK1, CDK2, CHEK1, ESR1, ESR2, GSTM1, HMOX1,
HRAS, HSP90AAT, IGFBP3, MAPKS, MMP1, MMP7, PARP1, PIK3CA, PTGS2, SLC2A1, TOP2A,
TYMP, TYMS

ACE, AR, CAT, CYP17A1, CYP19A1, EDNRA, ESR2, IKBKB, ITGB1, MDM2, MMP1, MMP2,
MMP3, NOS2, PGR, PPARG, PTGS2, PTPN11, RARA, RARB, TERT, TLR9, TOP1, TOP2A, VDR
ABCB1, ABCC1, ABCG2, AR, BAD, BRAF, CAT, CDK®, CFTR, CYP19A1, CYP1B1, EGFR, ESR1,
ESR2, HSP90AA1, IGFBP3, IL2, MCL1, NTRK1, PARP1, PLAU, PPARG, PTGS2, RAF1, TLR9
ADRB2, AR, BCL2L1, CASP3, CASP9, CAT, CYP2D6, EDNRA, ESR2, F2, GLI1, GRB2, HLA-A,
HMOX1, IGF1R, IL2, ITGB1, JUN, KDR, MMP9, PARP1, SRC, STAT3, TYMS,VDR

ABCB1, ABCG2, ALB, CDK2, CYP19A1, EGFR, ESR1, ESR2, HRAS, HSPI0AAT1, IL2, MAPK14,
MGMT, MMP1, MMP2, MMP7, NRP1, PRKCA, PTGS2, SLC2A1, SRC, TNF, TOP1, TYMP
ABCB1, ADRB2, BCL2L1, CDK1, CDK2, CDK4, CTSB, CYP2D6, EGFR, F2, FGF2, HSP0AA1,
KDR, LGALS3, MAPK14, MET, PPARG, PRKCA, STAT3, TOP1, TYMS, VDR,VEGFA

ABCG2, ACE, AURKA, CASP3, CAT, CDK1, CDK2, CREBBP, CTSB, CYP19A1, DNMT3A,
ELANE, EP300, ESR1, ESR2, HMOX1, MAPK14, MCL1, MPO, PGR, PIK3CA, PIK3CB, TLR9
ADRB2, AKT1, AR, CAT, CDK1, CDK2, CDK4, CDK6, CYP2D6, ESR1, ESR2, FGF2, FGFR1,
HSPQ0AAL1, IL2, KDR, LGALS3, RARB, STAT3, TYMS, VDR, VEGFA

ADRB2, AKT1, AKT2, CDK1, CYP2D6, FGF2, FGFR1, HDAC1, HLA-A, HSPO0AA1, IL2, MAPK14,
MTOR, PIK3CA, PIK3CG, SLC2A1, STAT3, TOP1, TYMS, VEGFA

ALOX5, AR, CYP17A1, CYP19A1, EDNRA, EDNRB, ESR1, ESR2, IL6, ITGB1, MAPK3, MDM2,
MMP1, MMP2, MMP3, NOS2, PGR, PTPN11, TERT, TOP1

ABCB1, AURKA, CDK1, CDK2, CHEK1, ERBB2, HDAC1, HDAC9, HIF1A, MCL1, MMP1, MTOR,
NOS2, PCNA, PIK3CA, PIK3CB, PIK3CG, SERPINET, TOP1

ABCB1, AR, BCL2L1, CAT, CDK1, CYP2D6, ESR2, FGF2, HMOX1, HSP90AA1, LGALS3, PARP1,
PRKCA, STAT3, TYMS, VDR, VEGFA

ABL1, AR, BIRCS, CYP17A1, CYP19A1, ESR1, ESR2, IGF1R, JAK2, KDR, MAPK14, MDMZ2,
MPO, PRKCA, SHH, VDR

ABCB1, ABL1, HRAS, HSP90AAT, IL2, MAPK14, MET, MGMT, PRKCA, SRC, TNF, TOP1, TYMP,
TYMS

ABCG2, ACTC1, ALOX5, AR, CAT, CYP1B1, ESR2, IL2, PARP1, PLG, PTGS2, TERT, TNF, TP53
ABCB1, AR, BCL2L1, CAT, CDK1, CYP2D6, ESR2, FGF2, HMOX1, HSP90AA1, LGALS3, PARP1,
PRKCA, STAT3, TYMS, VDR, VEGFA

ABCG2, ALOX5, CAT, CYP1B1, ESR1, IL2, PARP1, PLG, PTGS2, SRC, TERT, TNF

AKT1, AR, CAT, CYP17A1, CYP19A1, EPHB4, HPGD, KDRMAPK14, MPO, PDGFRB, PGR
PARP1, TYMS
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No. Gene Name Protein Name Uniprot ID Degree

1 ESR2 Estrogen receptor beta Q92731 20
2 CDK1 Cyclin-dependent kinase 1 P0B493 19
3 CDk2 Cyclin-dependent kinase 2 P24941 18
4 CYP19A1 Aromatase P11511 18
5 CAT Catalase PO4040 18
6 ESR1 Estrogen receptor P03372 18
7 EGFR Epidermal growth factor receptor P00533 17
8 AR ‘Androgen receptor P10275 16
9 L2 Interleukin 2 P60568 16
10 ABCBI ATP-dependent translocase ABCB1 P08183 15
1 HSPY0AAT Heat shock protein HSP 90-alpha P07900 15
12 PARP1 Poly(ADP-Ribose) polymerase 1 PO9B74 15
13 TOP1 DNA topoisomerase | P11387 14
14 KDR Vascular endothelial growth factor receptor 2 P25968 14
15 SRC Proto-oncogene tyrosine-protein kinase Src P12931 14
16 ABCG2 ATP-binding cassette sub-family G member 2 QIUNQO 14
17 MAPK14 Mitogen-activated protein kinase 14 Q16539 13
18 MMP2 72 kDa type IV collagenase P08253 13
19 MET Hepatocyte growth factor receptor POB581 12
20 ALOX5 Arachidonate 5-ipoxygenase P09917 12
21 MMP3 Stromelysin-1 PO8254 11
22 MMP9 Matrix metalloproteinase 9 P14780 1
23 TYMS Thymidylate synthase P04818 1
24 IGFIR Insulin-fike growth factor | receptor P08069 1
25 TERT Telomerase reverse transcriptase 014746 11
26 CYP1BI Cytochrome P450 1B1 Q16678 1
27 CHEK1 Serine/threonine-protein kinase Chk1 014757 10
28 MCL1 Induced myeloid leukemia cell differentiation protein Mcl-1 Q07820 10
29 PIK3CG Phosphaticyinositol 4,5-bisphosphate 3-kinase catalytic subunit gamma isoform P48736 10
30 PRKCA Protein kinase C alpha type P17252 10
31 PTGS2 Prostaglandin G/H synthase 2 P35354 10
32 F2 Prothrombin PO0734 10
33 MMP1 Interstitial collagenase P03956 9
34 ABLY Tyrosine-protein kinase ABL1 PO0519 9
35 ALK ALK tyrosine kinase receptor QIUM73 9
36 FGF2 Fibroblast growth factor 2 P09033 9
37 STAT3 Signal transducer and activator of transcription 3 P40763 9
38 VDR Vitamin D3 receptor P11473 9
39 VEGFA Vasoular endothelal growth factor A P15692 9
40 AKT1 RAC-alpha serine/threonine-protein kinase P31749 9
41 MTOR Serine/threonine-protein kinase mTOR P42345 8
42 PIK3CA Phosphatidylinositol 4,5-bisphosphate 3-kinase catalytic subunit alpha isoform P42336 8
43 PLK1 Serine/threonine-protein kinase PLK1 P53350 8
44 HMOX1 Heme oxygenase 1 P09601 8
45 CYP2D6 Cytochrome P450 206 P10635 8
46 PPARG Peroxisome prolfferator activated receptor gamma Pa7231 8
47 CDK6 Gyciin-dependent kinase 6 Q00534 8
48 ABCC1 Multidrug resistance-associated protein 1 P33527 8
49 AURKA Aurora kinase A 014965 7
50 LGALS3 Galectin-3 P17931 7
51 PLG Plasminogen PO0747 7
52 MPO Myeloperoxidase PO5164 7
53 PIK3CB Phosphatidyinositol 4,5-bisphosphate 3-kinase catalytic subunit beta isoform P42338 6
54 CASP3 Caspase-3 P42574 6
55 PIK3R1 Phosphatidylinositol 3-kinase regulatory subunit alpha P27986 6
56 SLC2A1 Solute carrier family 2, faciitated glucose transporter member 1 P11166 6
57 BCL2L1 Bcl-2-like protein 1 Qo7817 6
58 NTRK1 High affinty nerve growth factor receptor P04629 6
59 ADRB2 Beta-2 adrenergic receptor PO7550 6
60 TLR9 Toll-ike receptor 9 QINR9S 6
61 NF Tumor necrosis factor PO1375 6
62 HDAC1 Histone deacetytase 1 Q13547 5
63 BAD Bol2-associated agonist of cel death Q92034 5
64 MMP7 Matrix metalloproteinase 7 P09237 5
65 ™R Thymidine phosphorylase P19971 5
66 JAK2 Tyrosine-protein kinase JAK2 060674 5
67 TGB1 Integrin beta-1 P05556 5
68 CDK4 Cyclin-dependent kinase 4 P11802 5
69 MDM2 E3 ubiquitin-protein ligase Mdm2 Q00987 5
70 TOP2A DNA topoisomerase 2 alpha P11388 5
7 PGR Progesterone receptor POB401 5
72 BRAF Serine/threonine-protein kinase B-raf P15056 5
73 PTK2 Focal adhesion kinase 1 Q05397 5
74 AHR Anyl hydrocarbon receptor P35869 5
o DAPK1 Death-associated protein kinase 1 P53355 &
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