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Introduction: Gualou (Trichosanthes kirilowii Maxim)–Xiebai (Allium macrostemon Bunge) (GLXB) is a well-known herb pair against atherosclerosis (AS). However, the combination mechanisms of GLXB herb pair against AS remain unclear.
Objective: To compare the difference in efficacy between GLXB herb pair and the single herbs and to explore the combination mechanisms of GLXB against AS in terms of compounds, targets, and signaling pathways.
Methods: The combined effects of GLXB were evaluated in AS mice. The main compounds of GLXB were identified via quadrupole time-of-flight tandem mass spectrometry (UPLC-Q-TOF-MS) and UNIFI informatics platforms. The united mechanisms of GLXB in terms of nodes, key interactions, and functional clusters were realized by network pharmacology. At last, the anti-atherosclerotic mechanisms of GLXB were validated using enzyme-linked immunosorbent assay (ELISA) and Western blot in AS mice.
Results: The anti-atherosclerotic effects of the GLXB herb pair (6 g/kg) were more significant than those of Gualou (4 g/kg) and Xiebai (2 g/kg) alone. From the GLXB herb pair, 48 main components were identified. In addition, the GLXB herb pair handled more anti-atherosclerotic targets and more signaling pathways than Gualou or Xiebai alone, whereas 10 key targets of GLXB were found using topological analysis. Furthermore, the GLXB herb pair (6 g/kg) could suppress the inflammatory target levels of IL-6, IL-1β, TNF-α, ALOX5, PTGS2, and p-p38 in AS mice. GLXB herb pair (6 g/kg) could also ameliorate endothelial growth and function by regulating the levels of VEGFA, eNOS, p-AKT, VCAM-1, and ICAM-1 and reducing macrophage adhesion to vascular wall in AS mice. GLXB herb pair (6 g/kg) could improve the blood lipid levels in AS mice. In addition, the regulating effects of GLXB herb pair (6 g/kg) on levels of IL-1β, TNF-α, ALOX5, VEGFA, eNOS, VCAM-1, ICAM-1, and blood lipids were more significant than those of Gualou (4 g/kg) or Xiebai alone (2 g/kg).
Conclusion: The combination mechanisms of the GLXB herb pair were elucidated in terms of components, targets, and signaling pathways, which may be related to suppressing inflammation, regulating vascular endothelial growth/function, and improving blood lipid levels.
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1 INTRODUCTION
Atherosclerosis (AS) is proven to be a lipid–driven inflammatory disease of the arterial intima, which is initiated by vascular endothelial injury and dysfunction (Back et al., 2019; Lacy et al., 2019). There are a number of genetic, metabolic, and environmental factors involved in the formation and evolution of atherosclerotic plaques (Zhu et al., 2018), which are characterized by the thickening, hardening, and reduced elasticity of large and medium arterial walls (Back et al., 2019). Single-target medicines usually fail as a treatment for this multifactorial disease. In addition, excessive or long-term use of these medicines may also develop resistance (Duan et al., 2020). Therefore, it is necessary and urgent to discover some new multitarget drugs.
GLXB herb pair consists of the dried fruit of Trichosanthes kirilowii Maxim (Chinese name Gualou) and the dried bulbs of Allium macrostemon Bunge (Chinese name Xiebai) in a weight ratio of 2:1 (Ding et al., 2016). The combination use of Gualou and Xiebai with the ratio of 2:1 was first proposed by Zhang Zhongjing (in the Eastern Han Dynasty, third century China) in the treatise “Jin Kui Yao Lue,” which was verified as the best ratio after a long period of clinical application (Zhang W. Y. et al., 2019). GLXB herb pair has been used clinically to treat cardiovascular diseases for thousands of years in China (Ding et al., 2013; Lin et al., 2018; Zhang W. Y. et al., 2019). In our previous studies, GLXB could significantly reduce aortic plaque formation and regulate metabolic disorders in ApoE−/− mice (Xu et al., 2021). In addition, GLXB could also be used as a preventive drug for hyperlipidemia (Zhong et al., 2020). However, the difference in efficacy between the GLXB herb pair and the single herbs remains unclear. Furthermore, the combination mechanisms of GLXB herb pair against AS are worthy of study.
High-performance liquid chromatography coupled with quadrupole time-of-flight tandem mass spectrometry (HPLC-Q-TOF-MS) is a common qualitative and quantitative analysis technology, which is widely used to analyze and identify the structures of complex substances in herbal medicines (Xie et al., 2019). In addition, network pharmacology has become a new field of pharmacological study over the past few years (Zhang R. et al., 2019). An increasing number of studies explored the interactive association between the multicomponents, multitargets, and multipathways of the active herbal ingredients using network pharmacology (Zhou et al., 2020). In this study, the main compounds of GLXB and the single herbs were identified using HPLC-Q-TOF-MS and then ultimately determined by comparisons with the UNIFI informatics platform. Thereafter, a network pharmacology approach was used to reveal the combination mechanisms of GLXB for anti-atherosclerotic.
In our current study, we aimed to compare the difference in efficacy between the GLXB herb pair and the single herbs. Furthermore, we tried to explore the combination mechanisms of GLXB against AS in terms of compounds, targets, and signaling pathways. Altogether, our study innovatively provided a method for clarifying the advantage of the combination use of traditional Chinese medicine (TCM) in treating diseases.
2 MATERIALS AND METHODS
2.1 Ethics statement
Ethics approval and consent to participate in all animal experiments were approved by the Committee on the Ethics of Animal Experiments of Anhui University of Chinese Medicine (Ethics Statement number: AHUCM-mouse-2020018). International rules were strictly followed in handling the animals.
2.2 Reagents
High-grade Gualou and Xiebai were purchased from Beijing Tongrentang Co., Ltd. (batch number 181001, 190102), and confirmed by Professor Rongchun Han in the pharmacy department of Anhui University of Chinese Medicine. The voucher specimens were deposited in the Chinese medicine herbarium of Anhui Province Key Laboratory of Research & Development of Chinese medicine (Hefei, China).
Standard substances adenosine (YJ-110879) and rutin (YJ-100080) were purchased from National Institutes for Food and Drug Control (Beijing, China). ELISA kits of TNF-α (MM-0132M1), IL-1β (MM-0040M1), and IL-6 (MM-0169M1) were obtained from Enzyme Immune Industrial Co., Ltd. (Jiangsu, China); and eNOS (JL20482), ALOX5 (JL35097), and VEGF (JL12038) were obtained from Jianglai Biotechnology Co., Ltd. (Shanghai, China). ELISA kit of PTGS2 (M0755) was purchased from OSD Life Sciences Inc. (Shanghai, China). Kits of TC (A111-1-1), TG (A110-1-1), LDL-C (A113-1-1), and HDL-C (A112-1-1) were purchased from Jiancheng Bioengineering Institute (Nanjing, China). The antibody against GAPDH (A19056) was obtained from Beyotime Biotechnology (Shanghai, China), and the antibodies against p38 (AF6456), p-p38 (AF0211), AKT (AF6261), and p-AKT (AF0016) were obtained from Affinity Biosciences (Jiangsu, China). Antibodies against β-actin (ab8227), ICAM-1 (ab222736), VCAM-1 (ab174279), CD68 (ab125212), and α-SMA (ab5694) were purchased from Abcam Co., Ltd. (United States). Alexa Fluor-488 (SY0683) and Alexa Fluor-594 (SY0673) labeled secondary antibodies were purchased from Invitrogen (United States).
2.3 Preparation of herbs extracts
Gualou and Xiebai were pulverized into coarse powder before use. Gualou, Xiebai, and GLXB (2:1, w/w) were respectively immersed in 50% ethanol (1:5, w/v) for 1 h, and extracted twice with 50% ethanol for 2 h, referring to clinical application of GLXB herb pair (Ding et al., 2016). Later, the solution was concentrated to dryness on a rotary vacuum evaporator, freeze-dried, and then stored in a vacuum desiccator before use. The drug-extract ratio was 32.2, 25.6, and 12.6% respectively.
To assure the quality of herb extracts, fingerprinting was analyzed using HPLC. Adenosine and rutin were identified as chemical markers for quality monitoring, which had high quantity and obvious pharmacological activity in extracts of TCM (Riksen et al., 2008; Li et al., 2018). The conditions of chromatographic analysis and the representative HPLC were shown in the supplementary material.
2.4 Animals experimental design
Male C57BL/6 mice and ApoE−/− mice (both were 7 ± 1 week in age, 22 ± 2 g in weight) were obtained from Changzhou Cavins Experimental Animal Co., Ltd. (Jiangsu, China). The mice were housed in polypropylene cages and kept in a room at 25°C and 50% relative humidity under a 12 h light/dark cycle.
The mice were adaptively fed with a normal diet for 1 week. Based on our previous research (Wu et al., 2017; Xu et al., 2021), ApoE−/− mice were fed with a high-fat diet (HFD, containing 21% fat and 0.15% cholesterol) to replicate the atherosclerotic disease model. After 10 weeks of HFD, all the ApoE−/− mice were divided into five groups (n = 10): model group, Gualou–Xiebai group (6 g/kg), Gualou group (4 g/kg), Xiebai group (2 g/kg), and atorvastatin group (10 mg/kg). In a word, all the drugs were administrated to AS mice via oral gavage for 4 weeks. In addition, C57BL/6 mice were fed a normal diet throughout the experiment as the control group. At the end of the experiment, mice were sacrificed and the serum and aorta of mice were collected for further investigation.
2.5 Pathophysiological observation
Whole arteries, including the aortic arch, thoracic, and abdominal regions, were cut longitudinally, fixed, and then stained with oil-red O (ORO) staining for lipid measurement at the surface of the vascular wall. Photographs were captured using a high-resolution camera.
In addition, aortic sinus and arch specimens embedded in paraffin were sectioned at a thickness of 4 μm, and slides were stained with hematoxylin and eosin (HE) or collagen-specific Masson. Slides were observed with the microscope (Carl Zeiss, China) and digitally photographed. The proportion of plaque area was calculated using Image-Pro Plus 6.0 (Media Cybernetics, United States).
2.6 HPLC-Q-TOF-MS analysis
The herbs extracts were subjected to chromatographic analysis on a Waters Acquity™ HPLC system (Waters, United States) equipped with a Topsil™ C18 column (4.6 × 250 mm, 5 μm) and the Waters Xevo G2 Q-TOF mass spectrometer (Waters, United States) equipped with an ESI source.
The chromatographic conditions were as follows. The mobile phase consisted of 0.05% formic acid in water (A) and 0.05% formic acid in acetonitrile (B). The temperature of the column oven was maintained at 35°C. The separation was effected using a linear gradient with a flow of 0.3 ml/min as follows (time/B%): 0–2.5 min, 5% B; 2.5–5 min, 5%–6% B; 5–10 min, 6%–12% B; 10–40 min, 12%–69% B; 40–45 min, 69%–100% B; 45–47 min, 100%–5% B; 47–57 min, 5% B.
The mass spectrometer conditions were as follows. The acquisition was carried out in negative and positive mode, and the mass range was 50–1,200 Da, with the capillary voltage of 2.5 and 3.0 kV, sampling cone voltage of 50 and 40 V respectively, and source temperature of 110°C (ESI−) or 120°C (ESI+), respectively. The extraction cone voltage was 4.0 V, using cone gas flow of 50 L/h, desolvation gas (N2) flow of 600 L/h, and desolvation gas temperature of 350°C. The collision voltage of low and high energy scans is respectively set to 6.0 and 20–80 eV. The accurate mass and composition of the unknown compound ions can be calculated via MassLynx™ V4.1 software (Waters, United States).
The systematic information on GL and XB was collected using the Traditional Chinese Medicine System Pharmacology Database and Analysis Platform (TCMSP) database and literature. According to the imported table information required using UNIFI software, a self-building library including compound name, molecular formula, chemical structure, and accurate molecular mass was constructed. Mass spectrometry data and library were imported into the software for analysis with the unknown compound ions combined with positive adducts including H+, Na+, and negative adducts containing HCOO− and H+.
2.7 Network pharmacology analysis
2.7.1 Compounds screening
The compounds of GLXB extract were detected using HPLC-Q-TOF-MS and supplemented via metabolite profiling of plasma and urine of GLXB which had been reported (Lin et al., 2018). According to the imported table information required by UNIFI software, the systematic information of GLXB extract was constructed.
2.7.2 Targets prediction of Gualou–Xiebai against atherosclerosis
The targets of the chemical compound of GLXB in AS treatment were identified by following steps. First, the corresponding targets of the compounds of GLXB were collected via the Swiss Target Prediction (http://swisstarget prediction. ch/), similarity ensemble approach (SEA, http://sea.bkslab.org/), and TCMSP (http://tcmspw.com/). Second, the targets of AS were predicted using TTD (http://bidd.nus.edu.sg/group/cjttd/), OMIM (http://www.omim.org/), DrugBank (https://www.genecards.org/), and Genecards (https://www.genecards.org/) database. It is worth noting that only the targets of Homo sapiens filtered using UniProt (https://www.uniprot.org/) were further analyzed. At last, the two subsets of the target obtained from the above steps were cross-referenced using the Venn diagram package.
2.7.3 Construction of the compound–target network
The interaction information of targets was gained using the STRING (https://string-db.org/) database. The chemical components of GLXB and its therapeutic targets in AS were constructed using Cytoscape 3.6.1 (https://cytoscape.org/) to construct the compound–target network. Topological parameters of the network (degree, betweenness centrality, and closeness centrality) were analyzed using the tools Network Analyzer of Cytoscape 3.6.1. The major active compounds and therapeutic targets were screened by the value of topological parameters higher than the median.
2.7.4 Gene function annotation and construction of the target-pathway/biological process network
The Database for Annotation, Visualization, and Integrated Discovery (DAVID) (Version 6.8) (https://david.ncifcrf.gov/) provided systematic and comprehensive biological function annotation information for a large number of genes. We introduced the target set of GLXB for AS treatment into DAVID and defined the species as “Homo sapiens” for Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses. GO enrichment analysis included biological processes, molecular functions, and cellular components, which annotated the biological functions of genes and discovered the molecular mechanisms of GLXB in treating AS. A p value < 0.01 was used as a screening condition. Enrichment analysis bubble maps were plotted using the R language. Based on the results of the KEGG pathway analysis, pathways related to GLXB and the top 20 enriched genes were identified. Then, Cytoscape (version 3.6.1) was used to further construct the target-pathway/biological process network.
2.8 Experimental validation
2.8.1 Biochemical analysis
Serum levels of TC, TG, LDL-C, and HDL-C were analyzed via an enzyme-labeled instrument (Molecular Devices Co., Ltd. California, United States). The serum levels of IL-1β, IL-6, TNF-α, ALOX5, PTGS2, VEGFA, and eNOS were determined using ELISA kits following the manufacturer’s instructions.
2.8.2 Western blot analysis
The total proteins from the aortic tissue were extracted. Then, protein samples were separated using sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto the polyvinylidene fluoride (PVDF) membrane. After being blocked in 5% skimmed milk for 2 h, the membranes were incubated at 4°C overnight with the primary antibodies, including β-actin, VCAM-1, ICAM-1, GAPDH, p38, p-p38, ATK1, and p-ATK1. Then, the membranes were incubated with corresponding horseradish peroxidase-conjugated secondary antibodies.
2.9 Coimmunofluorescence staining
Frozen sections of aortic tissue were prepared and rewarmed to room temperature before the experiment. The frozen sections were fixed with 4% formaldehyde for 30 min and permeabilized with 0.1% Triton X-100 in PBS for 40 min. Then the goat serum was added and sealed at 37°C for 60 min. After incubating with primary antibodies at 4°C overnight, the slices were washed with PBS before incubation with appropriate fluorescence-labeled secondary antibodies at 37°C for 1 hour. Then, the slices were added DAPI at room temperature for 10 min before taking photographs under a laser microscope.
2.10 Statistical analysis
At least three independent replications were performed. All data were presented as mean ± SEM and analyzed using SPSS 23.0 (United States). Images were processed using Graphpad Prism 5 (GraphPad Software, United States) and Adobe Photoshop (Adobe, United States). Before the statistical analysis, the data were detected to obey normal distribution. Two-tailed Student’s t test was used for analysis between two groups. One-way ANOVA followed by Tukey post hoc tests was used for analysis when more than two treatments were compared. p < 0.05 was considered statistically significant.
3 RESULTS
3.1 The synergetic anti-atherosclerotic effects of Gualou–Xiebai herb pair
To evaluate the synergistic anti-atherosclerotic effects of the GLXB herb pair, we detected plaque formation in the aorta of mice. AS mice were established by feeding with HFD for 12 weeks, and the examination groups were given intragastric administration daily for a total of 4 weeks based on our previous study (Figure 1A). The results of ORO staining and HE staining revealed that the aortas of mice were severely covered by atherosclerotic plaques after HFD administration (p < 0.01), whereas GLXB treatment (6 g/kg) inhibited atherosclerotic lesion formation compared with the model group (p < 0.01) (Figures 1B,C). In addition, Masson staining showed that GLXB treatment (6 g/kg) significantly reduced the collagen deposition in the aortic vessels (p < 0.01) (Figure 1D). Furthermore, the anti-atherosclerotic effects of the GLXB herb pair (6 g/kg) were more significant than those of Gualou (4 g/kg) and Xiebai (2 g/kg) (p < 0.01). Atorvastatin (10 mg/kg) could significantly inhibit plaque formation and collagen deposition, indicating the feasibility of this experiment (p < 0.01). These results confirmed that GLXB could reduce atherosclerotic plaques in AS mice, and GLXB herb pair treatment was more effective than Gualou or Xiebai alone.
[image: Figure 1]FIGURE 1 | The synergetic anti-atherosclerotic effects of GLXB herb pair. (A) Study design of in vivo experiment. (B) En face oil-red O (ORO) staining on the whole aorta of mice and quantification of plaque areas. Bar = 3 mm. (n = 3). (C) HE staining on aortic arch and quantification of plaque areas. Bar = 500 μm. (n = 6). (D) Masson staining on aortic arch and quantification of plaque areas. Bar = 500 μm. (n = 6). Data were expressed as mean ± SEM. *p < 0.05, **p < 0.01. GLXB: Gualou–Xiebai herb pair (6 g/kg); GL: Gualou (4 g/kg); XB: Xiebai (2 g/kg); ATO: Atorvastatin (10 mg/kg).
3.2 Identification of the main components from Gualou–Xiebai using HPLC-Q-TOF-MS
To figure out why the GLXB herb pair was more effective than Gualou or Xiebai alone, we first identified the main components from GLXB and the single herbs using HPLC-Q-TOF-MS. The quality assessment of GLXB based on HPLC fingerprints was shown in the supplementary material. The base peak intensity (BPI) chromatograms of GLXB and the single herbs in positive and negative ion modes were depicted in Figure 2.
[image: Figure 2]FIGURE 2 | The base peak intensity (BPI) chromatograms of GLXB and single herbs from HPLC-Q-TOF-MS analysis. (A) Negative scan of Gualou; (B) positive scan of Gualou; (C) negative scan of Xiebai; (D) positive scan of Xiebai; (E) negative scan of Gualou–Xiebai; (F) positive scan of Gualou–Xiebai.
Then, the UNIFI screening platform was utilized for the analysis of MS data. After automatic information matching and further manual verification, 43 common compounds were ultimately identified from the GLXB herb pair, including 17 steroid saponins, eight flavonoids, seven organic acids, five tetracyclic triterpenoids, two amino acids, two nucleosides, and two other compounds. The detailed MS information of these components was summarized in Table 1. Furthermore, in order to supplement the metabolite prototype of herb pair in vivo, we added the following five prototypes of metabolites deriving from GLXB herb pair in plasma and urine of rats based on the reported study (Li et al., 2019), including macrostemonoside B, 25S-macrostemonoside B, apigenin, chrysoeriol, and kaempferol. Therefore, 48 main components from the GLXB herb pair were identified as active components.
TABLE 1 | Analysis of compounds of GLXB using HPLC-Q-TOF-MSE.
[image: Table 1]Among the identified 48 compounds from the GLXB herb pair, 27 compounds were from Gualou (labeled as yellow) and 26 compounds were from Xiebai (labeled as blue), and the two herbs shared five compounds (labeled as green), according to the component identification of the single herbs (Figure 3). In addition, flavonoids, tetracyclic triterpenoids, and organic acids were the main components of Gualou, whereas steroidal saponins were the main components of Xiebai. These results indicated that the quantity of components from the GLXB herb pair was much more than Gualou or Xiebai alone.
[image: Figure 3]FIGURE 3 | The chemical structures of main compounds from GLXB and the single herbs based on analysis of HPLC-Q-TOF-MS and information retrieval. Compounds from Gualou: labeled as yellow nodes; compounds from Xiebai: labeled as blue nodes; common compounds in two herbs: labeled as green nodes.
3.3 Target prediction and functional analysis of Gualou–Xiebai on atherosclerosis using network pharmacology
3.3.1 Target prediction of Gualou–Xiebai on atherosclerosis
To determine the target of GLXB for treating AS, Swiss Target Prediction, SEA, and TCMSP were introduced to predict the targets of the active compounds. At last, a total of 138 AS-related targets regulated using 48 active compounds were determined, which were ultimately identified as target genes of GLXB for the treatment of AS (Figure 4A). Furthermore, to explore the combined mechanisms of GLXB for AS treatment, 48 active compounds and 138 targets were used to construct the compound–target network. There were 135 targets regulated using 27 active compounds from Gualou (labeled as yellow) and 73 targets regulated using 26 active compounds from Xiebai (labeled as blue), and the two herbs shared 70 targets (labeled as green) (Figure 4B).
[image: Figure 4]FIGURE 4 | Target maps of GLXB on AS. (A) The Venn diagram of the target of GLXB against AS. (B) Compound–target network of GLXB. Targets of Gualou: labeled as yellow circle nodes; targets of Xiebai: labeled as blue circle nodes; targets of Gualou and Xiebai: labeled as green circle nodes; compounds from Gualou: labeled as yellow triangle nodes; compounds from Xiebai: labeled as blue triangle nodes; common compounds in two herbs: labeled as green triangle nodes. (C) Ten key targets of GLXB on AS.
Furthermore, 21 major compounds with 56 anti-atherosclerotic targets of GLXB were screened based on the criterion of the topological eigenvalue (Table 2). Then, 10 key targets were screened via the MCC algorithm, listing as VEGFA (Vascular endothelial growth factor A), TNF (tumor necrosis factor), IL6 (Interleukin 6), PTGS2 (Prostaglandin-endoperoxide synthase 2), CCL2 (C-C motif chemokine 2), IL1B (Interleukin 1B), MMP9 (Matrix Metallopeptidase 9), CXCL8 (Interleukin 8), AKT1 (Serine/threonine-protein kinase), CASP3 (Caspase 3) (Figure 4C). These results indicated that the GLXB herb pair handled more anti-atherosclerotic targets than Gualou or Xiebai alone.
TABLE 2 | Topological eigenvalues of the major compounds and targets.
[image: Table 2]3.3.2 Functional enrichment and pathways analysis of Gualou–Xiebai on atherosclerosis
To further clarify the combination pathways of GLXB for treating AS, all 138 potential targets of GLXB were mapped onto KEGG pathways with p < 0.05. In addition, the top 20 enriched pathways were selected based on the threshold of FDR <0.01 (Figure 5). Furthermore, a compound–target–pathway network was constructed, containing 219 nodes with 48 representative components, 138 representative targets, 37 representative pathways, 58 biological processes, and 2,888 edges. Gualou and Xiebai shared 21 signaling pathways (labeled as red) and 35 biological processes (labeled as purple), whereas 16 signaling pathways (labeled as brown) and 23 biological processes (labeled as pink) were regulated by Gualou alone (Figure 6). These results confirmed that the GLXB herb pair regulated more signaling pathways and more biological processes for treating AS than Gualou or Xiebai alone.
[image: Figure 5]FIGURE 5 | Top 20 enriched pathways of GLXB on AS.
[image: Figure 6]FIGURE 6 | Target-pathway/biological process network of GLXB. Pathways of Gualou: labeled as brown hexagon nodes; biological process of Gualou: labeled as pink hexagon nodes; pathways of Xiebai: labeled as red hexagon nodes; biological process of Xiebai: labeled as purple hexagon nodes; targets of Gualou: labeled as yellow circle nodes; targets of Xiebai: labeled as blue circle nodes; targets of Gualou and Xiebai: labeled as green circle nodes.
Among the 37 pathways, the TNF signaling pathway exhibited a relatively high number of target connections (degree = 21), followed by the MAPK signaling pathway (degree = 18), toll-like receptor signaling pathway (degree = 15), and HIF-1 signaling pathway (degree = 14), etc., all of which were related to inflammation and immune response. In addition, regulation of lipolysis in adipocytes (degree = 9) and VEGF signaling pathway (degree = 9) also had a high degree, which were related to the regulation of blood lipid level and endothelial growth/function.
Therefore, according to the compound–target–pathway network, the possible mechanisms of GLXB treatment against AS mainly included three aspects, inflammation/immune response, endothelial growth/function, and regulation of blood lipid levels.
3.4 Validation of the mechanisms of Gualou–Xiebai treatment against atherosclerosis in vivo
3.4.1 Gualou–Xiebai suppressed inflammatory response of atherosclerosis mice
To clarify the effects of GLXB treatment on the inflammatory response, we selected inflammatory targets screened by network pharmacology for validation. The levels of IL-6, IL-1β, TNF-α, ALOX5, and PTGS2 in serum and the expression of the p-p38 protein in the aorta of AS mice were detected (Figures 7A–F). From the results, the levels of serum IL-6, IL-1β, TNF-α, ALOX5, and PTGS2 and the protein expression of p-p38 were increased in the model group compared with the control group (p < 0.01), which were reversed after GLXB treatment (6 g/kg) (p < 0.01). In addition, Gualou alone (4 g/kg) could decrease these targets, whereas Xiebai alone (2 g/kg) could inhibit IL-6, IL-1β, TNF-α, and PTGS2 levels and p-p38 expression, compared with the model group (p < 0.05, p < 0.01). Moreover, the downregulating effects of the GLXB herb pair (6 g/kg) on the levels of IL-1β, TNF-α, and ALOX5 were more significant than those of Gualou (4 g/kg) and Xiebai alone (2 g/kg) (p < 0.05, p < 0.01). These results indicated that the GLXB herb pair played an antiinflammatory role in AS mice.
[image: Figure 7]FIGURE 7 | Validation of the mechanisms of GLXB treatment against AS in vivo. (A) The level of IL-6 in the serum of mice. (B) The level of IL-1β in the serum of mice. (C) The level of TNF-α in the serum of mice. (D) The level of ALOX5 in the serum of mice. (E) The expression of the p-p38 protein in the aorta of mice. (F) The level of PTGS2 in the serum of mice. (G) The expression of the p-AKT protein in the aorta of mice. (H) The level of VEGFA in the serum of mice. (I) The level of eNOS in the serum of mice. Data were expressed as mean ± SEM. *p < 0.05, **p < 0.01. (J) The expressions of VCAM-1 and ICAM-1 proteins in the aorta of mice. Data were expressed as mean ± SEM. **p < 0.01 vs. control group, ΔΔp < 0.01 vs. GLXB group, #p < 0.05, ##p < 0.01 vs. model group. (K) Coimmunofluorescence staining of aortic tissue sections with antibodies to CD68 and α-SMA. Bar = 25 μm. (L) The level of TC in the serum of mice. (M) The level of TG in the serum of mice. (N) The level of LDL-C in the serum of mice. (O) The level of HDL-C in the serum of mice. Data were expressed as mean ± SEM (n = 6). *p < 0.05, **p < 0.01. GLXB: Gualou–Xiebai herb pair (6 g/kg); GL: Gualou (4 g/kg); XB: Xiebai (2 g/kg); ATO: atorvastatin (10 mg/kg).
3.4.2 Gualou–Xiebai regulated the vascular endothelial growth/function of atherosclerosis mice
To illustrate the effects of GLXB treatment on endothelial cell growth and endotheliocyte function, we selected endothelial growth-related targets screened by network pharmacology and adhesion indicators for validation. The levels of VEGFA, eNOS in serum, the expressions of p-AKT, VCAM-1, and ICAM-1 proteins in the aorta, and macrophage infiltration in the aorta of AS mice were detected.
As shown in Figures 7G–J, serum VEGFA level and p-AKT, VCAM-1, and ICAM-1 proteins expressions were increased in the model group compared to the control group, whereas serum eNOS level was decreased in the model group (p < 0.01). Otherwise, the GLXB herb pair (6 g/kg) and Gualou alone (4 g/kg) could reverse the levels above (p < 0.01), whereas Xiebai alone (2 g/kg) could significantly decrease the VEGFA level and p-AKT, VCAM-1, and ICAM-1 expressions (p < 0.05, p < 0.01). The effects of the GLXB herb pair (6 g/kg) on VEGFA and eNOS levels were more significant than those of Gualou alone (4 g/kg), whereas the effects of the GLXB herb pair (6 g/kg) on eNOS, VCAM-1, and ICAM-1 levels were more remarkable than those of Xiebai alone (2 g/kg) (p < 0.05).
In addition, we used immunofluorescence to label CD68 as a specific protein marker of macrophages, and α-SMA as a specific protein marker of smooth muscle cells in the aorta. As shown in the results of co-immunofluorescence staining (Figure 7K), the colocalization of CD68 and α-SMA in the aorta was increased in the model group compared with the control group, which could be reversed using the GLXB herb pair. This result indicated that the GLXB herb pair could reduce the adhesion and infiltration of macrophages to the vascular wall.
These results above elucidated that the GLXB herb pair could regulate endothelial growth-related targets and improve endotheliocyte function to alleviate AS.
3.4.3 Gualou–Xiebai regulated the blood lipid levels of atherosclerosis mice
To observe the regulating effects of GLXB treatment on blood lipid levels, we detected the serum levels of TC, TG, LDL-C, and HDL-C in AS mice (Figure 7L–O). Compared with the control group, the serum levels of TC, TG, and LDL-C were significantly enhanced and the serum level of HDL-C was reduced in the model group, which could be reversed using GLXB treatment (6 g/kg) (p < 0.01). In addition, Gualou alone (4 g/kg) could regulate these blood lipid levels of AS mice and Xiebai alone (2 g/kg) could improve the levels of TC, TG, and HDL-C (p < 0.05, p < 0.01). Furthermore, the regulating effects of the GLXB herb pair (6 g/kg) on the blood lipid levels were more significant than those of Xiebai alone (2 g/kg), whereas the regulating effects of the GLXB herb pair (6 g/kg) on TC, TG, and HDL-C levels were more obvious than those of Gualou (4 g/kg) (p < 0.05). These results demonstrated that the GLXB herb pair could regulate the blood lipid levels to alleviate AS. Moreover, the specific mechanisms of GLXB herb pair on lipid metabolism are still under study.
Together, the validation experiments above illustrated that the synergetic anti-atherosclerotic effects of GLXB herb pair may be because of suppressing inflammation, regulating vascular endothelial growth/function, and improving blood lipid levels.
4 DISCUSSION
The main findings of this study were as follows: First, the anti-atherosclerotic effects of the GLXB herb pair (6 g/kg) were more significant than those of Gualou (4 g/kg) or Xiebai alone (2 g/kg). Second, 48 main active components from the GLXB herb pair were identified, which were responsible for the anti-atherosclerotic effects. Third, the GLXB herb pair handled more anti-atherosclerotic targets and more signaling pathways than Gualou or Xiebai alone, whereas 10 key targets of GLXB were found by topological analysis. Fourth, the combination mechanisms of GLXB treatment against AS were verified in vivo, including suppressing inflammation, regulating vascular endothelial growth/function, and improving blood lipid levels, and the effects of GLXB herb pair (6 g/kg) on levels of IL-1β, TNF-α, ALOX5, VEGFA, eNOS, VCAM-1, ICAM-1, and blood lipids were more significant than those of Gualou (4 g/kg) or Xiebai alone (2 g/kg).
In our previous study, we found the anti-atherosclerotic effects of GLXB treatment on HFD-fed ApoE−/− mice (Xu et al., 2021). In this study, we confirmed that the GLXB herb pair could inhibit atherosclerotic lesion formation and collagen deposition in the aortic vessels of AS mice. In clinical application of TCM, GLXB herb pair has been used to extinguish phlegm, promote Qi circulation and disperse stasis for thousands of years, which is related to clinical treatment of cardiovascular disease in modern medicine (Ding et al., 2013; Lin et al., 2021). Pharmacological studies have shown that the GLXB herb pair has cardiovascular protective effects (Ding et al., 2016; Yan et al., 2018). In this study, the anti-atherosclerotic effects of the GLXB herb pair (6 g/kg) were proven to be more significant than those of Gualou (4 g/kg) or Xiebai alone (2 g/kg). Therefore, the combination mechanisms of GLXB treatment against AS were worthy of further investigation.
In this study, HPLC-Q-TOF-MS technology was used to rapidly and comprehensively analyze the chemical components of GLXB, and 43 compounds were identified. In consideration of the lack of GLXB’s metabolite prototype in our result, we supplemented five prototypes of metabolites deriving from GLXB herb pair in plasma and urine of rats based on the reported study (Lin et al., 2018; Li et al., 2019). In addition, our results also showed that the quantity of components from the GLXB herb pair was much more than Gualou or Xiebai alone, which was the foundation of the obvious effects of the GLXB herb pair against AS.
Thereafter, to clarify the relationship between compounds and efficacy of GLXB herb pair, network pharmacology was used to predict the anti-atherosclerotic targets and signaling pathways of GLXB treatment based on the main compounds. From our results, the GLXB herb pair handled more anti-atherosclerotic targets and more signaling pathways than Gualou or Xiebai alone, thereby, GLXB herb pair was more effective in treating AS. In addition, 10 key targets of GLXB were found by the topological analysis, listing as VEGFA, TNF, IL6, PTGS2, CCL2, IL1B, MMP9, CXCL8, AKT1, and CASP3. These 10 targets are closely related to the occurrence and development of AS. Studies have shown that abnormal expression of VEGFA could lead to proliferation and migration of vascular endothelial cells, resulting in plaque vulnerability and breakability, macrophage infiltration, and atherosclerotic lesions (Hu et al., 2018; Braile et al., 2020). In addition, the development of AS is closely related to the activation of inflammatory factors, such as TNF-α (Duan et al., 2021; Kim et al., 2021), IL6 (Tyrrell and Goldstein, 2021), IL1B (Mai and Liao, 2020), and CXCL8 (Hedayati-Moghadam et al., 2021). Furthermore, PTGS2 is a rate-limiting enzyme that produces inflammatory prostaglandins, which can enhance inflammation to promote AS (Papageorgiou et al., 2016; Zhou et al., 2021). The study verified that higher expression of the CCL2 gene led to a higher likelihood of developing AS (Winter et al., 2018). Inflammatory cells could accelerate carotid artery calcification via modulating MMP9 and cause AS (Liang et al., 2021). Modulation of the AKT activity levels in macrophages significantly affected their polarization phenotype in AS mice (Linton et al., 2019). CASP3 deletion could promote necrosis in atherosclerotic plaques of ApoE −/− mice (Grootaert et al., 2016). Taken together, these 10 targets were proven to be involved in the development of AS, which were predicted as the key anti-atherosclerotic targets of GLXB.
Further pathway enrichment analysis revealed that the most important pathways regulated using GLXB were considered as TNF signaling pathway, MAPK signaling pathway, toll-like receptor signaling pathway, HIF-1 signaling pathway, VEGF signaling pathway, and regulation of lipolysis in adipocytes. As reports have shown, the TNF signaling pathway regulates the expressions of many genes related to vascular inflammation (He et al., 2017) and targets inflammatory molecules (Poznyak et al., 2021). The MAPK signaling pathway is involved in inflammatory signaling and promoting the formation of atherosclerotic lesions (Reustle and Torzewski, 2018). The toll-like receptor can reduce the severity of AS by inhibiting vascular inflammation (Li et al., 2020). HIF1α plays multiple roles in the development of AS, including rendering the cells more inflammatory (Knutson et al., 2021). In addition, the VEGF signaling pathway could lead to the proliferation of vascular endothelial cells (Braile et al., 2020) and dysregulation of lipid metabolism causes AS (Lin C. H. et al., 2021). Above all, these signaling pathways regulated using GLXB could be summarized into three biological processes, inflammation, endothelial growth/function, and regulation of blood lipids. Therefore, we predicted that the combination mechanisms of GLXB treatment against AS included suppressing inflammation, regulating vascular endothelial growth/function, and improving blood lipid levels.
At last, the predicted mechanisms of GLXB treatment against AS were confirmed experimentally on AS mice in this study. From the aspect of inflammation, our previous studies have established AS model in ApoE−/− mice and found that GLXB treatment could inhibit the levels of IL1β and TNF-α in the liver (Xu et al., 2021) and decrease the levels of IL-1β, IL-18 in the serum of HFD-fed ApoE−/− mice (Ding et al., 2022). In addition, GLXB treatment could also reduce the levels of IL6 and TNF-α in the serum of hyperlipidemia rats (Zhong et al., 2020). In this study, IL-6, IL-1β, TNF-α, ALOX5, PTGS2, and p-p38 were selected as inflammatory targets for validation. The study showed that blocking ALOX5 suppressed inflammation and immune function (Sun et al., 2019). Moreover, p-p38 is a key target of the MAPK signaling pathway (Cuadrado and Nebreda, 2010). Our results indicated that the GLXB herb pair (6 g/kg) could downregulate these inflammatory targets. In addition, the expressions of VEGFA, eNOS, p-AKT, VCAM-1, ICAM-1, and macrophage infiltration were detected to validate the effects of GLXB on vascular endothelial growth and endotheliocyte function. A report shows that eNOS disorder could cause abnormal production of NO, which may damage endothelial function and trigger AS (Hong et al., 2019). P-AKT is a key target of the PI3K/AKT signaling pathway, regulating cell proliferation (Linton et al., 2019). Moreover, endothelial cell dysfunction encompasses a constellation of various alterations, including abnormal adhesion function with elevated VCAM-1 and ICAM-1 (Gimbrone and García-Cardeña, 2016; Baker et al., 2018). Therefore, our results demonstrated that the GLXB herb pair (6 g/kg) could regulate endothelial growth-related targets and improve endotheliocyte function to alleviate AS. In addition, blood lipid levels could be regulated using the GLXB herb pair (6 g/kg), which was also more significant than using Gualou (4 g/kg) or Xiebai alone (2 g/kg). Taken together, the combination mechanisms of GLXB treatment against AS were verified in vivo, including suppressing inflammation, regulating vascular endothelial growth/function, and improving blood lipid levels.
5 CONCLUSION
In summary, the GLXB herb pair displayed a more significant effect on treating AS than Gualou or Xiebai alone. In addition, the combination mechanisms of the GLXB herb pair were elucidated in terms of components, targets, and signaling pathways, which may be related to suppressing inflammation, regulating vascular endothelial growth/function, and improving blood lipid levels.
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