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Background: Inadequate lymphangiogenesis is closely related to the occurrence of many kinds of diseases, and one of the important treatments is to promote lymphangiogenesis. Kuoxin Decoction (KXF) is an herbal formula from traditional Chinese medicine used to treat dilated cardiomyopathy (DCM), which is associated with lymphangiogenesis deficiency. In this study, we comprehensively verified whether KXF promotes lymphangiogenesis in zebrafish and in vitro based on network analysis.
Methods: We performed virtual screening of the active compounds of KXF and potential targets regarding DCM based on network analysis. Tg (Flila: EGFP; Gata1: DsRed) transgenic zebrafish embryos were treated with different concentrations of KXF for 48 h with or without the pretreatment of MAZ51 for 6 h, followed by morphological observation of the lymphatic vessels and an assessment of lymphopoiesis. RT-qPCR was employed to identify VEGF-C, VEGF-A, PROX1, and LYVE-1 mRNA expression levels in different groups. After the treatment of lymphatic endothelial cells (LECs) with different concentrations of salvianolic acid B (SAB, the active ingredient of KXF), their proliferation, migration, and protein expression of VEGF-C and VEGFR-3 were compared by CCK-8 assay, wound healing assay, and western blot.
Results: A total of 106 active compounds were identified constituting KXF, and 58 target genes of KXF for DCM were identified. There were 132 pathways generated from KEGG enrichment, including 5 signaling pathways related to lymphangiogenesis. Zebrafish experiments confirmed that KXF promoted lymphangiogenesis and increased VEGF-C and VEGF-A mRNA expression levels in zebrafish with or without MAZ51-induced thoracic duct injury. In LECs, SAB promoted proliferation and migration, and it could upregulate the protein expression of VEGF-C and VEGFR-3 in LECs after injury.
Conclusion: The results of network analysis showed that KXF could regulate lymphangiogenesis through VEGF-C and VEGF-A, and experiments with zebrafish confirmed that KXF could promote lymphangiogenesis. Cell experiments confirmed that SAB could promote the proliferation and migration of LECs and upregulate the protein expression of VEGF-C and VEGFR-3. These results suggest that KXF promotes lymphangiogenesis by a mechanism related to the upregulation of VEGF-C/VEGFR-3, and the main component exerting this effect may be SAB.
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INTRODUCTION
Lymphangiogenesis is defined as the formation of new lymphatic vessels from existing lymphatic vessels, which involves the proliferation, migration, and tube formation of lymphatic endothelial cells (LECs). Although LECs are static in most cases, LECs migrate, proliferate, and form lymphatic vessels under the influence of growth chemokines when involved in inflammation, tumors, trauma, etc. Studies have confirmed that many diseases are associated with morphological or functional defects in the lymphatics such as lymphedema (Oliver et al., 2020), dilated cardiomyopathy (DCM) (Benvenuti et al., 2010), obesity (Blum et al., 2014; Escobedo et al., 2016), myocardial infarction (Angeli and Harvey, 2015; Henri et al., 2016), Parkinson’s disease (Zou et al., 2019), and stroke (Yanev et al., 2020).
In recent years, lymphatic development has drastically progressed with the identification of specific lymphatic endothelial cell (LEC) markers such as vascular endothelial growth factor receptor (VEGFR)-3, LYVE-1, PROX1, and Podoplanin. Many studies indicated that therapeutic lymphangiogenesis could be a new strategy for the treatment of diseases associated with defective lymphangiogenesis (Henri et al., 2016; Vuorio et al., 2017). A study showed that myocardial edema, inflammation, and fibrosis were reduced, cardiac function was improved, and the number of lymphatic vessels was increased in a model of myocardial infarction with treatment with VEGF-C (Houssari et al., 2020).
Dilated cardiomyopathy is one of the primary cardiovascular diseases and is one of the three leading causes of heart failure and sudden death. In recent years, many studies (Benvenuti et al., 2010) have confirmed that lymphatic capillaries are rare and the diameter of myocardial lymphatic vessels has decreased in myocardial interstitial fibrosis in patients with dilated cardiomyopathy. Therapeutic lymphangiogenesis may be a promising new approach for the treatment of DCM-induced heart failure (Peng et al., 2020), but there are few effective and safe drugs promoting lymphangiogenesis.
Kuoxin Decoction (KXF) is a traditional Chinese medicine (TCM) formula used for the treatment of DCM, the principal herbs of which are Astragalus mongholicus Bunge (Huangqi), Polygonatum kingianum Collett and Hemsl (Huangjing), Salvia miltiorrhiza Bunge (Danshen), Neolitsea cassia (L.) Kosterm (Guizhi), and Trichosanthes kirilowii Maxim (Gualoupi). A clinical trial (Wang et al., 2017) indicated that Western medicine combined with KXF could significantly improve the cardiac function and quality of life of patients with DCM compared with western medicine alone. Moreover, the combination therapy group showed a significantly lower readmission rate in some patients, indicating that the long-term efficacy of the combination therapy was better than that of the control group. However, the pharmacological mechanism of KXF and whether the therapeutic effect is related to lymphangiogenesis remain unclear. Therefore, this study aims to investigate whether the therapeutic effect of KXF is related to lymphangiogenesis.
Network analysis systematically explores the relationship between drugs and diseases based on an approach of “multi-gene and multi-target– complex disease.” It comprehensively reveals the mechanism of action of traditional Chinese medicine. Therefore, it has been considered a promising method for TCM research (Xu et al., 2011). As a spinal model animal, the zebrafish model is widely used in studies of cardiovascular diseases with features such as heart rate, cardiac action potential shape, duration, and diastolic heart function that are closer to the human heart than in rodents (Iorga et al., 2011; Wilkinson et al., 2014; Liu et al., 2016; Vornanen and Hassinen 2016; Zhao et al., 2018). Therefore, this study predicted the potential targets related to lymphangiogenesis of KXF for DCM based on the network analysis and verified the mechanism of regulating lymphangiogenesis in zebrafish models and lymphatic endothelial cells.
MATERIALS AND METHODS
Materials and reagents
KXF was provided by the TCM Preparation Department of Longhua Hospital, Shanghai University of Traditional Chinese Medicine. Salvianolic acid B (A0056) was purchased from CHENGDU MUST BIO-TECHNOLOGY (China).
Fetal bovine serum (FBS) (10100147), penicillin–streptomycin (15140122), and trypsin-EDTA (0.25%) phenol red (25200056) were collected from Gibco (America). MEM-ALPHA (01-042-1A) was obtained from Biological Industries (Israel). DMSO (D2650), chloroform (C2432), isopropanol (563935), PTU (P7629), tricaine (A5040), MAZ51 (676492), methylcellulose (M0512), tri reagent (T9424), and an anti-GAPDH (G9545) antibody were purchased from Sigma-Aldrich (America). DEPC-treated water (B501005) was purchased from Sangon Biotech (China). QuantiNova SYBR Green PCR Kit and QuantiNova Reverse Transcription Kit were provided by QIAGEN (Germany). Cell Counting Kit-8 reagent (C0038) and BeyoECL Plus (P0018S) were purchased from Beyotime (China). Anti-VEGFC antibody (ab83905), anti-FLT4/VEGFR3 antibody (ARG58698), and anti-rabbit IgG, HRP-linked antibody (7074S) were purchased from Abcam (England), Arigo (China), and Cell Signaling TECHNOLOGY (America), respectively.
High-performance liquid chromatography
The extract of KXF (122.2 mg) was dissolved in 50% methanol (10 ml), the contents of salvianolic acid B (SAB) in which were determined, and the chromatographic separation conditions were as follows: Welch Ultimate XB-C18 column (4.6 [image: image] 250 mm, 5 μm); the mobile phase: AcCN (A)–0.3% phosphoric acid-H2O (B) (0–10 min, 5–20%A; 10–25 min, 20–40%A; 25–30 min, 40–95%A); flow rate: 1.0 ml/min. The detection wavelength of salvianolic acid B was 286 nm and the injection volume was 20 μL.
Identification of active ingredients and prediction of KXF-associated targets
Active ingredients of KXF were retrieved from TCMSP (https://www.tcmsp-e.com/) with the filter conditions of human oral bioavailability (OB) [image: image] 30% and drug-likeness (DL) [image: image] 0.18. TCMSP was also employed to identify the targets of bioactive molecules. The results of target prediction were sorted from high to low according to “Probability”, and the gene names of the drug targets were retrieved through the UniProt search function in the UniProt database (http://www.uniprot.org/).
Screening of drug–disease targets
Genecards (https://www.genecards.org/) were used to obtain targets of DCM with a screening criterion of the relevance score [image: image] 10. Targets of KXF and targets of DCM were cross-referenced to identify the potential targets of KXF for DCM.
Visualization of the component-target–disease network and protein–protein interaction network
All intersected targets of the active compounds and disease-related genes were put into the Cytoscape software (Version 3.7.2) to obtain intersections among intersected genes and visualize the ingredient–pathway network. STRING version 11.0 was used to evaluate the PPI information of the overlapped genes, and their biological functions were also obtained with a combine score [image: image] 0.4 and hiding the disconnected nodes in the network.
Functional enrichment analysis of the potential action targets
The Bioconductor database (http://www.bioconductor.org/) was used to query drug–disease target genes. Gene Ontology (GO) enrichment analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis were performed for the potential targets of KXF (p [image: image] 0.05).
Construction of the medicinal material–component–target–pathway network
The action targets and their related signaling pathways were predicted and then imported into the Cytoscape 3.7.2 software for constructing a network of medicinal material-component-target-pathway to explore the overall pharmacological mechanism of KXF. The topological characteristics of the nodes were evaluated, including degree, betweenness, and closeness. Nodes in the network, connected by edges, represent medicinal materials, ingredients, targets, and pathways. The degree of a node is the number of edges connected to that node, which means that the higher degree, the more nodes it is directly connected to, and the more importance the node has in the network. The closer the nodes are connected, the more influential the nodes are in the network.
Animals
Animal administration
The transgenic zebrafish line (Flila: egfp; Gata1: dsred), which expresses egfp at endothelial cells and dsred at blood cells, was kindly provided by Basic Medical Sciences College of Fudan University. Embryos produced by natural spawning from paired mating were raised in an E3 medium (0.29 g NaCl, 0.0133g KCl, 0.0365 g CaCl2, 0.0815 g MgCl2·6H2O2, pH 7.4). All animal experiments were conducted under the standards of national and EU regulations.
Toxicity analysis of KXF in zebrafish
Tg (Flila: egfp; Gata1: dsred) of 48hpf transgenic zebrafish was treated with different dosages of KXF for 48 h to determine the safe dosage of KXF by observing the morphology and heart rate of the zebrafish.
Model of normal lymphatic vessels in zebrafish
At 48 h post fecundation (hpf), healthy zebrafish embryos were picked out and distributed into a 12-well microplate with 10 fish per well. The embryos were randomly divided into 3 groups including the NC group, the low KXF (15 μg/ml) group, and the high KXF (45 μg/ml) group. The 48 hpf zebrafish embryos were treated with different concentrations (15, 45 μg/ml) of KXF for 48 h. The embryo treated with 0.2% DMSO served as vehicle control. Each group consisted of 30 fish.
Model of impaired lymphatic vessels in zebrafish
The 48hpf zebrafish were picked out and divided into 4 groups: the NC group, the model group, the low KXF (15 μg/ml) group, and the high KXF (45 μg/ml) group. The 48 hpf zebrafish embryos were treated with different dosages (15, 45 μg/ml) of KXF for 48 h with a pre-treatment of 30 μM MAZ51 (a selective inhibitor of VEGFR-3(Flt-4) tyrosine kinase) for 6 h. Embryos of the NC group were treated with 0.2% DMSO served as the vehicle control. Each group consisted of 30 fish.
Morphological observation and quantification of lymphatic thoracic ducts of zebrafish
After treatment for 48 h of KXF, zebrafish embryos were anesthetized, spread on the coverslip, and fixed horizontally. The images of the zebrafish embryos were obtained by a confocal fluorescence imaging microscope (Olympus). The thoracic duct (TD) is the only lymphatic vessel directly observed in the embryo, which is located between the dorsal aorta (DA) and posterior cardinal vein (PCV). The fluorescence intensity of the thoracic lymphatic vessels was measured from the seventh or eighth to 18th body segments, respectively.
Real-time quantitative PCR
The RNA of each group was harvested and isolated by using a Tri reagent, the concentration of which was quantified by a Nano Drop 2000. The purified RNA was reversely transcribed into cDNA using the QuantiNova Reverse Transcription Kit and then amplified in a StepOnePlus PCR machine. The sequences for the primers were as follows: the forward primer sequence of VEGF-C is 5′-TCT​CGG​AAT​GTG​TCT​AAC​CGC-3′, the reverse primer sequence of VEGF-C is 5′-GTT​TCC​TTC​TTC​ACA​AGC​GGC-3’; the forward primer sequence of VEGF-A is 5′-GAC​ATC​AGA​AAA​CGC​GCA​GG-3′, the reverse primer sequence of VEGF-A is 5′-TGT​TCA​GTG​TGT​CGT​TAG​CGT-3’; the forward primer sequence of PROX1 is 5′-AGT​GAA​GAG​GAC​TGT​TGG​GC-3′, the reverse primer sequence of PROX1 is 5′-ATG​ATG​GTT​GCC​CCT​GGA​AA-3’; the forward primer sequence of LYVE-1 is 5′-CCC​CCG​CTA​AAT​GAT​GGA​GTT-3’, the reverse primer sequence of LYVE-1 is 5′-CTC​AAC​CCA​ACC​AAA​CCT​GC-3’; and the forward primer sequence of EF-1α is 5′-TAG​ACG​CTA​TCC​TAC​CCC​CCA-3′, the reverse primer sequence of EF-1α is 5′-GTG​AAA​TCA​GCA​GCA​CCC​TTG-3’. The results of RT-qPCR were calculated based on the 2-DeltaDeltaCt method.
Cells
The cultivation of lymphatic endothelial cells
Dr. Ran from the University of Illinois (USA) provided the lymphatic endothelial cell (LEC) line. LECs were cultured in a medium consisting of MEM-ALPHA supplemented with 10% fetal bovine serum (FBS) and 1% penicillin–streptomycin in a constant-temperature incubator at 37 C (5% CO2). During the logarithmic growth phase of the cells, Trypsin-EDTA (0.25%) was used for trypsinization and subculture. Resuscitated third-generation cells were used for the experiments.
Cell proliferation assay
According to the manufacturer’s instructions, the proliferation of LECs was determined by the Cell Counting Kit-8 (CCK-8). The cells were seeded into 96-well plates at the density of 7 [image: image] 10^2 cells/well and incubated with MEM-ALPHA (2% FBS) in an incubator with an environment of 37°C and 5% CO2 for 24 h. After that, the culture medium was replaced with MEM-ALPHA (2% FBS) containing different concentrations of Salvianolic acid B (SAB, the major active ingredient of KXF) (5, 10, 15, 20, 25, 37.5, 50, and 100 μg/ml) and MEM-ALPHA (2% FBS) was as the vehicle control. After 24, 48, and 72 h, 10 μL of the CCK-8 solution was added to each well and incubated for another 2 h. Finally, the optical density (OD) of the cells was measured at 450 nm. The cell viability was calculated as follows:
[image: image]
Wound healing assay
Four straight lines were drawn on the bottom of the 6-well plate using the sterilized ruler. The cells were plated in a 6-well plate at the density of 4 [image: image] 10^5cells/well and incubated with MEM-ALPHA (10% FBS) in an incubator with an environment of 37°C and 5% CO2. After 24 h, a 200 μl yellow pipette tip was used to draw a scratch perpendicular to the lines on the bottom of the plate, and non-adherent cells were gently washed off with PBS. After that, MEM-ALPHA (1% FBS) containing different concentrations of Salvianolic acid B (5, 10, and 20 μg/ml) was added in the wells, respectively, and MEM-ALPHA (1% FBS) was as the vehicle control. Then, the wound width was recorded using an inverted microscope after 0 and 24 h with a magnification of 4 [image: image], and the formula was as follows:
[image: image]
Western blot analysis
The cells were plated in a 6-well plate at the density of 2 [image: image] 10^5cells/well and incubated with MEM-ALPHA (10% FBS) in an incubator with an environment of 37°C and 5% CO2; after incubating for 24 h, MEM-ALPHA (10% FBS) containing different concentrations of SAB (0, 5, 10, and 20 μg/ml) was added in the wells respectively and incubated for 24 h.
The cells were plated in a 6-well plate at the density of 2 [image: image] 10^5cells/well and incubated with MEM-ALPHA (10% FBS) in an incubator with an environment of 37°C and 5% CO2; After 24 h, MEM-ALPHA (10% FBS) containing different concentrations of Salvianolic acid B (0, 5, 10, 20 μg/ml) and MAZ51 (7.5 μM) were added in the wells respectively and incubated for 24 h, and MEM-ALPHA (10% FBS) without Salvianolic acid B and MAZ51 was as a vehicle.
After the cells were harvested and lysed, the samples (30 μg protein/lane) were fractionated by PAGE, transferred to PVDF membranes, blocked by a blocking buffer, and incubated with antibodies to VEGF-C, FLT4/VEGFR-3, and GAPDH at a dilution of 1:1,000 overnight at 4°C. The membrane was washed three times with a Tris buffered saline with Tween 20 (TBST) for 15 min and incubated with HRP-linked anti-rabbit IgG for 1 h at room temperature. The strips were visualized using BeyoECL Plus. GAPDH was used as an internal control for normalization. All the experiments were done thrice.
Statistical analysis
Quantitative data were presented as mean ± SD [image: image]. A one-way analysis of variance (ANOVA) was subjected for comparison between more than two groups, and the LSD-t test was used for comparisons between groups. All analyses were performed using the GraphPad Prism version 8.0. A value of p < 0.05 was considered to be significant.
RESULTS
High-performance liquid chromatography
Kuoxin Decoction is a traditional Chinese medicine compound, which contains a variety of chemical ingredients, and Salvianolic acid B, Calycosin, and 5-hydroxymethylfurfural are major chemical elements of KXF. Therefore, a HPLC analysis was used to determine the contents of these components. As shown in Figure 1A and Supplementary Table S3, the retention time of Salvianolic acid B standard at 286 nm was 23.42 min, and the peak height and area were 178.11 and 1785.6 mV*sec, respectively. The content of Salvianolic acid B in the KXF extract was 0.2085 %, and the retention time, peak height, and peak area were 23.92 min, 88.13 mV, and 773.71 mV*sec, respectively (Figure 1B and Supplementary Table S3). Our previous studies have confirmed that Calycosin and 5-hydroxymethylfurfural did not significantly promote the proliferation of lymphatic endothelial cells, so the chromatograms of these ingredients have not been added in this article.
[image: Figure 1]FIGURE 1 | Chromatograms of the Salvianolic acid B standard and extract of KXF. (A). Chromatogram of the Salvianolic acid B standard at 286 nm. The retention time of the Salvianolic acid B standard was 23.42 min, and the peak height and peak area of which were 178.11 and 1785.6 mV*sec, respectively. (B). Chromatogram of the extract of KXF at 286 nm. (1). Salvianolic acid B.
Identification of active ingredients and prediction of Kuoxin Decoction-associated targets
We used the TCMSP database to identify 106 active ingredients and 224 corresponding targets from KXF (Supplementary Table S2). We obtained 722 DCM-relevant genes after administering the search and queries in the GeneCards database (Supplementary Table S2). Furthermore, an intersection between ingredient-targeted and DCM-relevant genes was performed, and 58 overlapped genes were obtained eventually. The chemical component-target–disease network is shown in Figure 2A.
[image: Figure 2]FIGURE 2 | (A). Component-target–disease network diagram. Cross-references to KXF and DCM targets to identify potential targets of KXF associated with DCM. Red nodes represent DCM. The yellow node represents KXF. Green nodes represent the compounds in KXF. Purple nodes represent potential targets of KXF of DCM. (B). Protein–protein interaction network (PPI) shows the interactions between overlapping genes. The yellow node represents a gene, and the red line represents the interaction between genes. The larger the area covered by a gene, the more pronounced the effect of KXF has on that gene.
Based on the overlapped genes, we used the Cytoscape 3.7.2 software to construct a PPI network with a combined_score [image: image] 0.4 (Figure 2B). According to the degree value, genes in the top 20 are VEGF-A, IL6, MMP9, MAPK1, CCL2, CASP3, IL1B, EGFR, NOS3, CXCL8, FOS, STAT3, IL10, MMP2, MYC, ICAM1, PPARG, SPP1, SERPINE1, and MAPK14 (Supplementary Table S2). Notably, it was confirmed that STAT1/STAT3, IL1B/IL2/IL4/IL6/CXCL8/IL10, CCL2 (Aldrich and Sevick-Muraca, 2013; Nielsen et al., 2013; Lim et al., 2016; Korbecki et al., 2021), EGFR (Gore et al., 2016), ERBB2/ERBB3, FOS (Ming et al., 2009), VCAM1 (Prangsaengtong et al., 2018a), ICAM1 (García-Silva et al., 2021), and IGF2 (Björndahl et al., 2005; Lu et al., 2009) were related to lymphangiogenesis.
GO and KEGG enrichment analysis
The Bioconductor database was used to perform a GO enrichment analysis of 58 overlapped genes. The results of the GO analysis are shown in Figures 3A–C and Supplementary Table S2. There are 1,577 entries in the biological process, mainly involving the response to lipopolysaccharide, angiogenesis, regulation of cell–cell adhesion, regulation of the inflammatory response, etc. For example, Ghose S (Ghose et al., 2015) confirmed that δ-Catenin (an adherens junction protein) promotes lymphangiogenesis, and Yang Y (Yang et al., 2015) found that cell adhesion mediated by VCAM-ITGα9 interactions was related to lymphatic development. Lymphatics play an essential pathophysiological role in promoting fluid and immune cell tissue clearance, and different immune cell populations impact lymphatic remodeling exerting either stimulatory or inhibitory effects on the lymphatic endothelial cell growth and survival (Angeli et al., 2006; Kataru et al., 2011; Förster et al., 2012).
[image: Figure 3]FIGURE 3 | Bioconductor database-enriched pathways and GO entries. (A). GO enrichment entries in the top 20 about the biological process (BP). (B). GO enrichment entries in the top 20 about cellular component (CC). (C). GO enrichment entries in the top 20 about molecular function (MF). (D). KEGG enrichment entries in the top 20 (p [image: image] 0.05). The color of the bubble represents the value of p, and the size of the bubble represents the count of relative entries.
In the part of a cellular component analysis, 57 items were obtained mainly concentrated in the membrane raft, membrane microdomain, membrane area, etc. There are 77 items of molecular function, which are mainly related to the cytokine receptor binding function, receptor–ligand activity, and cytokine activity, and many cytokines and their receptors are associated with lymphangiogenesis, like interleukin 7/interleukin 7 receptor and thymic stromal lymphopoietin (Ming et al., 2012; Braile et al., 2021).
As shown in Figure 3D and Supplementary Table S2, 132 signaling pathways were identified through the KEGG enrichment analysis (p [image: image] 0.05), including AGE-RAGE, PI3K-AKT (Roy et al., 2020), IL-17 (Chauhan et al., 2011; Chen et al., 2010: Park et al., 2018), HIF-1 (Prangsaengtong et al., 2018b; Roy et al., 2020), and TNF (Hong et al., 2016; Schwager and Detmar, 2019) signaling pathways associated with lymphangiogenesis.
Construction of medicinal material–chemical component–target–pathway network
The action targets and related signaling pathways from KXF were imported into the Cytoscape software to construct compound–target networks and compound–target pathway networks to explore the overall pharmacological mechanisms of KXF. As shown in Figure 4, the network is composed of 157 nodes, including 5 medicines, 74 active ingredients, 58 related genes, and 20 signaling pathways.
[image: Figure 4]FIGURE 4 | Medicinal material-component-target-signal pathway network. Blue nodes represent the 5 principal components of KXF, purple nodes represent active compounds, red nodes represent relative genes, and yellow nodes represent signaling pathways. 黄芪:Astragalus mongholicus Bunge (Huangqi), 黄精:Polygonatum kingianum Collett and Hemsl (Huangjing), 丹参:Salvia miltiorrhiza Bunge (Danshen), 桂枝:Neolitsea cassia (L.) Kosterm (Guizhi), 瓜蒌(皮):Trichosanthes kirilowii Maxim (Gualoupi).
Toxicity analysis of Kuoxin Decoction in zebrafish
Tg (Flila: egfp; Gata1: dsred) of 48hpf transgenic zebrafish were treated with different dosages of KXF for 48 h to determine the safe dosage of KXF. As shown in Table 1 and Figure 5, the results showed that the morphology and heart rate was normal in zebrafish when the KXF concentration was less than or equal to 45 μg/ml compared with the control group. However, when the concentration of KXF was 60 μg/ml, the phenomena of body deformity and disappearing heartbeat occurred in the zebrafish (p [image: image] 0.01), which indicated that the concentrations of KXF ([image: image] had no obvious toxic effect on the growth and development of zebrafish, so we chose the dosage of 15, 45 μg/ml in the following experiments.
TABLE 1 | Toxicity analysis of KXF in zebrafish.
[image: Table 1][image: Figure 5]FIGURE 5 | Toxicity analysis of KXF in zebrafish. Tg (Flila: egfp; Gata1: dsred) transgenic zebrafish of 48hpf was treated with different dosages of KXF for 48 h to determine the safe dosage of KXF. Quantitation of the survival zebrafish number. **p [image: image] 0.01 vs. control group.
Kuoxin Decoction promotes lymphangiogenesis in a normal zebrafish model
To determine the effect of KXF on lymphatic vessels, we used a zebrafish screening system. At 48hpf, the zebrafish were treated with KXF (15, 45 μg/ml) for 48 h, and we found that, 15 and 45 μg/ml KXF significantly increased the fluorescence intensity in the thoracic duct compared to the NC group. (p [image: image] 0.01) (Figure 6).
[image: Figure 6]FIGURE 6 | KXF increased the lymphatic thoracic duct formation in zebrafish. (A). Confocal image of the 96 hpf. zebrafish vascular system. (A). The red-boxed region indicates the area of the confocal image (from the seventh or eighth to the 18th somite). (B). Representative confocal images show that KXF promoted the thoracic lymphatic duct formation in zebrafish, the white arrow indicates the thoracic lymphatic duct; (B). Quantitation of the fluorescence intensity of the thoracic lymphatic duct. **p [image: image] 0.01 vs. NC group.
Kuoxin Decoction promotes lymphangiogenesis in the impaired lymphatic thoracic duct induced by the VEGFR-3 kinase inhibitor (MAZ51)
Tg (Flila: EGFP; Gata1: DsRed) transgenic zebrafish embryos of 48hpf were pretreated with 30 μM vascular endothelial growth factors receptor-3 (VEGFR-3) kinase inhibitor (MAZ51) for 6 h, and then treated with different concentrations of KXF (15,45 μg/ml) for 48 h. We found that MAZ51 remarkably impaired the thoracic duct formation (p [image: image] 0.01), but treatment with KXF (15, 45 μg/ml) significantly improved the damage to the thoracic duct (p [image: image] 0.01) (Figure 7).
[image: Figure 7]FIGURE 7 | Impaired lymphatic thoracic duct formation induced by VEGFR-3 kinase inhibitor (MAZ51) was rescued by KXF. (A). Representative confocal images show that KXF promoted the thoracic lymphatic duct formation in zebrafish. The white arrow indicates the thoracic lymphatic duct, and the white star indicates a lack of lymphatic vessels; (B). Quantitation of the fluorescence intensity of the thoracic lymphatic duct. * *p [image: image] 0.01 vs. model group.
Kuoxin Decoction promotes the expression of VEGF-C and VEGF-A mRNA in two models of zebrafish
As shown in Figure 8, VEGF-C, VEGF-A, and PROX1 mRNA levels were significantly increased in the KXF-treated group compared with the NC group (p [image: image] 0.05), while the LYVE-1 mRNA levels had no significant difference between the NC group and other groups (p [image: image] 0.05).
[image: Figure 8]FIGURE 8 | KXF promoted the expression of mRNAs related to the lymphatic vessel. The image represents the expression levels of VEGF-C, VEGF-A, PROX1, and LYVE-1 mRNA in normal zebrafish with the treatment of two dosages of KXF for 48 h. *p [image: image] 0.05 vs. NC group, **p [image: image] 0.01 vs. NC group.
As shown in Figure 9, VEGF-C(p [image: image] 0.01), VEGF-A (p [image: image] 0.01), PROX1 (p [image: image] 0.01), and LYVE-1(p [image: image] 0.05) mRNA levels were significantly decreased in the model group compared with the NC group. In contrast, VEGF-C and VEGF-A mRNA levels were increased after KXF treatment compared with the model group (p [image: image] 0.01). These results indicated that KXF could promote lymphangiogenesis by upregulating the expressions of VEGF-C and VEGF-A mRNA.
[image: Figure 9]FIGURE 9 | KXF increased the expression of mRNAs associated with lymphatic vessels after zebrafish thoracic lymphatic vessels were damaged by the VEGFR-3 kinase inhibitor (MAZ51). After the pre-treatment of MAZ51 (6 h), the expression levels of VEGF-C, VEGF-A, PROX1, and LYVE-1 mRNA in impaired zebrafish with two dosages of KXF for 48 h. *p [image: image] 0.05 vs. Model group, **p [image: image] 0.01 vs. Model group.
Salvianolic acid B (the major active ingredient of Kuoxin decoction) promotes the proliferation of lymphatic endothelial cells
As shown in Figure 10, all groups treated with Salvianolic acid B for 24 h could improve the survival rate of LECs compared with the control group (p [image: image] 0.05). When treatment time was extended to 48 h, the survival rate of the Salvianolic acid B-treated group was higher than that of the control group except for the 100 μg/ml group (p [image: image] 0.05); although there was a tendency to promote proliferation in the 100 μg/ml group, the difference was not statistically significant when compared with the control group (p [image: image] 0.05). The cell survival rate was significantly lower than that in the control group when the concentration of SAB was 37.5, 50, and 100 μg/ml when the treatment time was 72 h (p < 0.05). These results showed that Salvianolic acid B could promote the proliferation of LECs in the concentration range of 5–25 μg/ml, and the optimal incubation time was 24 h. The effect curve peaked at a concentration of 25 μg/ml when the incubation time was 48 and 72 h, respectively. Considering the stability of drug action, the doses of Salvianolic acid B were 5, 10, and 20 μg/ml, and 24 h was chosen as the incubation time in the subsequent experiments.
[image: Figure 10]FIGURE 10 | Salvianolic acid B promoted the proliferation of lymphatic endothelial cells. The image represents the viability of lymphatic endothelial cells treated with different dosages of Salvianolic acid B (5, 10, 15, 20, 25, 37.5, 50, and 100 μg/ml). The green curve represents the cell viability after 24 h of treatment with different concentrations of SAB. The red curve represents the cell viability after 48 h of treatment with different concentrations of SAB. The blue curve represents the cell viability after 72 h of treatment with different concentrations of SAB.
Salvianolic acid B promotes the migration of lymphatic endothelial cells
As shown in Figure 11, the migration rate of Salvianolic acid B at doses of 10 and 20 μg/ml was higher than that of the control group, and the effect of 20 μg/ml was statistically significant (p [image: image] 0.05). There was no significant difference between the 5 μg/ml group and the control group (p [image: image] 0.05). These results imply that Salvianolic acid B promotes the migration of lymphatic endothelial cells.
[image: Figure 11]FIGURE 11 | Salvianolic acid B promoted the migration of lymphatic endothelial cells. The image represents the changes in the scratch width after Salvianolic acid B treatment. (A). The images of the scratches before LECs were treated and after LECs were treated with three dosages of SAB (5, 10, and 20 μg/ml) for 24 h. The distance between two yellow lines is the width of the scratch. (B). Quantitation of migration rate. *p [image: image] 0.05 vs. Control group.
Salvianolic acid B promotes the protein expression of VEGF-C and VEGFR-3 in normal lymphatic endothelial cells
As shown in Figure 12, there was a trend that the three doses of Salvianolic acid B promoted the protein expression of VEGF-C and VEGFR-3. Still, there was no statistical difference compared with the control group (p [image: image] 0.05).
[image: Figure 12]FIGURE 12 | The protein expressions of VEGF-C and VEGFR-3. LECs were treated with different concentrations of SAB for 24h, and cell lysates were prepared and analyzed by western blot assay. (A). Quantitation of the protein expression of VEGF-C. (B). Quantitation of the protein expression of VEGFR-3 protein.
Salvianolic acid B promotes the protein expression of VEGF-C and VEGFR-3 in lymphatic endothelial cells under injury
Lymphatic endothelial cells were simultaneously treated by MAZ51 and three doses of Salvianolic acid B (5, 10, 20 μg/ml) for 24 h, respectively. As shown in Figure 13B, the VEGFR-3 protein expression level in the MAZ51-only group was significantly lower than that in the control group (p [image: image] 0.01). Compared with the group treated with MAZ51 alone, the expression of VEGFR-3 was significantly increased after co-culturing with three doses of Salvianolic acid B. The optimal effective dose was 10 μg/ml (p < 0.0001), which indicated that Salvianolic acid B promoted the protein expression of VEGFR-3 in LECs after injury. As shown in Figure 13A, no significant differences were found in the VEGF-C levels between the MAZ51 group and the Control group (p > 0.05); however, the VEGF-C protein expression was significantly increased after the co-culture with Salvianolic acid B at 5 and 10 μg/ml, respectively (p < 0.001, p < 0.01). Salvianolic acid B (20 μg/ml) showed an increasing trend of the VEGF-C expression, but there was no statistical difference when compared with the MAZ51 group (p > 0.05). These results suggest that Salvianolic acid B promotes the protein expressions of VEGF-C and VEGFR-3 in LECs after injury.
[image: Figure 13]FIGURE 13 | Salvianolic acid B promoted the protein expressions of VEGF-C and VEGFR-3 proteins in lymphatic endothelial cells under injury. After the LECs were treated with MAZ51 for 24 h to induce injury, along with the treatment of three dosages of SAB for 24 h, cell lysates were prepared and analyzed by western blot assay. (A). Quantitation of the protein expression of VEGF-C. (B). Quantitation of protein expression of VEGFR-3. **p [image: image] 0.01 vs. MAZ51 group; ***p [image: image] 0.001 vs. MAZ51 group; ****p [image: image] 0.0001 vs. MAZ51 group.
DISCUSSION
Kuoxin Decoction (Wang et al., 2017) is an herbal formulation for the treatment of dilated cardiomyopathy, which significantly improves patients’ cardiac function and clinical symptoms. In the present study, 106 active compounds of KXF and 224 genes were identified from the TCMSP database, and there were 722 disease-related targets (Supplementary Table S2). Cross-referencing the disease targets with compound targets led to 58 overlapping targets. An enrichment analysis was performed on overlapping target genes to evaluate the relationship between these active compounds and DCM.
GO entry and the KEGG pathway revealed a total of 132 signaling pathways, of which, PI3K-AKT (Roy et al., 2020), IL-17 (Chen et al., 2010; Chauhan et al., 2011; Park et al., 2018), HIF-1 (Prangsaengtong et al., 2018a; Roy et al., 2020), and TNF (Hong et al., 2016; Schwager and Detmar, 2019) signaling pathways are associated with lymphangiogenesis. The top 20 targets in the PPI network are as follows, VEGF-A, IL6, MMP9, MAPK1, CCL2, CASP3, IL1B, EGFR, NOS3, CXCL8, FOS, STAT3, IL10, MMP2, MYC, ICAM1, PPARG, SPP1, SERPINE1, and MAPK14. Most importantly, many research studies have confirmed that STAT1/STAT3, IL1B/IL2/IL4/IL6/CXCL8/IL10, and CCL2 (Aldrich and Sevick-Muraca, 2013; Nielsen et al., 2013; Lim et al., 2016; Korbecki et al., 2021), EGFR (Gore et al., 2016), FOS (Ming et al., 2009), VCAM1 (Prangsaengtong et al., 2018b), ICAM1 (García-Silva et al., 2021), and IGF2 (Björndahl et al., 2005; Lu et al., 2009) could regulate lymphangiogenesis.
To validate the result of the network analysis, the zebrafish model was further used to observe changes in lymphatic vessels and the expression levels of lymphatic-specific markers such as VEGF-C, PROX1, and LYVE-1 mRNA. Ratajska (Ratajska et al., 2014) found that first LYVE-1-bearing cells and tubules occurred on the dorsal atrioventricular sulcus and subsequently these structures gained the Prox-1 antigen in mouse fetuses, which means that there is a certain correlation between the development of cardiac lymphatics and cardiac veins, so, we further analyzed the expression of VEGF-A (a key regulator of angiogenesis) to research the mechanisms and targets of KXF in regulating lymphangiogenesis.
Zebrafish are widely used in research studies about cardiovascular diseases because of their 87% genetic similarity to humans and the advantages of an easy observation of blood vessels and lymphatic vessels, fast reproduction, and high rearing density. The transgenic zebrafish line (Flila: egfp; Gata1: dsred), which expresses egfp (green) at the endothelial cells and dsred (red) at the blood cells, was used to study the effect of KXF on lymphangiogenesis of the thoracic duct in zebrafish with or without injury induced by MAZ51. In zebrafish with or without impaired lymphatic vessels, KXF could promote lymphangiogenesis in both models. The results of a RT-qPCR confirmed that the process was accompanied by upregulating the VEGF-C and VEGF-A mRNA levels.
Many types of research have confirmed that myocardial infarction and atherosclerosis are associated with morphological or functional defects in the lymphatics (Angeli and Harvey, 2015; Henri et al., 2016; Feng et al., 2022). Salvianolic acid B, the major active ingredient of Salvia miltiorrhiza Bunge in KXF, has a cardioprotective effect on acute myocardial infarction and atherosclerosis by inhibiting apoptosis and inflammation (Lin et al., 2016; Yang et al., 2020). Thus, we hypothesized that Salvianolic acid B had the effect of regulating lymphangiogenesis and chose Salvianolic acid B for further investigation in LECs.
Lymphatic endothelial cell experiments further confirmed that Salvianolic acid B, one of the active ingredients of KXF, promoted the proliferation and migration of LECs. Meanwhile, Salvianolic acid B could promote the protein expressions of VEGF-C and VEGFR-3. It is consistent with the results of the network analysis, suggesting that KXF promotes lymphangiogenesis by regulating the VEGF family and that the main component exerting this effect may be Salvianolic acid B.
Many studies have shown that the VEGFR-3-mediated signaling pathway is crucial in regulating lymphangiogenesis. VEGFR-3, a typical lymphoid receptor tyrosine kinase, is mainly expressed in lymphatic endothelial cells, which induces lymphatic vessel germination and affects the development of lymphatic vessels by interacting with VEGF-C or VEGF-D directly. Thus, VEGF-C/VEGFR-3 signaling is critical for LEC proliferation, migration, and survival (Nurmi et al., 2015; Hsu et al., 2019).
PROX1 (Wu et al., 2014) is a major regulator of lymphatic endothelial cell differentiation, which induces the development of lymphatic progenitor cells and determines the proliferative phenotype of lymphatic endothelial cells. The study of Del Giacco (Del Giacco et al., 2010) demonstrated that the absence of the PROX1b activity severely hampers the formation of the thoracic duct in zebrafish. Therefore, it is a highly specific and sensitive marker for LECs. LYVE-1 (Tang and Zhao, 2015) is a hyaluronic acid receptor on the surface of lymphatic endothelial cells, which can be used to defect LECs as a marker of lymphatic endothelial cells alone or in combination with PROX1 (Zhang et al., 2017). Podoplanin (Carrasco-Ramírez et al., 2016) is mainly related to the generation of LECs. PROX1, LYVE-1, and Podoplanin are representative molecules of the VEGF-C/D-VEGFR-3/Nrp2 axis pathway (Wang et al., 2016).
Lymphangiogenesis occurs in adult tissues during inflammation, wound healing, and tumor metastasis. Inflammatory insults are induced by macrophages and granulocytes, and many immune cell populations impact lymphatic remodeling (Angeli et al., 2006; Kataru et al., 2011; Förster et al., 2012). The LECs in afferent lymphatic vessels attract activated dendritic, T, and B cells expressing the chemokine receptor CCR7 by producing its ligand CCL21, which is a secondary lymphoid chemokine (Förster et al., 2008).
Sphingosine-1-phosphate (S1P) is a bioactive lipid, synthesized by sphingosine kinases, that is involved in the paracrine signaling of inflammatory cells. S1P stimulates lymphangiogenesis and regulates lymphatic vessel maturation (Pham et al., 2010).
Nuclear factor (NF-κb) -VEGF-C pathway participates in the lymphangiogenesis of gallbladder carcinoma, and VEGF-C is activated in response to proinflammatory cytokines such as TNF-α (Li et al., 2018). IGF-1 is related to lymphangiogenesis, and Chen found that LncCCLM could reduce lymphangiogenesis and lymphatic metastasis in cervical cancer by accelerating the degradation of IGF-1 mRNA (Chen et al., 2021).
We have verified that SAB could induce the VEGF-C/VEGFR-3 expression, but we did not study how SAB regulates VEGF-C/VEGFR-3 in this study. We will continue to explore the mechanism in our future work, and TNF-α- NF-κb-VEGF-C may be a potential pathway for regulating lymphangiogenesis.
Our previous studies found that the markers (LYVE-1 and PROX1) of epicardial lymphatic vessels in the model of dilated cardiomyopathy induced by Adriamycin were significantly lower than those in normal rats according to the immunohistochemistry results, and it could be effectively reversed by KXF, which also indicates the presence of impaired lymphatic vessels in dilated cardiomyopathy. According to the results of our study, regulating lymphangiogenesis would be a breakthrough in treating dilated cardiomyopathy, and Kuoxin Decoction is an effective formula in traditional Chinese medicine.
LIMITATION
KXF has been shown to stimulate the mRNA expression of VEGF-A/C, but we could not observe the protein expression of lymphangiogenesis in zebrafish because of lacking antibodies suitable for western blot assay in the zebrafish model in the market. We only studied the expressions of the protein levels of VEGF-C and VEGFR-3 in lymphatic endothelial cells instead of zebrafish. The further pharmacological action and mechanism of KXF in promoting lymphangiogenesis will be studied in the future.
CONCLUSION
Network analysis results showed that KXF could regulate lymphangiogenesis through the VEGF family. The prediction that KXF could promote lymphangiogenesis has been verified in the zebrafish model and lymphatic endothelial cells. The mechanism may be related to the upregulation of VEGF-C/VEGFR-3 expression, and the primary component that exerts this effect may be salvianolic acid B.
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.
ETHICS STATEMENT
The animal study was reviewed and approved by the Animal Ethics Committee of Longhua Hospital, Shanghai University of Traditional Chinese Medicine.
AUTHOR CONTRIBUTIONS
Conceptualization: LP, MM, and YhW; methodology: LP and MM; investigation: LP and YD, data curation: QW, MC, SA, YiW, CZ, and MZ; writing—original draft preparation: MM; writing—review and editing: MM, XW, QL, and YhW; and funding acquisition: QW, QL, and YhW. All authors have read and approved the final version of the manuscript.
FUNDING
This research was funded by the National Natural Science Foundation of China (81873264, 82004319, and 81822050), the Science and Technology Plan project of Shanghai Municipality (22Y11922000).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2022.915161/full#supplementary-material
ABBREVIATIONS
BP, biological process; CC, cellular component; CCK-8, Cell Counting Kit-8; DCM, dilated cardiomyopathy; DL, drug-likeness; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; KXF, Kuoxin Decoction; LECs, lymphatic endothelial cells; MF, molecular function; OB, human oral bioavailability; PPI, protein–protein interaction networks; SAB, salvianolic acid B; VEGFR-3, vascular endothelial growth factor receptor-3.
REFERENCES
 Aldrich, M. B., and Sevick-Muraca, E. M. (2013). Cytokines are systemic effectors of lymphatic function in acute inflammation. Cytokine 64 (1), 362–369. doi:10.1016/j.cyto.2013.05.015
 Angeli, V., Ginhoux, F., Llodrà, J., Quemeneur, L., Frenette, P. S., Skobe, M., et al. (2006). B cell-driven lymphangiogenesis in inflamed lymph nodes enhances dendritic cell mobilization. Immunity 24 (2), 203–215. doi:10.1016/j.immuni.2006.01.003
 Angeli, V., and Harvey, N. L. (2015). Lymphatic vessels at the heart of the matter. Cell Metab. 22 (1), 56–58. doi:10.1016/j.cmet.2015.06.013
 Benvenuti, L. A., Silva, A. M., and Aiello, V. D. (2010). Quantification of lymphatic vessels in dilated and chronic chagasic cardiomyopathy. Arq. Bras. Cardiol. 94 (4), 564–567. doi:10.1590/S0066-782X2010000400020
 Björndahl, M., Cao, R., Nissen, L. J., Clasper, S., Johnson, L. A., Xue, Y., et al. (2005). Insulin-like growth factors 1 and 2 induce lymphangiogenesis in vivo. Proc. Natl. Acad. Sci. U. S. A. 102 (43), 15593–15598. doi:10.1073/pnas.0507865102
 Blum, K. S., Karaman, S., Proulx, S. T., Ochsenbein, A. M., Luciani, P., Leroux, J. C., et al. (2014). Chronic high-fat diet impairs collecting lymphatic vessel function in mice. PloS one 9 (4), e94713. doi:10.1371/journal.pone.0094713
 Braile, M., Fiorelli, A., Sorriento, D., Di Crescenzo, R. M., Galdiero, M. R., Marone, G., et al. (2021). Human lung-resident macrophages express and are targets of thymic stromal lymphopoietin in the tumor microenvironment. Cells 10 (8). doi:10.3390/cells10082012
 Carrasco-Ramírez, P., Greening, D. W., Andrés, G., Gopal, S. K., Martín-Villar, E., Renart, J., et al. (2016). Podoplanin is a component of extracellular vesicles that reprograms cell-derived exosomal proteins and modulates lymphatic vessel formation. Oncotarget 7 (13), 16070–16089. doi:10.18632/oncotarget.7445
 Chauhan, S. K., Jin, Y., Goyal, S., Lee, H. S., Fuchsluger, T. A., Lee, H. K., et al. (2011). A novel pro-lymphangiogenic function for Th17/IL-17. Blood 118 (17), 4630–4634. doi:10.1182/blood-2011-01-332049
 Chen, C., Shen, N., Chen, Y., Jiang, P., Sun, W., Wang, Q., et al. (2021). LncCCLM inhibits lymphatic metastasis of cervical cancer by promoting STAU1-mediated IGF-1 mRNA degradation. Cancer Lett. 518, 169–179. doi:10.1016/j.canlet.2021.07.005
 Chen, X., Xie, Q., Cheng, X., Diao, X., Cheng, Y., Liu, J., et al. (2010). Role of interleukin-17 in lymphangiogenesis in non-small-cell lung cancer: Enhanced production of vascular endothelial growth factor C in non-small-cell lung carcinoma cells. Cancer Sci. 101 (11), 2384–2390. doi:10.1111/j.1349-7006.2010.01684.x
 Del Giacco, L., Pistocchi, A., and Ghilardi, A. (2010). prox1b Activity is essential in zebrafish lymphangiogenesis. PloS one 5 (10), e13170. doi:10.1371/journal.pone.0013170
 Escobedo, N., Proulx, S. T., Karaman, S., Dillard, M. E., Johnson, N., Detmar, M., et al. (2016). Restoration of lymphatic function rescues obesity in Prox1-haploinsufficient mice. JCI insight 1 (2), e85096. doi:10.1172/jci.insight.85096
 Feng, X., Du, M., Zhang, Y., Ding, J., Wang, Y., Liu, P., et al. (2022). The role of lymphangiogenesis in coronary atherosclerosis. Lymphat. Res. Biol. 20 (3), 290–301. doi:10.1089/lrb.2021.0026
 Förster, R., Braun, A., and Worbs, T. (2012). Lymph node homing of T cells and dendritic cells via afferent lymphatics. Trends Immunol. 33 (6), 271–280. doi:10.1016/j.it.2012.02.007
 Förster, R., Davalos-Misslitz, A. C., and Rot, A. (2008). CCR7 and its ligands: Balancing immunity and tolerance. Nat. Rev. Immunol. 8 (5), 362–371. doi:10.1038/nri2297
 García-Silva, S., Benito-Martín, A., Nogués, L., Hernández-Barranco, A., Mazariegos, M. S., Santos, V., et al. (2021). Melanoma-derived small extracellular vesicles induce lymphangiogenesis and metastasis through an NGFR-dependent mechanism. Nat. Cancer 2 (12), 1387–1405. doi:10.1038/s43018-021-00272-y
 Ghose, S., Min, Y., and Lin, P. C. (2015). δ-Catenin activates Rho GTPase, promotes lymphangiogenesis and growth of tumor metastases. PloS one 10 (1), e0116338. doi:10.1371/journal.pone.0116338
 Gore, J., Imasuen-Williams, I. E., Conteh, A. M., Craven, K. E., Cheng, M., Korc, M., et al. (2016). Combined targeting of TGF-β, EGFR and HER2 suppresses lymphangiogenesis and metastasis in a pancreatic cancer model. Cancer Lett. 379 (1), 143–153. doi:10.1016/j.canlet.2016.05.037
 Henri, O., Pouehe, C., Houssari, M., Galas, L., Nicol, L., Edwards-Lévy, F., et al. (2016). Selective stimulation of cardiac lymphangiogenesis reduces myocardial edema and fibrosis leading to improved cardiac function following myocardial infarction. Circulation 133 (15), 1484–1497. doi:10.1161/CIRCULATIONAHA.115.020143
 Hong, H., Jiang, L., Lin, Y., He, C., Zhu, G., Du, Q., et al. (2016). TNF-alpha promotes lymphangiogenesis and lymphatic metastasis of gallbladder cancer through the ERK1/2/AP-1/VEGF-D pathway. BMC Cancer 16, 240. doi:10.1186/s12885-016-2259-4
 Houssari, M., Dumesnil, A., Tardif, V., Kivelä, R., Pizzinat, N., Boukhalfa, I., et al. (2020). Lymphatic and immune cell cross-talk regulates cardiac recovery after experimental myocardial infarction. Arterioscler. Thromb. Vasc. Biol. 40 (7), 1722–1737. doi:10.1161/ATVBAHA.120.314370
 Hsu, M. C., Pan, M. R., and Hung, W. C. (2019). Two birds, one stone: Double hits on tumor growth and lymphangiogenesis by targeting vascular endothelial growth factor receptor 3. Cells 8 (3), 270. doi:10.3390/cells8030270
 Iorga, B., Neacsu, C. D., Neiss, W. F., Wagener, R., Paulsson, M., Stehle, R., et al. (2011). Micromechanical function of myofibrils isolated from skeletal and cardiac muscles of the zebrafish. J. Gen. Physiol. 137 (3), 255–270. doi:10.1085/jgp.201010568
 Kataru, R. P., Kim, H., Jang, C., Choi, D. K., Koh, B. I., Kim, M., et al. (2011). T lymphocytes negatively regulate lymph node lymphatic vessel formation. Immunity 34 (1), 96–107. doi:10.1016/j.immuni.2010.12.016
 Korbecki, J., Kojder, K., Kapczuk, P., Kupnicka, P., Gawrońska-Szklarz, B., Gutowska, I., et al. (2021). The effect of hypoxia on the expression of CXC chemokines and CXC chemokine receptors-A review of literature. Int. J. Mol. Sci. 22 (2), 843. doi:10.3390/ijms22020843
 Li, C. Z., Jiang, X. J., Lin, B., Hong, H. J., Zhu, S. Y., Jiang, L., et al. (2018). RIP1 regulates TNF-α-mediated lymphangiogenesis and lymphatic metastasis in gallbladder cancer by modulating the NF-κB-VEGF-C pathway. Onco. Targets. Ther. 11, 2875–2890. doi:10.2147/OTT.S159026
 Lim, S. Y., Yuzhalin, A. E., Gordon-Weeks, A. N., and Muschel, R. J. (2016). Targeting the CCL2-CCR2 signaling axis in cancer metastasis. Oncotarget 7 (19), 28697–28710. doi:10.18632/oncotarget.7376
 Lin, C., Liu, Z., Lu, Y., Yao, Y., Zhang, Y., Ma, Z., et al. (2016). Cardioprotective effect of Salvianolic acid B on acute myocardial infarction by promoting autophagy and neovascularization and inhibiting apoptosis. J. Pharm. Pharmacol. 68 (7), 941–952. doi:10.1111/jphp.12567
 Liu, C. C., Li, L., Lam, Y. W., Siu, C. W., and Cheng, S. H. (2016). Improvement of surface ECG recording in adult zebrafish reveals that the value of this model exceeds our expectation. Sci. Rep. 6, 25073. doi:10.1038/srep25073
 Lu, Y., Lu, P., Zhu, Z., Xu, H., and Zhu, X. (2009). Loss of imprinting of insulin-like growth factor 2 is associated with increased risk of lymph node metastasis and gastric corpus cancer. J. Exp. Clin. Cancer Res. 28 (1), 125. doi:10.1186/1756-9966-28-125
 Ming, J., Zhang, Q. F., Jiang, Y. D., Jiang, G. C., and Qiu, X. S. (2012). [Interleukin 7 and its receptor promote cell proliferation and induce lymphangiogenesis in non-small cell lung cancer].Zhonghua bing li xue za zhi = Chin. J. pathology 41 (8), 511–518. doi:10.3760/cma.j.issn.0529-5807.2012.08.002
 Ming, J., Zhang, Q., Qiu, X., and Wang, E. (2009). Interleukin 7/interleukin 7 receptor induce c-Fos/c-Jun-dependent vascular endothelial growth factor-D up-regulation: A mechanism of lymphangiogenesis in lung cancer. Eur. J. Cancer 45 (5), 866–873. doi:10.1016/j.ejca.2008.12.006
 Nielsen, S. R., Hammer, T., Gibson, J., Pepper, M. S., Nisato, R. E., Dissing, S., et al. (2013). IL-27 inhibits lymphatic endothelial cell proliferation by STAT1-regulated gene expression. Microcirculation 20 (6), 555–564. doi:10.1111/micc.12055
 Nurmi, H., Saharinen, P., Zarkada, G., Zheng, W., Robciuc, M. R., Alitalo, K., et al. (2015). VEGF-C is required for intestinal lymphatic vessel maintenance and lipid absorption. EMBO Mol. Med. 7 (11), 1418–1425. doi:10.15252/emmm.201505731
 Oliver, G., Kipnis, J., Randolph, G. J., and Harvey, N. L. (2020). The lymphatic vasculature in the 21st century: Novel functional roles in homeostasis and disease. Cell 182 (2), 270–296. doi:10.1016/j.cell.2020.06.039
 Park, H. J., Yuk, C. M., Shin, K., and Lee, S. H. (2018). Interleukin-17A negatively regulates lymphangiogenesis in T helper 17 cell-mediated inflammation. Mucosal Immunol. 11 (3), 590–600. doi:10.1038/mi.2017.76
 Peng, L., Dong, Y., Fan, H., Cao, M., Wu, Q., Wang, Y., et al. (2020). Traditional Chinese medicine regulating lymphangiogenesis: A literature review. Front. Pharmacol. 11, 1259. doi:10.3389/fphar.2020.01259
 Pham, T. H., Baluk, P., Xu, Y., Grigorova, I., Bankovich, A. J., Pappu, R., et al. (2010). Lymphatic endothelial cell sphingosine kinase activity is required for lymphocyte egress and lymphatic patterning. J. Exp. Med. 207 (1), 17–27. doi:10.1084/jem.20091619
 Prangsaengtong, O., Jantaree, P., Lirdprapamongkol, K., Ngiwsara, L., Svasti, J., Koizumi, K., et al. (2018). Aspirin suppresses components of lymphangiogenesis and lymphatic vessel remodeling by inhibiting the NF-κB/VCAM-1 pathway in human lymphatic endothelial cells. Vasc. Med. 23 (3), 201–211. doi:10.1177/1358863X18760718
 Prangsaengtong, O., Jantaree, P., Lirdprapamongkol, K., Svasti, J., and Koizumi, K. (2018). Shikonin suppresses lymphangiogenesis via NF-κB/HIF-1α Axis inhibition. Biol. Pharm. Bull. 41 (11), 1659–1666. doi:10.1248/bpb.b18-00329
 Ratajska, A., Gula, G., Flaht-Zabost, A., Czarnowska, E., Ciszek, B., Jankowska-Steifer, E., et al. (2014). Comparative and developmental anatomy of cardiac lymphatics. ScientificWorldJournal. 2014, 183170. doi:10.1155/2014/183170
 Roy, S., Kumaravel, S., Sharma, A., Duran, C. L., Bayless, K. J., Chakraborty, S., et al. (2020). Hypoxic tumor microenvironment: Implications for cancer therapy. Exp. Biol. Med. 245 (13), 1073–1086. doi:10.1177/1535370220934038
 Schwager, S., and Detmar, M. (2019). Inflammation and lymphatic function. Front. Immunol. 10, 308. doi:10.3389/fimmu.2019.00308
 Tang, R., and Zhao, C. Y. (2015). The correlation between expression of LYVE-1 and PROX-1 in breast cancer associated lymphatic vessel and lymphatic metastases. Labeled Immunoassays Clin Med 22 (11), 1086–1089. doi:10.11748/bjmy.issn.1006-1703.2015.11.005
 Vornanen, M., and Hassinen, M. (2016). Zebrafish heart as a model for human cardiac electrophysiology. Channels (Austin, Tex.) 10 (2), 101–110. doi:10.1080/19336950.2015.1121335
 Vuorio, T., Tirronen, A., and Ylä-Herttuala, S. (2017). Cardiac lymphatics - a new avenue for therapeutics?Trends Endocrinol. Metab. 28 (4), 285–296. doi:10.1016/j.tem.2016.12.002
 Wang, J., Huang, Y., Zhang, J., Wei, Y., Mahoud, S., Bakheet, A. M., et al. (2016). Pathway-related molecules of VEGFC/D- VEGFR3/ NRP2 axis in tumor lymphangiogenesis and lymphatic metastasis. Clin. Chim. Acta. 461, 165–171. doi:10.1016/j.cca.2016.08.008
 Wang, Y., Lin, Y., Yuan, S., Cao, M., Yang, A., Fang, H., et al. (2017). Clinical efficacy observation of Kuoxin Recipe in the treatment of dilated cardiomyopathy. Shanghai J. Traditional Chin. Med. 51 (06), 60–62. doi:10.16305/j.1007-1334.2017.06.018
 Wilkinson, R. N., Jopling, C., and van Eeden, F. J. (2014). Zebrafish as a model of cardiac disease. Prog. Mol. Biol. Transl. Sci. 124, 65–91. doi:10.1016/B978-0-12-386930-2.00004-5
 Wu, M., Du, Y., Liu, Y., He, Y., Yang, C., Wang, W., et al. (2014). Low molecular weight hyaluronan induces lymphangiogenesis through LYVE-1-mediated signaling pathways. PLoS One 9 (3), e92857. doi:10.1371/journal.pone.0092857
 Xu, Y., Chen, C. C., Yang, L., Wang, J. M., Ji, L. L., Wang, Z. T., et al. (2011). Evaluation on hepatotoxicity caused by Dioscorea bulbifera based on analysis of bile acids. Yao Xue Xue Bao 46 (1), 39–44. doi:10.16438/j.0513-4870.2011.01.003
 Yanev, P., Poinsatte, K., Hominick, D., Khurana, N., Zuurbier, K. R., Berndt, M., et al. (2020). Impaired meningeal lymphatic vessel development worsens stroke outcome. J. Cereb. Blood Flow. Metab. 40 (2), 263–275. doi:10.1177/0271678X18822921
 Yang, Y., Enis, D., Zheng, H., Chia, S., Yang, J., Chen, M., et al. (2015). Cell adhesion mediated by VCAM-itgα9 interactions enables lymphatic development. Arterioscler. Thromb. Vasc. Biol. 35 (5), 1179–1189. doi:10.1161/ATVBAHA.114.304997
 Yang, Y., Pei, K., Zhang, Q., Wang, D., Feng, H., Du, Z., et al. (2020). Salvianolic acid B ameliorates atherosclerosis via inhibiting YAP/TAZ/JNK signaling pathway in endothelial cells and pericytes. Biochim. Biophys. Acta. Mol. Cell Biol. Lipids 1865 (10), 158779. doi:10.1016/j.bbalip.2020.158779
 Zhang, H. F., Tan, Y. Z., and Wang, H. J. (2017). Cardiac lymphangiogenesis and its relation to prognosia of cardiovascular diseases. Fudan Univ. J. Med. Sci. 44 (1), 105∼109121. doi:10.3969/j.issn.1672-8467.2017.01.018
 Zhao, H., Fan, H., Zhou, D., and Wang, Y. (2018). Application of zebrafish model in TCM screening in cardiovascular diseases and mechanism research. Chin. J. Inf. Traditional Chin. Med. 25 (09), 133–137. doi:10.3969/j.issn.1005-5304.2018.09.033
 Zou, W., Pu, T., Feng, W., Lu, M., Zheng, Y., Du, R., et al. (2019). Blocking meningeal lymphatic drainage aggravates Parkinson's disease-like pathology in mice overexpressing mutated α-synuclein. Transl. Neurodegener. 8, 7. doi:10.1186/s40035-019-0147-y
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 © 2022 Peng, Ma, Dong, Wu, An, Cao, Wang, Zhou, Zhou, Wang, Liang and Wang. 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.
OPS/images/inline_29.gif





OPS/images/inline_28.gif





OPS/images/inline_30.gif





OPS/images/inline_3.gif





OPS/images/inline_25.gif





OPS/images/inline_24.gif





OPS/images/inline_27.gif





OPS/images/inline_26.gif







OPS/images/inline_22.gif






OPS/images/inline_21.gif






OPS/images/inline_23.gif





OPS/images/logo.jpg
& frontiers | Frontiers in Pharmacology





OPS/images/math_qu1.gif
rat ~ OD VOUE wank ) 00,
= T ODvalue . — OD valuew. s






OPS/images/math_qu2.gif
Widthof On - widtnof 24n

widtho Oh X 100%

Migration rate (%) =





OPS/images/inline_19.gif





OPS/images/inline_17.gif
1g/mL)





OPS/images/inline_20.gif





OPS/images/inline_2.gif





OPS/images/inline_14.gif





OPS/images/inline_16.gif





OPS/images/inline_15.gif





OPS/images/inline_11.gif





OPS/images/inline_10.gif





OPS/images/inline_13.gif





OPS/images/inline_12.gif
(X £ 5)





OPS/images/inline_43.gif





OPS/images/inline_42.gif





OPS/images/fphar-13-915161-g013.gif
viorns [ o - -






OPS/images/inline_7.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Kuoxin Decoction promotes lymphangiogenesis in zebrafish and in vitro based on network analysis		Introduction

		Materials and methods		Materials and reagents

		High-performance liquid chromatography

		Identification of active ingredients and prediction of KXF-associated targets

		Screening of drug–disease targets

		Visualization of the component-target–disease network and protein–protein interaction network

		Functional enrichment analysis of the potential action targets

		Construction of the medicinal material–component–target–pathway network

		Animals

		Cells

		Statistical analysis





		Results		High-performance liquid chromatography

		Identification of active ingredients and prediction of Kuoxin Decoction-associated targets

		GO and KEGG enrichment analysis

		Construction of medicinal material–chemical component–target–pathway network

		Toxicity analysis of Kuoxin Decoction in zebrafish

		Kuoxin Decoction promotes lymphangiogenesis in a normal zebrafish model

		Kuoxin Decoction promotes lymphangiogenesis in the impaired lymphatic thoracic duct induced by the VEGFR-3 kinase inhibitor (MAZ51)

		Kuoxin Decoction promotes the expression of VEGF-C and VEGF-A mRNA in two models of zebrafish

		Salvianolic acid B (the major active ingredient of Kuoxin decoction) promotes the proliferation of lymphatic endothelial cells

		Salvianolic acid B promotes the migration of lymphatic endothelial cells

		Salvianolic acid B promotes the protein expression of VEGF-C and VEGFR-3 in normal lymphatic endothelial cells

		Salvianolic acid B promotes the protein expression of VEGF-C and VEGFR-3 in lymphatic endothelial cells under injury





		Discussion

		Limitation

		Conclusion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Publisher’s note

		Supplementary material

		Abbreviations

		References









OPS/images/fphar-13-915161-g012.gif





OPS/images/inline_6.gif





OPS/images/inline_1.gif





OPS/images/inline_9.gif





OPS/images/fphar-13-915161-t001.jpg
Dosage
of KXF (ug/ml)

Number of alive
zebrafish (X + )

45
60

10£0
10£0
10£0
45%05





OPS/images/inline_8.gif





OPS/images/inline_45.gif





OPS/images/inline_44.gif





OPS/images/fphar-13-915161-g011.gif





OPS/images/inline_5.gif





OPS/images/fphar-13-915161-g010.gif





OPS/images/inline_46.gif





OPS/images/inline_41.gif





OPS/images/crossmark.jpg
©

|





OPS/images/fphar-13-915161-g005.gif
e —






OPS/images/fphar-13-915161-g006.gif
A @
®
-






OPS/images/fphar-13-915161-g003.gif
P






OPS/images/inline_33.gif





OPS/images/fphar-13-915161-g004.gif





OPS/images/fphar-13-915161-g009.gif





OPS/images/fphar-13-915161-g007.gif
é'i‘”ﬁ"f






OPS/images/fphar-13-915161-g008.gif





OPS/images/inline_39.gif





OPS/images/cover.jpg
& frontiers | Frontiers in Pharmacology






OPS/images/inline_38.gif





OPS/images/inline_40.gif





OPS/images/inline_4.gif





OPS/images/fphar-13-915161-g001.gif





OPS/images/inline_35.gif





OPS/images/fphar-13-915161-g002.gif
Proteia-Protela Interaction setworks (FPT)





OPS/images/inline_34.gif





OPS/images/inline_37.gif





OPS/images/inline_36.gif





OPS/images/inline_32.gif





OPS/images/inline_31.gif





