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Several clinical therapies such as tissue repair by replacing injured tissues with functional ones have been reported; however, there is great potential for exploring traditional herbal-induced regeneration with good safety. Tongqiao Huoxue Decoction (TQHXD), a well-known classical traditional Chinese medicinal formula, has been widely used for clinical treatment of stroke. However, biological activity and mechanisms of action of its constituents toward conferring protection against cerebral ischemia-reperfusion (I/R) injury remain unclear. In this present study, we evaluated TQHXD quality using HPLC; then, it was screened for its potential active ingredients using a series of indices, such as their drug-likeness and oral bioavailability. Subsequently, we analyzed the potential mechanisms of TQHXD anti-I/R using gene ontology functional enrichment analyses. The network pharmacological approach enabled us to screen 265 common targets associated with I/R, indicating that TQHXD had remarkable protective effects on infarction volume, neurological function scores, and blood-brain barrier (BBB) injury. In addition, TQHXD significantly promoted the recovery of regional cerebral blood flow (rCBF) 7 days after reperfusion compared to rats in the vehicle group. Immunofluorescence results revealed a significantly higher CD34 expression in TQHXD-treated rats 7 days after reperfusion. TQHXD is not merely effective but eventually develops a secretory profile composed of VEGF and cerebral blood flow, a typical signature termed the angiogenesis-associated phenotype. Mechanistically, our data revealed that TQHXD (6 g/kg) treatment resulted in a marked increase in expression of p-focal adhesion kinase (FAK) and p-Paxillin proteins. However, Ki8751-mediated inhibition of VEGFR2 activity repealed its angiogenesis and protective effects and decreased both p-FAK and p-Paxillin protein levels. Taken together, these findings affirmed the potential of TQHXD as a drug for the management of stroke, which might be exerted by increasing the angiogenesis via the VEGF pathway. Therefore, these results provide proof-of-concept evidence that angiogenesis is a major contributor to TQHXD-treated I/R and that TQHXD is a promising traditional ethnic medicine for the management of this condition.
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INTRODUCTION
Stroke is the second leading cause of death in the world owing to its high morbidity, mortality, and disability rates (Benjamin et al., 2018). Approximately four-fifths of all patients with stroke suffer from ischemia stroke, and most of them live with disabilities for a long time (Mozaffarian et al., 2015). One of the principles of clinical treatment of ischemic stroke is to restore blood flow in time. Although this approach is an effective protection measure, long-term accumulation of reperfusion can lead to cerebral ischemia-reperfusion (I/R) injury. Treatment of I/R injury-induced ischemic stroke is challenging. To date, recombinant plasminogen activator is still the only drug approved by the Food and Drug Administration (FDA) for treating stroke. Therefore, the development of novel drugs is necessary to aid in the management of patients with stroke.
Angiogenesis, a basic biological process that aids in the development of new blood vessels from existing capillaries, has been implicated in multiple pathological and physiological processes (Beck and Plate, 2009). Although the connection between the brain and blood is a new focus in scientific researches, theories have linked this connection to traditional Chinese medicine. For example, many studies have shown that angiogenesis plays a pivotal role in many pathological conditions, such as cerebrovascular and cardiovascular diseases and cancer (Ferrara and Kerbel, 2005). These diseases involve actions of multiple growth factors, receptors, and molecules, resulting in diverse signaling pathways that affect the pathogenicity of angiogenesis across different diseases (Carmeliet, 2000). In addition, angiogenesis mediates the production of new blood vessels, thereby contributing to patient recovery after ischemic injury (Liu et al., 2017). Although angiogenesis is elevated during ischemia and hypoxia, this process is too slow to meet the needs of body recovery (Krupinski et al., 1994). Therefore, accelerating angiogenesis during the establishment of collateral circulation has been proposed as an attractive approach for treating cerebral ischemia injury (Liu et al., 2014).
Traditional Chinese medicine (TCM), which has been used for more than 2000 years with the characteristics of multiple pathways and multiple targets, is likely to represent novel therapeutic targets for developing effective treatment against I/R (Wu et al., 2019; Peng et al., 2019). In fact, numerous TCM-based remedies for stroke have been introduced into the market, owing to their unique advantages (Wu et al., 2019; Chen et al., 2009; She et al., 2019). For example, Tongqiao Huoxue Decoction (TQHXD), a classic traditional Chinese herbal formula, has been used to treat stroke. It had subsequently been embodied in Corrections on the Errors of Medical Works prescribed by Qingren Wang, comprising eight Chinese herbs (Table 1). Currently, TQHXD is widely used to treat patients with ischemic stroke (Yang and Fan, 2009; Liu et al., 2003). The key active components for this drug include paeoniflorin, ferulic acid, and muscone (Xu et al., 2008; Wu et al., 2018). Collectively, TQHXD controls stroke via various mechanisms. For instance, the drug can module permeability of the blood-brain barrier (BBB) and activity of plasminogen activator inhibitor-1 (Li et al., 2017; Wang et al., 2012; Kim et al., 2016; Wu et al., 2019). However, the mechanisms involved in TQHXD have only partially been unraveled. There is still a thought-provoking question of whether TQHXD can protect against the I/R injury by targeting angiogenesis.
TABLE 1 | The composition of TQHXD.
[image: Table 1]The present study sought to provide new insights into TQHXD’s anti-I/R effects in rats. Summarily, we employed network pharmacology, an approach by using high-throughput data from public databases to identify interactions among “compound-target-disease,” and gave a holistic cognition of the relationship between formula and diseases (Hopkins, 2008). This approach’s systemic and holistic traits are in line with the concept of TCM (Pan et al., 2020; Mou et al., 2020). In this work, the network pharmacology approach was used to provide a new understanding of TQHXD that exert anti-I/R effects, and TQHXD was intragastrically administered to rats with MCAO for 7 days to explore the mechanism.
METHODS AND MATERIALS
Animals
Male healthy Sprague Dawley rats weighing 240–260 g were purchased from the Laboratory Animal Center of Anhui Medical University (Hefei, certificate of quality: No. SXCK 2011-002, China). All rats had free access to standard diet and water. All experimental rats were approved by the Institutional Animal Care and Use Committee at Anhui University of Chinese Medicine. In addition, rats had undergone treatments according to “3 Rs” rules (Reduction, Refinement, and Replacement) in all experiments.
Herbs and Reagents
Herbs of TQHXD were purchased from Xin He Traditional Chinese Medicines Group Corporation (Hefei, China). Furthermore, each herb was authenticated by the herbal medicinal botanist, Professor Shoujin Liu, at the Anhui University of Chinese Medicine. Nimodipine Tablets (NMDP) were purchased from Bayer (Batch Number: H20003010), and 2% triphenyltetrazolium chloride (TTC) dye solution was purchased from Sigma Chemical. Ki8751 (VEGFR2 special inhibitor) was selected from Selleck Chemicals Co., Ltd. Rabbit primary antibodies for VEGF-A, p-FAK (Tyr576), p-Paxillin (Tyr118), and β-actin were bought from CST (Boston, United States). The mouse antibodies against FAK and Paxillin were bought from Abcam (Cambridge, MA, United States). The secondary horseradish peroxidase- (HRP-) labeled antibodies were acquired from Santa Cruz Biotechnology (Santa Cruz, CA, United States). All of the reagents or herbs were standard and commercially available.
Network Pharmacology
In this section, the intersect target enrichment analysis and protein-protein interaction (PPI) network were utilized to reveal the multitarget, multifunction, and multipathway therapeutic advantages of TQHXD in protecting I/R.
Collection of Potential Active Ingredients and Disease Targets in TQHXD
Three TCM databases were used to collect the active ingredients of TQHXD, including the traditional Chinese medicine systems pharmacology database (TCMSP) (Ru et al., 2014), (TCMSP™, http://lsp.nwsuaf.edu.cn/tcmsp.php), the Traditional Chinese Medicine Integrated Database (Xue et al., 2013) (TCMID, http://www.megabionet.org/tcmid/), and the TCM Database @Taiwan (Chen et al., 2014) (http://tcm.cmu.edu.tw/). Importantly, the interrelated scientific literature databases (PubMed, MEDLINE, and China National Knowledge Infrastructure) were also employed in this work. Subsequently, we set an OB (oral bioavailability) value of ≥30% and DL (drug-like quality) value of ≥0.18 as standard to screen out the potential ingredients of TQHXD. Secondly, the 2D structure of components was transformed into SDF structure format through the PubChem database (https://Pubchem.ncbi.nlm.nih.gov/). Subsequently, the targets were obtained using SwissTargetPrediction (http://new.swisstargetprediction.ch/index.php) and TCMSP, an online tool for predicting targets. In addition, related targets belonging to Homo sapiens were renamed retrieved from the UniProt database (https://www.uniprot.org/uniprot/). Finally, the NIMNT database (http://www.idrug.net.cn/NIMNT/) was used to enrich the possible indications of TQHXD.
Disease Target
The keyword “cerebral ischemia reperfusion injury” was used in GeneCards (https://www.genecards.org/), OMIM (Online Mendelian Inheritance in Man, https://omim.org/) and DrugBank databases (https://www.drugbank.ca/) to search for I/R-related targets. These databases (Wishart et al., 2018) are free bioinformatics resources that combine disease data with comprehensive targets. Finally, these targets were intersected with related targets of TQHXD by the online tool (http://bioinfogp.cnb.csic.es/tools/venny/index.html).
Gene Ontology Functional Enrichment Analysis
The Database for Annotation, Visualization, and Integrated Discovery (DAVID; http://david.abcc.ncifcrf.gov/home.jsp, version 6.8), together with pathway data obtained from the KEGG database, was used to find the identification of characteristic biological attributes of the potential target for I/R in TQHXD. Finally, FunRich tool (http://www.funrich.org/) was used to analyze more biological characteristics of a common target.
Protein-Protein Interaction Network
Generally speaking, it is difficult for a single protein to complete a series of complex biological processes. Hence, it is important to find the PPI network. The overlapped components-targets belonging to Homo sapiens were imported to the STRING database (https://string-db.org/, version 11.0), and an organism entry was set with the minimum required interaction score = 0.900. Finally, the PPI network was visualized in Cytoscape (https://cytoscape.org/, version 3.7.2). A higher degree value node represented putative crucial targets of herbs in the PPI network.
Experimental Verification of the Protective Effect of Tongqiao Huoxue Decoction Against Ischemia-Reperfusion
Establishment of Ischemia-Reperfusion Model
The cerebral I/R injury model in vivo was performed according to Longa’s method (E. Z. Longa et al., 1989). Firstly, rats were anesthetized with 4% isoflurane (4% for anesthesia induction; 2% for anesthesia maintenance, 3 ml/kg). Then, the internal carotid artery (ICA), external carotid artery (ECA), and left common carotid artery (CCA) were carefully separated by tweezers. Subsequently, the left CCA and ECA were blocked by microvascular aneurysm clips, followed by occluding the middle cerebral artery (MCA) through inserting a filament (Doccol, United States) coated through the ECA (18 ± 2 mm). Two hours later, the filament was removed to achieve reperfusion. Sham group received the same procedures, but no filament was inserted into the MCA. The temperature of the operation chamber was maintained at 37 ± 0.5 °C throughout the whole surgery. After waking up, the rats were put back into the cages and had free access to water and food.
Preparation of Tongqiao Huoxue Decoction Sample
The ethanol extract of TQHXD was prepared as previously described in (Chao-Liang et al., 2015). Prunus persica (L.) Batsch 90 g (Xin He Traditional Chinese Medicines Co., Ltd., Hefei, China, product batch number: 1702181), Paeonia anomala subsp. veitchii (Lynch) D.Y.Hong and K.Y.Pan [Paeoniaceae] 30 g (Xin He Traditional Chinese Medicines Co., Ltd., Hefei, China, product batch number: 1709201), Conioselinum anthriscoides “Chuanxiong” [Apiaceae] 30 g (Xin He Traditional Chinese Medicines Co., Ltd., Hefei, China, product batch number: 1701033), Carthamus tinctorius L. 90 g (Xin He Traditional Chinese Medicines Co., Ltd., Hefei, China product batch number:1707213) 90 g, Ziziphus jujuba Mill. 50 g (Huidu Traditional Chinese Medicines Co., Ltd., Bozhou, China, product batch number: 1707223), Zingiber officinale Roscoe 90 g (Zhejiang Chinese Medical University prepared pieces Co., Ltd., Hangzhou, Zhejiang, China, product batch number: 190601), and fresh Allium fistulosum L [Amaryllidaceae] 30 g (WalMart Inc. Hefei, China) were extracted in 3200 ml 75% ethanol for 2 h and filtered. After the confluent solutions pump vacuum, 1,600 ml 75% ethanol was added to it and then pump-vacuumed again until there is no alcoholic taste. Finally, 1.5 g Moschus (Lasa Chinese Medicines Co., Ltd., Lasa, China, product batch number: 62523635662) was added to the solutions to form the extract solutions with a concentration of 2 g/ml (equivalent to the dry weight of raw materials). The medicinal plant scientific names have been unified using the Kew Science database (https://mpns.science.kew.org/mpns-portal/?_ga=1.111763972.1427522246.1459077346%20or%20http://www.plantsoftheworldonline.org/%20or%20www.theplantlist.org).
High-Performance Liquid Chromatography (HPLC)
The quality control reproducible experiments of TQHXD were conducted using HPLC. The quality control of TQHXD was completed by paeoniflorin (a characteristic pharmaceutically active component of TQHXD) in our work. Firstly, TQHXD solutions were put into the HPLC facilities (Agilent 1100 HPLC system, United States). The separations were carried out on a Phenomenex C18 column (4.6 mm × 250 mm, 5 μm) with the following conditions: temperature, 30 °C; flow rate, 1.0 ml min−1. The mobile phase consisted of methanol (A)-H2O (0.05% V/V phosphoric acid), and gradient elution was set as follows: 0–15 min, 10% A−28% A; 15–30 min, 28% A−40% A; 30–55 min, 40% A−48% A; 55–70 min, 48% A−54% A. Finally, the detection wavelength and the injection volume were 254 nm and 20 μL, respectively.
Experimental Groups and Drug Administration
Firstly, to investigate whether the protective effects of TQHXD were involved in angiogenesis (experiment 1), rats were randomly divided into six groups: the sham group, vehicle group, TQHXD group (3 g/kg, 6 g/kg, and 12 g/kg), and positive group (NMDP, 0.02 g/kg). Dosages of TQHXD (3, 6, and 12 g/kg) and NMDP (0.02 g/kg) groups were equivalent to the dose of clinical adult patients. Rats in the TQHXD and NMDP groups were treated with respective doses by intragastric administration once a day for 7 days after reperfusion. Rats in sham or vehicle groups were given normal saline.
Secondly, to explore the mechanisms of TQHXD-associated angiogenesis (experiment 2), rats were randomly divided into five groups: the sham group, vehicle group, TQHXD group (6 g/kg), Ki8751 (0.5 mg/kg) group, and combine group (TQHXD + Ki8751). As mentioned in experiment 1, TQHXD and TQHXD + Ki8751 combine groups were treated with TQHXD by intragastric administration for 7 days. Rats in sham, vehicle, and Ki8751 groups were given the same volume of normal saline for 7 days. Tail vein injection Ki8751 (final dose: 0.5 mg/kg (Hou et al., 2015)) was administered to rats 30 min prior to operation (Figure 1).
[image: Figure 1]FIGURE 1 | Experimental design and schedules. MCAO: middle cerebral artery occlusion; TQHXD: Tongqiao Huoxue Decoction; EB: Evans blue; ELISA: enzyme-linked immunosorbent assay; HE: hematoxylin-eosin staining; VEGF: vascular endothelial growth factor; FAK: focal adhesion kinase.
Neurological Score
Neurological recovery was examined at day 1 and day 7 after 24 h reperfusion using Longa’s method (Longa et al., 1989): 0, no neurologic deficit; 1, failure to extend forepaw fully; 2, circling to the left; 3, falling to the left or no spontaneous motor activity; 4, not walking spontaneously and experiencing a lowered stage of consciousness. Rats with scores of 0 and 4 were excluded from the experiment.
Monitoring Local Blood Flow Changes by Laser Doppler Flow
The rCBF of the left brain was measured by laser Doppler flow (LDF). Rats were anesthetized with 4% isoflurane; the skin and subcutaneous tissue were cut slowly. The fascia on the skull of rats was separated by nipper to fully expose the area of the skull. The position of assessment was recorded in the following coordinates relative to Bregma: ML: +2.0 mm, AP: +1.0 mm (Schmid-Elsaesser et al., 1998). Routine zero-calibration with front probe and monitoring the blood flow during the operation were performed. Finally, the blood flow was detected through LDF at days 1 and 7.
Triphenyltetrazolium Chloride Staining
Rats were sacrificed at 30 min after the last drug administration; then frozen brains were sliced into coronal sections of 2 mm thickness. The slices were stained with 2% TTC (pH = 7.4, Sigma Chemical Co., United States) at room temperature. The change of cerebral infarct volume in all groups was analyzed by ImageJ. The infarct volume was calculated by infarct size * average slice thickness (2 mm).
Immunofluorescence
Rats were sacrificed after the last drug treatment; brain tissues were isolated after being perfused with 0.9% normal saline followed by 4% cold paraformaldehyde. The brains were quickly frozen after gradient elution with sucrose and cut into 5 µm coronal thick slices. The sections were transparent with 0.5% Triton X-100 for 5 min and then blocked with 10% BSA for 1 h. Slices were incubated with primary anti-CD34 antibody (1:100, Abcam, United States) at 4 °C overnight. Then, the slices were washed with PBST 3 times. Slices were incubated with anti-rabbit secondary antibody (1:1,000, Cell Signal, United States) for 50 min at 37 °C. After counterstaining with 4, 6-diamidino-2-phenylindole (DAPI) and covering slices with anti-fluorescent quenching, the slices were observed and photographed under fluorescent microscopy (Leica, Germany) and then analyzed by Image-Pro 6.0 software.
Blood-Brain Barrier Permeability
The BBB permeability was determined by measuring the amount of Evans blue (EB). EB dye (2%, 4 ml/kg body weight) was slowly injected by tail vein injection intravenously 30 min after last drug treatment and allowed to circulate for 2 h. Rats were anesthetized with 4% isoflurane and then transcardially perfused with 0.9% normal saline to wash away any remaining dye in the blood vessels. The brain was incubated in 3 ml formamide at 45 °C for 72 h. The solutions were centrifuged for 40 min at 25,000 g. Finally, the absorption of each well was measured at 632 nm with a microplate reader (Thermo Scientific, United States). The content of EB in all groups was expressed as μg/g of the brain according to the standardized curve (Ren et al., 2015).
Hematoxylin and Eosin Staining
At 24 h after reperfusion, rats were anesthetized with 4% isoflurane and perfused transcardially with 0.9% saline and then reperfused with pre-ice cold 4% paraformaldehyde. The brain was embedded in paraffin after being dehydrated in graded ethanol and cleared in xylene. Finally, the slices of 4 µm sections were stained with hematoxylin and eosin (HE) staining following histochemical procedures.
Ultrastructural of Tight Junction Detection Through Transmission Electron Microscopy
In brief, rats were anesthetized with 4% isoflurane and then perfused with 0.9% normal saline, followed by precold 4% paraformaldehyde. The frontoparietal cortex of the ischemia brain was separated into pieces of 1 mm3 and then blended with 2.5% glutaraldehyde at 4 °C. Then, these pieces were dunked in 2% OsO4 for 2 h. The pieces were embedded in Epon 812 after being incubated with OsO4. Finally, ultrathin pieces of cortex were stained with citramalic acid and acetic acid uranium and then scanned by transmission electron microscopy (TEM).
Detection of Vascular Endothelial Growth Factor in Serum by Enzyme-Linked Immunosorbent Assay
At 30 min after the last drug treatment, rats were anesthetized with 4% isoflurane. Blood was collected from the abdominal aorta by a one-time negative pressure tube without anticoagulant. Blood was stood at room temperature for 3 h and then centrifuged at 2000 rpm for 20 min to collected serum. The expression of vascular endothelial growth factors (VEGF) in rats was detected using a VEGF ELSIA kit (RRV00. R&D Systems, Minneapolis, MN, USA). The absorbance of each well was measured at 450 nm through a microplate reader (Thermo Scientific, United States). The content of VEGF-A in the samples was calculated according to the standardized curve.
Western Blot
The protein levels of VEGF-A, FAK, Paxillin, and β-actin were detected using Western blot. Cortex tissues were lyzed with precold RIPA lysis buffer and immediately mixed with phenylmethanesulfonyl fluoride (PMSF, Beyotime, Nanjing, China) centrifuged at 12,000 rpm at 4 °C for 15 min. The concentration of protein was quantified by bicinchoninic acid (BCA) (Beyotime, Nanjing, China). All proteins were run on 12% (w/v) or 10% SDS-PAGE gel and then transferred to polyvinylidene difluoride (PVDF) membrane with Bio-Rad electrophoretic transfer system. The membrane was blocked with 5% (w/v) nonfat milk for 2 h at 37 °C and incubated with the primary antibody to VEGF-A (1: 800), p-FAK (1: 1,000), Paxillin (1: 1,000), and β-actin (1: 1,000) at 4 °C overnight, respectively. After washing with Tris-Hcl Buffered Saline containing 0.1% Tween-20 (TBS-T) 3 times, the membrane was incubated with coherent secondary (1:5,000) antibody for 2 h at 37 °C. β-Actin was used as an internal reference. The protein bands were developed using enhanced chemiluminescence (ECL) reagents (Thermo, United States). Finally, images were scanned by an Amersham Imager 600 (GE, United States).
Quantitative Real-Time PCR
In brief, RNA was isolated using a tissue RNA kit (Omega Bio-Tek, GA) and then was reverse-transcribed using a TAKARA reverse transcription kit. Real-time quantitative PCR (qRT-PCR) was performed on the Mx3000P qPCR System (Agilent Technologies, Santa Clara, CA, United States) using SYBR Premix Ex Taq TM (TAKARA). Primer sequences used to amplify fragments were synthesized by Sangon Biotech, Shanghai. The relative mRNA expression was normalized to GAPDH using the relative quantification method 2−ΔΔCt. The sequences of primers in this experiment were as follows: GAPDH Forward, 5-GGG​TGT​GAA​CCA​TGA​GAA​GTA​TG-3, GAPDH Reverse, 5-GAT​GGC​ATG​GAC​TGT​GGT​CAT-3; VEGF Forward, 5-CTG​CCA​TCC​AAT​CGA​GAC​CC-3, VEGF Reverse, 5-TGC​ATT​CAC​ATT​TGT​TGT​GCT​G-3.
Statistical Analysis
The Shapiro–Wilk normality test was used to analyze whether the data were normally distributed. Then, the t-test was utilized to analyze the significance of differences. Statistical significance between groups was evaluated by one-way analysis of variance (ANOVA). All data were presented as mean ± standard deviation (SD). Statistical analysis was performed using SPSS (SPSS, Inc., version20.0). A significant difference was accepted at p values lower than 0.05.
RESULTS
Genes Associated with Ischemia-Reperfusion
A total of 929 significant genes were obtained from the GeneCards, OMIM, and DrugBank databases after screening out some targets with low credibility (Supplementary Table S1).
Drug Targeting
According to the ADME thresholds of OB ≥ 30% and DL ≥ 0.18, 94 compounds of TQHXD were obtained from the three following databases: TCMSP, TCM Database@Taiwan, and TCMID after eliminating the common compounds, as listed in Supplementary Table S2. In addition, we also achieved quality control, that is, the HPLC system of herbs in TQHXD, such as precision, stability, repeatability, and wavelength, as shown in Supplementary Table S3. More importantly, some compounds with low OB or HL values but with significant protective effects on I/R injury, such as ligustrazine, muscone, and hydroxysafflor yellow A, were also explored in our work (Wu et al., 2018; Li et al., 2017).
Functional Enrichment Analysis of Intersection Targets of Tongqiao Huoxue Decoction
A total of 265 matching targets as the related targets of I/R and TQHXD are shown in Figure 2A. The multiple biological senses of TQHXD on I/R from a systematic level were assessed using the GO enrichment analysis (Figure 2C). For biological processes, potential targets of TQHXD were remarkably enriched in “response to hypoxia” (GO: 0001666), protein phosphorylation (GO: 0006468), and inflammatory response (GO: 0006954). For cellular components, mainly, plasma membrane (GO: 0005886), cytosol (GO: 0005829), and extracellular exosome (GO: 0070062) were enriched. Subsequently, the crucial pathways among the 265 potential targets in TQHXD treatment were also elucidated in this work. The threshold of FDR <0.01 was used as an enrichment screening criterion, and the top 24 pathways were screened out (Figure 2B), including the VEGF signaling pathway (hsa04370) and TNF signaling pathway (hsa04668).
[image: Figure 2]FIGURE 2 | Network pharmacology analysis of the ingredients of TQHXD. (A) Common targets between TQHXD and targets associated with I/R. (B,C) GO enrichment analysis of 265 common targets.
PPI Network and Disease Analysis of Intersection Targets of Tongqiao Huoxue Decoction
Furthermore, the PPI network of those common targets was found in Figure 3 (Figure 3A). Ultimately, TNF, AKT1, IL-6, VEGF-A, JUN, EGFR, IL1B, IGF1, MMP9, and TGFB1 were identified as major nodes. Similarly, we analyzed the diseases of these targets. For the site of expression, the targets were enriched in the central nervous system and skin, etc. Finally, we used the disease analysis function of the NIMNT database and entered 265 intersection targets of TQHXD to enrich the possible indications of TQHXD. After setting p.adjust <0.001, the top 10 diseases were observed, as shown in Figure 3, which mainly include ischemia, urinary system disease, and arteriosclerotic cardiovascular disease (Figure 3C).
[image: Figure 3]FIGURE 3 | PPI network and disease analysis of intersecting target of TQHXD. (A) PPI network of 265 common targets. (B,C) Clinical synopsis phenotypic terms.
The Quality Control of Tongqiao Huoxue Decoction by HPLC
As shown in Figure 4A, the retention time of paeoniflorin of TQHXD was about 24.2 min. Subsequently, the HPLC method was validated by reproducibility, stability, and precision. It is worth noticing that there was an identical chromatographic pattern in six batches of TQHXD solutions. This suggested a good reproducibility for the HPLC system or TQHXD solutions. Finally, the relative standard deviation (RSD) of the instrument was less than 3%, indicating that the precision of the instrument was good. Similarly, the RSDs of relative retention time and relative peak area of each characteristic peak were less than 5%, indicating that it has good repeatability. The RSDs of relative retention time and relative peak area of characteristic peaks were less than 5% after 0, 2, 4, 8, 12, and 24 h injection, respectively, indicating that the solution of the test sample was stable within 24 h (Figure 4B–D, Supplementary Table S3).
[image: Figure 4]FIGURE 4 | The fingerprints of TQHXD for quality control by HPLC. Conditions: column, C18 column (250 × 4.6 mm, 5 μm); mobile phase, methanol. (A) H2O (0.05% V/V phosphoric acid). Flow rate: 1 ml min−1; column temperature: 25 °C; injection volume: 10 μL. (A) Representative HPLC chromatogram of TQHXD. 7, Paeoniflorin. (B–D) The quality control of six batches of TQHXD evaluated by HPLC. The TQHXD solution from six separated raw crude extractions was analyzed by the HPLC method. Colors represent different groups of TQHXD test solutions. The X-axis represents acquisition time (Min) and the Y-axis indicates intensity (mAU).
Tongqiao Huoxue Decoction Ameliorated Ischemia-Reperfusion Injury and Attenuated Blood-Brain Barrier Damage
Neurological scores remarkably increased in the vehicle group compared with the sham group at 7 days. After reperfusion, treatment with TQHXD or NMDP showed significant neurological recovery, characterized by a decrease in neurological scores, compared with that in the vehicle group; however, TQHXD (6 g/kg) reduced the score compared to NMDP. These data showed that TQHXD might exert an effect on improving the neural function of MCAO rats (Figure 5A).
[image: Figure 5]FIGURE 5 | TQHXD ameliorated I/R injury and attenuated blood-brain barrier damage. (A) The neurological scores were evaluated by Longa’s methods. (B) Representative TTC staining (top) and quantitative analysis (bottom) of brain infarct volumes, n = 6. (C) Quantitative analysis of the content of EB, n = 6. (D) Representative TEM images of ultrastructural changes in I/R-induced tight junction (n = 3). Arrows imply electronically dense bands; the electronically dense bands represent TJ; the open state of electronically dense bands represents the injury degrees of TJ; scale bar = 200 μm (×20,000 magnification). Data are presented as means ± SD. ##p < 0.01 vs. sham group; *p < 0.05, **p < 0.01 vs. vehicle group.
Infarct volume was not observed in brain slices of the sham group, whereas a large area of infarct volume (41.10%) was seen in the vehicle group. The infarct volumes in the TQHXD groups were 29.3, 14.83, and 22.20%, respectively. Furthermore, infarct volume in the NMDP group (11.79%) was close to that observed in the TQHXD group at the dose of 6 g/kg, compared with the vehicle group (Figure 5B).
The protective effect of TQHXD on the permeability of BBB was quantified by EB dye (Figure 5C). On the dye solution, we found that there was a remarkable (p < 0.01) increase in BBB permeability in rats from the vehicle group compared to that in sham rats. TQHXD (3, 6, and 12 g/kg) or NMDP (0.02 g/kg) reduced the content of EB under I/R. The treatment of TQHXD (6 g/kg) and NMDP made a significant difference to the BBB permeability when compared with the vehicle group (p < 0.01). Subsequently, we also detected the situation of tight junctions (TJ) by TEM. The TJ were normal in the sham group, whereas they were in an open state in the vehicle group (Figure 5D). However, different degrees of TJ reduction were observed in the TQHXD or NMDP group, indicating that TQHXD might repair the poststroke TJ completeness.
Tongqiao Huoxue Decoction Strengthened Angiogenesis in MCAO/R Rats
The data of Western blot and ELISA demonstrated that an increased expression of VEGF exposed to I/R as compared to the sham group. Then, the TQHXD or NMDP treatment further upregulated the expressions of VEGF-A in both serum and cortex tissue, as compared with the vehicle group, which showed that TQHXD could be involved in angiogenesis. Finally, qPCR analysis of VEGF mRNA expression provided further proof of the effects of TQHXD on angiogenesis (Figure 6).
[image: Figure 6]FIGURE 6 | TQHXD strengthened angiogenesis in MCAO rats. (A) Representative band image (top) and quantitative analysis (bottom) of VEGF-A (n = 3). (B) The mRNA expression of VEGF in cortex detected by qPCR. (C) Quantitative analysis for ELISA results of VEGF at 7 days. (D) The changes of rCBF for all groups at 1 and 7 d after reperfusion, n = 3. (E) Immunofluorescence of brain section. Angiogenesis was visualized by CD34 staining (red), and DNA was stained by 4′6,-diamidino-2-phenylindole (DAPI; blue). Red box implies zoom-in fluorescence. Right, the histograms indicate the percentages of CD34-expressing cells that were positive for indicated markers. Scale bar = 50 μm (×200 magnification). Data are presented as means ± SD. ##p < 0.01 vs. sham group; *p < 0.05, **p < 0.01 vs. vehicle group.
The cerebral blood flow was reduced rapidly to 30% during ischemia after 2 h and then was restored to 80% of the baseline after reperfusion. The rCBF showed that blood flow had no significant difference in the sham group between the time points of 1 and 7 days. The rCBF of the vehicle group or drug groups was lower than that of the sham group at day 1 (p < 0.01). Similarly, the rCBF of the vehicle group rats had no significant difference at 7 days, as compared to the sham group. Instead, compared with the vehicle group, TQHXD (6 g/kg) and NMDP groups significantly increased the rCBF at 7 days (Figure 6D).
Subsequently, we used CD34 immunofluorescence to mark the MVD at 7 days after TQHXD treatment. In the vehicle group, MVD increased at 7 days after I/R when compared with the sham group. More importantly, the expression of CD34 in the TQHXD group was significantly higher than that in the sham and vehicle groups (Figure 6E).
Exogenous VEGFR2 Inhibition Reversed Angiogenesis in Tongqiao Huoxue Decoction
To further explore the molecular mechanisms associated with the phenotype observed upon TQHXD administration, we profiled angiogenesis from rats after being injected with Ki8751 (a specific VEGFR2 inhibitor). Firstly, we investigated whether Ki8751 could reverse the effect of TQHXD on neurological function score and cerebral blood flow. Notably, the neurological and neuronal death and rCBF were substantially protected by the TQHXD treatment in MCAO rats (Figures 7A,B,D). Subsequently, as shown in Figure 7C, the expression of p-FAK and p-Paxillin proteins in the cortex of brain induced by I/R was greater than that in the sham group (p < 0.05). However, TQHXD (6 g/kg) remarkably promoted the expression of p-FAK and p-Paxillin proteins (p < 0.01 vs. vehicle group) (Figure 7C). Conversely, the treatment of rats with VEGFR2 inhibitors, such as Ki8751, substantially reduced the TQHXD-induced angiogenesis. For example, the upregulating effect of TQHXD on p-FAK or p-Paxillin was impeded by the cotreatment with Ki8751 (p < 0.05). Similarly, the expression of CD34 induced by TQHXD was also inhibited by Ki8751. These results demonstrated that TQHXD enhanced angiogenesis in a VEGFR2-FAK-Paxillin-dependent manner.
[image: Figure 7]FIGURE 7 | TQHXD enhanced I/R-induced angiogenesis via activation of VEGF-A/VEGFR2-FAK-Paxillin signaling. (A) Neurological scores measured by Longa’s method (n = 5). (B) The changes of rCBF for all groups at 7 days after reperfusion, n = 6. (C) Representative Western blot band (top) and quantitative analysis (bottom) of the expressions of FAK, p-FAK, Paxillin, and p-Paxillin (n = 3). β-Actin was used as an internal reference. (D) Left, serial sections of the brain were subjected to hematoxylin and eosin (HE) staining, immunofluorescence for angiogenesis markers (CD34, red), and DNA was stained by 4′6-diamidino-2-phenylindole (DAPI; blue). White box implies zoom-in fluorescence. Right, the histograms indicate the percentages of CD34-positive cells. Scale bar = 50 μm (×200 magnification). White box implies zoom-in fluorescence. (E) The model illustrates the molecular mechanism of TQHXD on angiogenesis in MCAO injury rats. Data were expressed as mean ± SD. ##p < 0.01 vs. sham group; *p < 0.05, **p < 0.01 vs. vehicle group; ▲, ★p < 0.05 vs. TQHXD (6 g/kg) group.
DISCUSSION
In the present study, a total of 94 potential compounds were screened according to OB and DL. The results revealed that TQHXD regulated the intersection of 265 targets with I/R, including VEGF-A, IL6, JUN, mTOR, TNF, and AKT1. These 265 targets were mainly enriched in cancer, VEGF, and neurotrophin signaling pathways. To ascertain TQHXD’s role, our results of the network indicated that TQHXD regulated I/R through the pattern multiple components-multiple targets-multiple pathways. However, given the importance of angiogenesis in I/R, we linked the role of TQHXD with angiogenesis by the results of network pharmacology and enrichment analysis of the KEGG pathway.
A huge percentage of elderly people reportedly suffer from ischemic stroke worldwide. Neurovascular unit (NVU), a conceptual model of stroke depending on the structure of blood vessels and brain, has been proposed by the National Institutes of Neurological Disorders and Stroke (Zhao et al., 2017). Previous studies have shown that angiogenesis is a key process in NVU recovery following ischemia stroke. This process leads to restoration of rCBF after cerebral ischemia and redounds to the neurological recovery of patients with stroke (Liu et al., 2017). In fact, recent research shows that patients with angiogenesis exhibit lower morbidity and mortality rates relative to those without the condition (Ducruet et al., 2010). In the present study, we show that TQHXD is a key mediator of angiogenesis. Specifically, our results show that the amount of blood flow in ischemic brain tissue is the most intuitive indicator for evaluating the maturity of neovascularization. We found no significant increase in rCBF in the MCA and cortical regions in rats from the sham group. In contrast, rats treated with TQHXD or NMDP exhibited significantly higher CD34 or rCBF levels 7 days after reperfusion, compared to those in the vehicle group.
Ischemic injury causes endothelial progenitor cells to participate in the repair of new blood vessels. In fact, numerous cytokines reportedly play a critical role in this process, with a combination of these factors found to promote angiogenesis. Previous studies had shown that under specific environmental conditions, brain neurovascular cells produced and oozed VEGF, a central angiogenesis mediator following stroke (Yin et al., 2015). VEGF was upregulated both in vivo and in vitro during the I/R or oxygen-glucose deprivation induced by ischemia injury and continued 3–14 days poststroke (Zheng et al., 2018; Liu et al., 2018). This expression pattern indicates that ischemic injury induces angiogenesis, which was enhanced by TQHXD, to repair damaged blood vessels after stroke. In the present study, a significantly higher VEGF expression was observed in the TQHXD, compared to the vehicle group (p < 0.05), with a concentration of 6 g/kg generating the highest levels. These results strongly indicated that TQHXD protects against I/R injury by upregulating angiogenesis either directly or indirectly.
Compared with NMDP, our results showed the therapeutic effects of TQHXD on the MCAO model. Notably, upon TQHXD administration, remarkably better levels of the neurological score and MVD were observed in the TQHXD group than those in the NMDP groups. These results illustrated that the nerve recovery activity of TQHXD was better than that of NMDP. As we all know, nerve recovery is a complex process involved in multiple-target and multiple-pathway. Compared with a single target drug (NMDP), the multitarget advantage of TQHXD could effectively regulate multiple processes to accelerate nerve recovery, which was also in agreement with our network pharmacology results. More importantly, despite the encouraging progress to apply NMDP in clinical trials, various adverse side-effects associated with NMDP may limit its clinical application. The relevant example is a reduction in blood pressure and a reversible increase in the serum concentrations of liver enzymes during intravenous therapy. On the contrary, compared with chemical medicines, TCMs are considered to be safe, with fewer side-effects. As such, the established safety and drug tolerability are the advantages of TCM over several Western medicines, which is exactly also the biggest benefit of TCM. Interestingly, our results showed that TQHXD’s protective effect on I/R was not in a dose-dependent manner. Generally speaking, the effect of drugs may show a dose-dependent manner; previous studies had shown that the protective effect of some classical TCM does not always follow this trend (Yang et al., 2013; Xin-Xin et al., 2015). For example, some chemical and physical reactions may occur during the preparation of the formula, resulting in changes in some active components, which may not reflect dose-dependency (Xu et al., 2008). Herein, in-depth studies are required to elucidate the mechanisms of TQHXD action to provide valuable insights into its effects on I/R.
Previous studies have shown that VEGF combines with its receptors to promote angiogenesis against I/R (Beck and Plate, 2009; Greenberg and Jin, 2005). Specifically, the VEGF signaling pathway plays a fundamental role in angiogenesis response by regulating the release of growth factors. VEGFR2 regulates the expression of vascular endothelial cell receptor proteins, thereby playing a critical role in the development of many diseases mediated by vascular endothelial cells. Notably, FAK is considered the key signaling molecule in cells and has been reported to regulate cell proliferation, migration, spreading, adhesion, and key processes in angiogenesis (You et al., 2014).In addition, Paxillin, a key downstream FAK protein that acts on adhesion plaque, has been found to mediate the formation of adhesion plaque, activate downstream proteins, and promote angiogenesis. Some studies have shown its phosphorylation directly affects the formation of adhesion plaques and ultimately affects the motility of endothelial cells (Blackstone et al., 2015). In addition, blocking FAK phosphorylation can significantly reduce the degree of angiogenesis (Masakazu et al., 2010). To determine whether TQHXD provokes angiogenesis through the VEGF machinery, we evaluated the effect of TQHXD with Ki8751, a potent VEGFR2 inhibitor known to block angiogenesis (Lu et al., 2017). Our results indicated that I/R-induced angiogenesis increased CD34 expression and decreased neuronal death in rats. However, TQHXD treatment promoted this effect. In addition, Ki8751 decreased the levels of FAK and Paxillin expression, with its Ki8751 treatment clearly attenuating TQHXD-induced angiogenesis. Overall, these results indicate that TQHXD confers protection against I/R in rats via angiogenesis by activating the VEGF-A/VEGFR2-FAK-Paxillin signaling pathway.
Although network pharmacology has revealed the effects of TQHXD, there are still some limitations to be addressed. First, the biggest challenge is the results from the database on Chinese herbs. The public database information on herbal medicine remains incomplete to some extent. Subsequently, in order to further substantiate the idea that TQHXD provokes angiogenesis through promoting the VEGF machinery, we could test whether the angiogenesis effect of TQHXD could be blocked by shVEGF or hVEGF-IN-1 (VGEF inhibitor), a potent VEGF interference known to block VEGF. Finally, although our study shows that TQHXD has an impact on angiogenesis, our results are not capable of distinguishing which angiogenesis cell types are responsible. Angiogenesis cells can be labeled in a specific manner, and this issue will be addressed in future research.
CONCLUSION
In conclusion, the present study revealed that TQHXD administration was able to ameliorate the ischemic stroke of MCAO rats through promoting angiogenesis to active the VEGF-A/VEGFR2-FAK-Paxillin pathway.
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