

[image: A network pharmacology study on mechanism of resveratrol in treating preeclampsia via regulation of AGE-RAGE and HIF-1 signalling pathways]
A network pharmacology study on mechanism of resveratrol in treating preeclampsia via regulation of AGE-RAGE and HIF-1 signalling pathways





ORIGINAL RESEARCH

published: 05 January 2023

doi: 10.3389/fendo.2022.1044775

[image: image2]



A network pharmacology study on mechanism of resveratrol in treating preeclampsia via regulation of AGE-RAGE and HIF-1 signalling pathways



Jiamiao Shi 1
, Jiahao Wang 1, Ning Jia 2* and Qinru Sun 3*


1 Health Science Center, Xi'an Jiaotong University, Xi’an, Shaanxi, China, 2 Department of Human Anatomy, Histology and Embryology, School of Basic Medical Sciences, Health Science Center, Xi’an Jiaotong University, Xi’an, Shaanxi, China, 3 College of Medicine & Forensics, Health Science Center, Xi'an Jiaotong University, Xi’an, Shaanxi, China




Edited by: 

Antonio Brunetti, Magna Græcia University, Italy

Reviewed by: 

Yike Yang, Peking University Third Hospital, China

Maria Mirabelli, University Magna Graecia of Catanzaro, Italy

*Correspondence: 

Ning Jia
 jianing@mail.xjtu.edu.cn 

Qinru Sun
 qinrusun@mail.xjtu.edu.cn

Specialty section: 
 
This article was submitted to Systems Endocrinology, a section of the journal Frontiers in Endocrinology


Received: 17 September 2022

Accepted: 13 December 2022

Published: 05 January 2023

Citation:
Shi J, Wang J, Jia N and Sun Q (2023) A network pharmacology study on mechanism of resveratrol in treating preeclampsia via regulation of AGE-RAGE and HIF-1 signalling pathways. Front. Endocrinol. 13:1044775. doi: 10.3389/fendo.2022.1044775




Background

Preeclampsia (PE) is a hypertensive disorder of pregnancy that threatens the lives of millions of pregnant women and their babies worldwide. Without effective medications, there are thousands of maternal and child mortalities every year. Resveratrol (RSV), a non-flavonoid polyphenol extracted from multiple plants, has shown positive effects in treating hypertension, cardiovascular disorders, and even PE. This study aimed to explore the pharmacological mechanism of RSV in treating PE by using network pharmacology and bioinformatics.



Methods

With the use of multiple databases, 66 intersecting targets were obtained from the 347 putative targets of RSV and 526 PE-related genes. Then, Gene Ontology (GO) analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis were conducted to investigate the functions of the intersecting targets. The protein–protein interaction network and target–pathway network were drawn and analyzed to illustrate the correlation between targets and pathways. Finally, molecular docking was conducted to calculate the binding energy between RSV and core targets.



Results

The results showed that the core targets of RSV were IL6, TNF, IL1B, VEGFA, STAT3, and EGFR. There existed good binding between RSV and IL6, TNF, IL1B, VEGFA, and EGFR. In addition, we found that RSV mainly functioned in the AGE-RAGE and HIF-1 signaling pathways, which are associated with the occurrence and development of PE.



Conclusion

In conclusion, our findings indicated that RSV has the effects of regulating angiogenesis and anti-inflammation and can be a candidate medicine for treating PE.
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   1 Introduction

 Preeclampsia (PE) is a multisystem disease in pregnancy, which is characterized by the onset of hypertension after 20 weeks of pregnancy, proteinuria, and malfunctions in multi-organs (1). PE now has become a leading cause of mortality and morbidity in gravidas and fetuses in many countries (2), which would undoubtedly increase the burden of social healthcare (3). In addition, PE could exert many long-term adverse influences on women such as diabetes mellitus, cerebrovascular disease, kidney disease, and even impaired memory (4). Once PE is diagnosed, delivering the babies is the only definitive treatment (2). Currently, the increased antiangiogenic factors from the placenta have been identified as the pathophysiology of PE (5). The releasing antiangiogenic factors mainly included soluble fms-like tyrosine kinase-1 (sFlt-1) and soluble endoglin (sEng). The high levels of sFlt-1 and sEng lead to dysfunction in endothelial cells and vasculature, causing damage to maternal and fetal organ systems (6). Hence, there is an urgent need for the investigation and development of effective drugs for PE patients.

 Resveratrol (RSV), a natural plant polyphenol, has been reported to exert many advantageous effects on the human body including anti-oxidation (7), anti-inflammation (8), and anti-cancer (9). Recent research has just reported that RSV has potentially beneficial effects on endothelial cells incubated with PE plasma/serum (10). However, the molecular mechanism of RSV in treating PE is still unclear and needs more investigation.

 Here, we conducted our work to identify the molecular mechanism of RSV in the treatment of PE. By employing bioinformatics and network pharmacology, we selected the core targets and the main signaling pathways of RSV in treating PE. Our findings verified the therapeutic effects of RSV and provided new options for the treatment of PE.

 
  2 Methods and materials

  2.1 Detection of drug likeness

 The chemical and physical properties of RSV were obtained from the PubChem database (https://pubchem.ncbi.nlm.nih.gov/) (11) and SwissADME (http://www.swissadme.ch/) (12). According to Lipinski’s rule, the parameters include molecular weight (MW), topological polar surface area (TPSA), XLogP3 (octanol/water partition coefficient), counts of rotatable bonds, counts of hydrogen bond acceptor, counts of hydrogen bond donor, gastrointestinal (GI) absorption, and blood–brain barrier (BBB) permeability. A clinical medication must conform to no more than five hydrogen bond donors, no more than 10 hydrogen bond acceptors, MW less than 500, XLogP3 range between −2 and 5, and no more than 10 rotatable bonds.

 
  2.2 Investigation of intersecting targets of RSV and PE

 The putative targets of RSV were collected from the Traditional Chinese Medicine Systems Pharmacology Database (TCMSP) (13), SwissTargetPrediction database (14), TargetNet (15), STITCH (16), and Similarity ensemble approach (SEA) (17).

 The PE-related genes were collected from the GeneCards (http://www.genecards.org/) (18) and Online Mendelian Inheritance in Man (OMIM) (https://omim.org/) (19) databases.

 Then, all putative targets of RSV and PE-related genes were imported to the UniProt database for the transformation of gene symbols, and the overlapping part was called the intersecting targets of RSV and PE.

 
  2.3 GO/KEGG enrichment analysis

 To investigate the functions of the intersecting targets of RSV and PE, Metascape (http://metascape.org/) (20) was employed to conduct Gene Ontology (GO) analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis. p-Value <0.01 was considered as a potential pathway for all GO terms and KEGG pathways.

 
  2.4 Network construction

 All intersecting targets of RSV and PE were sent to the STRING database (https://string-db.org/) (21) to investigate the interaction among them, and the relationship was then exhibited by the protein–protein interaction (PPI) network. Cytoscape software (http://www.cytoscape.org/) (22) was applied for visualizing and analyzing the PPI network.

 The relationship between the intersecting targets of RSV and PE and the signaling pathways from the KEGG pathway enrichment analysis was also illustrated by the target–pathway (TP) network and visualized by Cytoscape software. Finally, the core targets and the main signaling pathways were obtained.

 
  2.5 Molecular docking

 To further verify the physical binding capacity between the core targets and RSV, molecular docking was performed by using the AutoDockTools 1.5.6 and PyMOL software (23, 24). The 3D structure of RSV was obtained from PubChem (https://pubchem.ncbi.nlm.nih.gov/) (11), and the 3D structure of core targets was derived from Protein Data Bank (http://www.pdb.org/) (25).

 
 
  3 Results

  3.1 Drug likeness of RSV

 To become a potential drug, a compound needs to be analyzed in accordance with Lipinski’s rule of five (RO5). The fewer violations of Lipinski’s rule there are, the greater drug likeness and pharmacokinetics a compound has. According to Lipinski’s rule, a drug-like molecule must have an MW less than 500 g/mol, an octanol/water partition coefficient (XLogP3) less than 5, no more than 10 hydrogen bond acceptors, no more than 5 hydrogen bond donors, and rotatable bonds less than 10.

 The parameters of RSV from the PubChem and SwissADME databases are listed in  Table 1 . The results showed that RSV was in line with Lipinski’s rule, which suggests that RSV possesses pharmaceutical properties. The results also indicated good GI absorption and BBB penetration of RSV.

  Table 1 | The molecular parameters of RSV. 

 

 
  3.2 The putative targets of RSV and PE-related genes

 To collect the putative targets of RSV, five databases were applied including TCMSP, TargetNet, SwissTargetPrediction, STITCH, and SEA. As a result, a total of 347 proteins were collected from the databases mentioned above after deleting the duplicate targets. These targets were listed in  Supplementary Material Additional file 1 .

 The PE-related genes were collected from the GeneCards database and OMIM database. After the redundant information was deleted, a total of 511 genes were identified and listed in  Supplementary Material Additional file 2 .

 Then, the 66 overlapping targets of these two lists formed the intersecting targets of RSV and PE ( Figure 1 ) ( Supplementary Material Additional file 3 ).

  

 Figure 1 | The Venn diagram. The orange circle represents the putative targets of RSV. The green circle represents the PE-related genes. The yellow overlapping part represents the 66 intersecting targets. RSV, resveratrol; PE, preeclampsia. 

 

 
  3.3 Exploration of intersecting targets of RSV and PE

 To further identify the functions of the intersecting targets of RSV and PE, GO analysis and KEGG analysis were carried out. A total of 1,707 GO terms and 125 KEGG pathways were identified ( Supplementary Material Additional file 4  and  Additional file 5 ). Among the GO terms, 1,582 were for biological processes (BPs), 52 were for cellular components (CCs), and 73 were for molecular functions (MFs).To illustrate more explicitly the results of GO and KEGG analyses, bubble grams were applied.

 As shown in  Figure 2A , the top 30 of BP terms were response to inorganic substance (GO:0010035), positive regulation of cell migration (GO:0030335), response to molecule of bacterial origin (GO:0002237), positive regulation of cell motility (GO:2000147), positive regulation of cellular component movement (GO:0051272), positive regulation of locomotion (GO:0040017), response to lipopolysaccharide (GO:0032496), response to hypoxia (GO:0001666), response to decreased oxygen levels (GO:0036293), response to oxygen levels (GO:0070482), response to reactive oxygen species (GO:0000302), cellular response to organonitrogen compound (GO:0071417), reactive oxygen species metabolic process (GO:0072593), response to peptide (GO:1901652), blood vessel development (GO:0001568), response to metal ion (GO:0010038), cellular response to nitrogen compound (GO:1901699), response to wounding (GO:0009611), aging (GO:0007568), response to bacterium (GO:0009617), cellular response to lipid (GO:0071396), regulation of apoptotic signaling pathway (GO:2001233), apoptotic signaling pathway (GO:0097190), angiogenesis (GO:0001525), blood vessel morphogenesis (GO:0048514), response to oxidative stress (GO:0006979), response to drug (GO:0042493), negative regulation of apoptotic signaling pathway (GO:2001234), cellular response to chemical stress (GO:0062197), and response to steroid hormone (GO:0048545).

  

 Figure 2 | The bubble gram of the results of GO and KEGG pathway enrichment analyses. (A) The top 30 GO terms of biological processes. (B) The top 30 GO terms of cellular components. (C) The top 30 GO terms of molecular functions. (D) The top 30 KEGG enrichment pathways. All the GO terms and KEGG pathways with p-value <0.01 were considered to be statistically significant. GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes. 

 

 As shown in  Figure 2B , the top 30 CC terms were membrane raft (GO:0045121), membrane microdomain (GO:0098857), vesicle lumen (GO:0031983), caveola (GO:0005901), secretory granule lumen (GO:0034774), cytoplasmic vesicle lumen (GO:0060205), extracellular matrix (GO:0031012), external encapsulating structure (GO:0030312), plasma membrane raft (GO:0044853), external side of plasma membrane (GO:0009897), collagen-containing extracellular matrix (GO:0062023), side of membrane (GO:0098552), platelet alpha granule (GO:0031091), platelet alpha granule lumen (GO:0031093), receptor complex (GO:0043235), lytic vacuole (GO:0000323), lysosome (GO:0005764), neuronal cell body (GO:0043025), myelin sheath (GO:0043209), ficolin-1-rich granule lumen (GO:1904813), cell body (GO:0044297), transcription regulator complex (GO:0005667), focal adhesion (GO:0005925), cell–substrate junction (GO:0030055), RNA polymerase II transcription regulator complex (GO:0090575), axon (GO:0030424), Schaffer collateral–CA1 synapse (GO:0098685), ficolin-1-rich granule (GO:0101002), plasma membrane protein complex (GO:0098797), and endocytic vesicle (GO:0030139).

 As shown in  Figure 2C , the top 30 MF terms were cytokine receptor binding (GO:0005126), cytokine activity (GO:0005125), signaling receptor regulator activity (GO:0030545), receptor ligand activity (GO:0048018), signaling receptor activator activity (GO:0030546), nuclear receptor activity (GO:0004879), ligand-activated transcription factor activity (GO:0098531), heme binding (GO:0020037), tetrapyrrole binding (GO:0046906), protease binding (GO:0002020), DNA-binding transcription factor binding (GO:0140297), RNA polymerase II-specific DNA-binding transcription factor binding (GO:0061629), monooxygenase activity (GO:0004497), protein kinase binding (GO:0019901), oxidoreductase activity, acting on paired donors, with incorporation or reduction of molecular oxygen (GO:0016705), oxidoreductase activity (GO:0016491), kinase binding (GO:0019900), growth factor receptor binding (GO:0070851), hormone binding (GO:0042562), protein domain specific binding (GO:0019904), transcription factor binding (GO:0008134), steroid binding (GO:0005496), serine-type peptidase activity (GO:0008236), protein homodimerization activity (GO:0042803), serine hydrolase activity (GO:0017171), endopeptidase activity (GO:0004175), transcription coactivator binding (GO:0001223), DNA-binding transcription activator activity, RNA polymerase II-specific (GO:0001228), DNA-binding transcription activator activity (GO:0001216), and transcription coregulator binding (GO:0001221).

 As shown in  Figure 2D , the top 30 KEGG pathways were AGE-RAGE signaling pathway in diabetic complications (hsa04933), pathways in cancer (hsa05200), fluid shear stress and atherosclerosis (hsa05418), malaria (hsa05144), Chagas disease (American trypanosomiasis) (hsa05142), HIF-1 signaling pathway (hsa04066), proteoglycans in cancer (hsa05205), TNF signaling pathway (hsa04668), rheumatoid arthritis (hsa05323), foxo signaling pathway (hsa04068), Leishmania infection (hsa05140), pertussis (hsa05133), non-alcoholic fatty liver disease (NAFLD) (hsa04932), hepatitis B (hsa05161), IL17 signaling pathway (hsa04657), tuberculosis (hsa05152), toxoplasmosis (hsa05145), microRNAs in cancer (hsa05206), inflammatory bowel disease (IBD) (hsa05321), bladder cancer (hsa05219), NF-kappa B signaling pathway (hsa04064), amebiasis (hsa05146), longevity regulating pathway (hsa04211), African trypanosomiasis (hsa05143), cytokine–cytokine receptor interaction (hsa04060), pancreatic cancer (hsa05212), insulin resistance (hsa04931), endocrine resistance (hsa01522), PI3K-Akt signaling pathway (hsa04151), and measles (hsa05162).

 
  3.4 Analyses of PPI network and TP network

 In order to obtain the interaction relationship among the intersecting targets, the STRING database was employed. All 66 targets were imported into the STRING database to illustrate the PPI network. Then, the PPI network was modified by using the Cytoscape software ( Figure 3A ). The proteins of the PPI network were evaluated and analyzed using topological parameters, including degree, betweenness centrality, and closeness centrality. The results of the PPI network are shown in  Supplementary Material Additional file 6 . After topological parameters of the proteins of the PPI network were evaluated and the intersection of the top 15 targets of each parameter was obtained, IL6, TNF, EGFR, PPAR, IL1B, PTGS2, VEGFA, CCL2, and STAT3 were identified as the nine hub targets of PPI network ( Figure 3B ).

  

 Figure 3 | The PPI network of the intersecting targets of RSV and PE and the topological parameters analysis of the PPI network. (A) The PPI network of the intersecting targets of RSV and PE. (B) The Venn diagram of the top 15 proteins of each topological parameter. Nine proteins located in the central region were identified as the hub targets. The red circle represents the top 15 proteins of betweenness centrality, the green circle represents the top 15 proteins of closeness centrality, and the blue circle represents the top 15 proteins of degree. PPI, protein–protein interaction; RSV, resveratrol; PE, preeclampsia. 

 

 To illustrate the correlation between the 52 intersecting targets of RSV and PE and the top 30 related pathways in the KEGG analysis, the TP network was constructed ( Figure 4A ). The result showed that in the top 30 pathways, there were 16 hub proteins including IL6, RELA, TNF, MAPK1, IL1B, TGFB1, TGFB2, CASP3, CXCL8, BCL2, STAT3, VEGFA, TP53, IL10, IL1A, and EGFR in the TP network for their high frequency (>10 times) ( Supplementary Material Additional file 7 ). Finally, the intersection of the hub targets of the TP network and hub targets of the PPI network was obtained, and six overlapping targets between the two groups of hub targets were considered as the core targets of RSV in the treatment of PE. These core targets were IL6, TNF, IL1B, VEGFA, STAT3, and EGFR.

  

 Figure 4 | The TP network between the 52 intersecting targets of RSV and PE and the top 30 pathways in the KEGG analysis and the topological parameters analysis of the TP network. (A) The TP network between the 52 intersecting targets of RSV and PE and the top 30 pathways in the KEGG analysis. The different colors of circular codes in the outer circle represent the targets. From yellow to red, the score gradually becomes higher. The green V-shaped nodes in the inner circle represent the pathways. The deeper the green node is, the higher its score. (B) The Venn diagram of the top 15 pathways of each topological parameter. Eight pathways located in the central region were the main pathways. The green ellipse represents degree. The blue ellipse represents closeness centrality. The red ellipse represents betweenness centrality. The yellow ellipse represents the first 15 pathways with the least p-value. Eight pathways located in the central region were identified as the main pathways. TP, target–pathway; RSV, resveratrol; PE, preeclampsia; KEGG, Kyoto Encyclopedia of Genes and Genomes. 

 

 Furthermore, the main pathways from the top 15 pathways of the result of KEGG pathway enrichment analysis were screened according to the score of three topological parameters and p-value obtained from the Metascape database ( Figure 4B ). The results showed that eight pathways were identified as the main pathways, including pathways in cancer, fluid shear stress and atherosclerosis, AGE-RAGE signaling pathway in diabetic complications, proteoglycans in cancer, NAFLD, Chagas disease (American trypanosomiasis), HIF-1 signaling pathway, and TNF signaling pathway.

 Furthermore, in order to elaborate on the correlation between the six core targets, the STRING database was used to construct their PPI network. As shown in  Figure 5A , these six core targets formed a regular hexagon, which indicated that there is a close relationship between them. In addition, the Metascape database was used to conduct a KEGG pathway enrichment analysis to select the pathways related to the six core targets. As shown in  Figure 5B , the top 10 pathways included human cytomegalovirus infection (hsa05163), AGE-RAGE signaling pathway in diabetic complications (hsa04933), coronavirus disease–COVID-19 (hsa05171), inflammatory bowel disease (hsa05321), EGFR tyrosine kinase inhibitor resistance (hsa01521), rheumatoid arthritis (hsa05323), HIF-1 signaling pathway (hsa04066), antifolate resistance (hsa01523), proteoglycans in cancer (hsa05205), and African trypanosomiasis (hsa05143). Comparing the above-obtained eight pathways from the TP network, we found that there were four overlapping pathways between them, including the AGE-RAGE signaling pathway in diabetic complications (hsa04933), HIF-1 signaling pathway (hsa04066), proteoglycans in cancer (hsa05205), and African trypanosomiasis (hsa05143). Eventually, by synthetically analyzing the gene count and adjusted p-value, two signaling pathways, the AGE-RAGE signaling pathway in diabetic complications (hsa04933) and the HIF-1 signaling pathway (hsa04066), were chosen to be the potential signaling pathways of RSV in the treatment of PE.

  

 Figure 5 | The PPI network and the top 10 related pathways of the six core targets. (A) The PPI network of the six core targets. (B) The top 10 signaling pathways related to the six core targets. PPI, protein–protein interaction. 

 

 
  3.5 Molecular docking

 To further investigate the physical binding between the core targets and RSV, molecular docking was carried out and visualized. The values of binding energy are shown in  Table 2 . It is obvious that the values of binding energy between the core targets and RSV were lower than −5 kcal/mol except for STAT3, which indicated that there was good binding between them.

  Table 2 | The binding energy of RSV and the core targets. 

 

 As shown in  Figure 6A , RSV was embedded in the pocket formed by the active sites of ASN-134, LEU-121, and GLU-149, and there existed hydrogen bonds varying within a range of 1.7 to 2.1 Å between RSV and the active sites of TNF. As shown in  Figure 6B , the active sites of IL6 including MET-68, LEU-65, and LEU-63 interplayed with RSV by several shorter hydrogen bonds.  Figure 6C  shows that there was a binding between RSV and IL1B at the active sites of LYS-77, VAL-132, LEU-26, and TYR-24. The interaction of VEGFA and RSV is shown in  Figure 6D , and the active sites were CYS-61, ASN-62, ASP-63, LEU-32, LYS-107, and LEU-66. As shown in  Figure 6E , RSV bonded with STAT3 in the pocket made by four active sites including GLN-247, GLU-324, GLN-326, and ASP-334.  Figure 6F  shows that EGFR interacted with RSV in the active sites of LYS-860, ARG-889, and SER-885.

  

 Figure 6 | The pattern diagrams of molecular docking of RSV and core targets. (A) RSV and TNF, (B) RSV and IL6, (C) RSV and IL1B, (D) RSV and VEGFA, (E) RSV and STAT3, and (F) RSV and EGFR. The decimals mark the length of hydrogen bonds. RSV, resveratrol. 

 

 
 
  4 Discussion

 PE has become the major cause of maternal and fetal death worldwide. Furthermore, during their lifetime, women with preeclampsia are also more likely to suffer from cardiovascular disorders than those without. Unfortunately, there is still no effective treatment except termination of pregnancy. There is an urgent need to seek new drug targets and develop new effective therapies. RSV is a native polyphenol extracted from many plants. It has been reported to exert anti-oxidation, anti-inflammation, and anti-cancer effects. The positive influences on complicated pregnancy and a decrease in cardiovascular events both have been verified (26, 27).

 As a good source of RSV, the Mediterranean diet is rich in many phenols. As the main components of the Mediterranean diet, red wine is rich in RSV, and olive oil can increase the absorption of RSV (28, 29). The Mediterranean diet can modulate inflammatory factors such as TNF and IL6, which are consistent with the finding of core targets of RSV (30) (31). Recent studies have shown that the Mediterranean diet can significantly alleviate gestational diabetes mellitus (GDM) and insulin resistance, which could be induced by obesity (32, 33). Women with GDM have an increased risk of PE due to insulin resistance-induced hyperinsulinemia (34). A cohort study showed that the Mediterranean diet alleviated symptoms of PE (35). Therefore, we speculate that there is a curious coincidence between the Mediterranean diet and the administration of RSV, and RSV might be the main active ingredient of the Mediterranean diet.

 PE is a complicated disease that affects multiple cells, organs, or systems including the placenta, trophoblast cells, and endothelial cells. Previous studies have shown that RSV upregulates VEGF (36) and inhibits the release of sFlt-1 from the placenta (37, 38). In addition, RSV could protect the trophoblast against oxidative stress (39, 40) and improve vascular endothelial functions (41–43). A clinical trial showed that RSV is a safe and effective adjuvant of oral nifedipine to attenuate hypertensive symptoms among PE patients (44). A meta-analysis showed that the combined treatment of RSV and nifedipine could take less time to achieve the target blood pressure than nifedipine alone, and less nifedipine dose was required in the combined treatment (45). However, the molecular mechanism of RSV against PE remains unclear.

 In this study, we investigated the potential of RSV as a candidate medicine for the treatment of PE. There were 66 intersecting targets of RSV and PE between the 347 potential targets of RSV and the 526 PE-related genes. The results of GO showed that more than 38 GO terms widely participated in the pathophysiology of PE. These GO terms included pregnancy, regulation of blood pressure, positive regulation of angiogenesis, inflammatory factors, endothelial cell proliferation and migration, and oxidative stress. Previous studies have shown that these processes are involved in the pathological processes of PE. Specifically, PE is a main complication of pregnancy, manifested as dysregulation of blood pressure (46). The decrease of angiogenesis in the uterine led to maternal blood pressure, and it impaired placental and fetal development as well (47). Some researchers have theorized that maternal endothelial dysfunction may be a biomarker for PE (48). The excessive activation of the immune system and increase of proinflammatory cytokines are considered manifestations of PE (49). Notably, it has been generally accepted that excessive production of reactive oxygen species (ROS) and antioxidant system dysfunction are involved in the etiology of PE (50). Taken together, we reasonably assume that RSV has therapeutic effects on PE through regulation of blood pressure, participation in circulation and vasculature, modulation of cytokines and hormones, control of epithelial cells, and response to oxidative stress and inflammation.

 In order to further obtain the core targets among the intersecting targets, the PPI network between the intersecting targets and the TP network between the intersecting targets and the signaling pathways were constructed and analyzed. Eventually, six core targets, namely, TNF, IL6, IL1B, VEGFA, STAT3, and EGFR, were required.

 TNF, as a pro-inflammatory cytokine, functions to a great extent in PE. The increase in TNF has been verified in the preclinical models of PE (51). There have been considerable studies to support that the level of TNF can be used as a biomarker for preeclampsia diagnosis (52). The serum levels of IL6, an important pro-inflammatory cytokine, were abnormal in women with PE (53). IL1B, as a pro-inflammatory cytokine, has been considered to be involved in the pathogenesis of PE via activation of NOD-like receptor protein 3 (NLRP3) inflammasome (54, 55). VEGFA is proposed to play roles in angiogenesis and vasculature in the human body. The decrease of VEGFA in cerebrospinal fluid protein in PE has been detected (56). Downregulation of VEGFA may contribute to the development of PE (57). Recently, EGFR has attracted increasing attention due to its involvement in the mechanism of aspirin in the treatment of PE (58). A recent study has also demonstrated that the EGFR signaling regulated the secretion of sFlt-1, which has been strongly implicated in the pathogenesis of PE (59). Additionally, the downregulation of EGFR-related pathways might account for impaired trophoblast invasion in PE (60). In a word, the core targets that we obtained are engaged in the pathophysiology of PE and may be the therapeutic targets of RSV against PE. Signal transducer and activator of transcription 3 (STAT3), a latent cytoplasmic transcription factor involved in endothelial cell differentiation, survival, and angiogenesis, may play an important role in preeclampsia-associated endothelial dysfunction (61). Several studies have verified the efficacy of RSV in the treatment of PE through core targets that we found. RSV could improve the expression of VEGFA in PE (36) and reduce the secretion of IL6, TNF, and IL1B (37). In addition, RSV could decrease the level of EGFR and reduce EGFR and STAT3 activation (62). Of course, more studies are needed to verify the pharmacological mechanism of RSV in the treatment of PE.

 Furthermore, we conducted molecular docking to validate the relationship between RSV and six core targets of PE. The results showed that they all had good binding with RSV except STAT3. However, a recent study has demonstrated that the IL6/Jak2/STAT3 signaling pathway is involved in the development of PE (63). These results finally indicated that these six targets might be the targets of RSV against PE, and more experimental and clinical studies are still needed in the future.

 By constructing the TP network, among a total of 125 pathways from KEGG pathway enrichment analysis, eight pathways related to the intersecting targets of RSV and PE were obtained including pathways in cancer, fluid shear stress and atherosclerosis, AGE-RAGE signaling pathway in diabetic complications, proteoglycans in cancer, NAFLD, Chagas disease (American trypanosomiasis), HIF-1 signaling pathway, and TNF signaling pathway. Further, the interaction between these eight pathways and the signaling pathways related to the six core targets were obtained, and two pathways, the AGE-RAGE signaling pathway in diabetic complications and the HIF-1 signaling pathway, were finally acquired.

 An abnormal elevation of AGE/RAGE in PE patients via possible involvement of placental oxidative and nitrative stress has been reported (64). An enhanced expression of AGE/RAGE may be the biomarker for the diagnosis and prognosis of PE patients (65). The AGE-RAGE signaling pathway may also participate in the occurrence of GDM (66, 67), which probably shares some common pathophysiological pathways (68). Hypoxia-inducible factor (HIF) is a transcription factor that can be activated by hypoxia. Placental hypoxia may be one of the major pathogenesis of PE, which can lead to the accumulation of HIF (69). The upregulation of HIF may damage the angiogenesis of the placenta (70), suppress the invasion and migration of trophoblastic cells (71), and contribute to the development of PE (72). In addition to the above, some researchers proposed that the downregulation of HIF might be an efficient therapy for PE (73, 74). Previous studies have shown that the HIF-1 signaling pathway is involved in the pathogenesis of PE (70, 74–78). There are two main subtypes of PE, early-onset PE and late-onset PE. Early-onset PE is considered to be related to specific trophoblast defects, and late-onset PE is related to maternal metabolic defects (79). However, HIF-1 and AGE-RAGE signaling pathways are considered to be common pathways involved in the pathogenesis of early- and late-onset PE (80). Further experimental and clinical studies in developing therapies for PE targeting these pathways remain necessary in the future.

 
  Data availability statement

 The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/ Supplementary Material .

 
  Author contributions

 Conceptualization: QS and NJ. Investigation: JS and JW. Methodology: JS and JW. Supervision: QS and NJ. Visualization: JS and JW. Writing—original draft: QS, JS, and JW. Writing—review and editing: QS and NJ. All authors contributed to the article and approved the submitted version.

 
   Funding

 This work is supported by the Key Research and Development Program of Shaanxi (Nos. 2020SF-133, 2021SF-097), Natural Science Basic Research Plan in Shaanxi Province of China (No. 2017JM8017), National Science Foundation for Post-doctoral Scientists of China (Nos. 2017M623190, 2018T111074), Foundation for Post-doctoral Scientists of Shaanxi Province (No. 2018BSHERZZ97), and The Fundamental Research Funds for The Central Universities (No. xzy012020084).

 
  Acknowledgments

 The authors thank all colleagues at Xi’an Jiaotong University.

 
  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.

 
  Supplementary material

 The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fendo.2022.1044775/full#supplementary-material 

 
  References

  1. Parikh, NI, and Gonzalez, J. Preeclampsia and hypertension: Courting a long while: Time to make it official. JAMA Intern Med (2017) 177:917–8. doi: 10.1001/jamainternmed.2017.1422 

  2. Chappell, LC, Cluver, CA, Kingdom, J, and Tong, S. Pre-eclampsia. Lancet (2021) 398:341–54. doi: 10.1016/S0140-6736(20)32335-7 

  3. Hao, J, Hassen, D, Hao, Q, Graham, J, Paglia, MJ, Brown, J, et al. Maternal and infant health care costs related to preeclampsia. Obstet Gynecol (2019) 134:1227–33. doi: 10.1097/AOG.0000000000003581 

  4. Williams, D. Long-term complications of preeclampsia. Semin Nephrol (2011) 31:111–22. doi: 10.1016/j.semnephrol.2010.10.010 

  5. Tomimatsu, T, Mimura, K, Matsuzaki, S, Endo, M, Kumasawa, K, and Kimura, T. Preeclampsia: Maternal systemic vascular disorder caused by generalized endothelial dysfunction due to placental antiangiogenic factors. Int J Mol Sci 20 (2019) 20. doi: 10.3390/ijms20174246 

  6. Ives, CW, Sinkey, R, Rajapreyar, I, Tita, ATN, and Oparil, S. Preeclampsia-pathophysiology and clinical presentations: JACC state-of-the-Art review. J Am Coll Cardiol (2020) 76:1690–702. doi: 10.1016/j.jacc.2020.08.014 

  7. Xia, N, Daiber, A, Förstermann, U, and Li, H. Antioxidant effects of resveratrol in the cardiovascular system. Br J Pharmacol (2017) 174:1633–46. doi: 10.1111/bph.13492 

  8. Meng, T, Xiao, D, Muhammed, A, Deng, J, Chen, L, and He, J. Anti-inflammatory action and mechanisms of resveratrol. Molecules 26 (2021) 26. doi: 10.3390/molecules26010229 

  9. Rauf, A, Imran, M, Butt, MS, Nadeem, M, Peters, DG, and Mubarak, MS. Resveratrol as an anti-cancer agent: A review. Crit Rev Food Sci Nutr (2018) 58:1428–47. doi: 10.1080/10408398.2016.1263597 

  10. Viana-Mattioli, S, Cinegaglia, N, Bertozzi-Matheus, M, Bueno-Pereira, TO, Caldeira-Dias, M, Cavalli, RC, et al. SIRT1-dependent effects of resveratrol and grape juice in an in vitro model of preeclampsia. BioMed Pharmacother (2020) 131:110659. doi: 10.1016/j.biopha.2020.110659 

  11. Kim, S, Chen, J, Cheng, T, Gindulyte, A, He, J, He, S, et al. PubChem in 2021: new data content and improved web interfaces. Nucleic Acids Res (2021) 49:D1388–d1395. doi: 10.1093/nar/gkaa971 

  12. Daina, A, Michielin, O, and Zoete, V. SwissADME: a free web tool to evaluate pharmacokinetics, drug-likeness and medicinal chemistry friendliness of small molecules. Sci Rep (2017) 7:42717. doi: 10.1038/srep42717 

  13. Ru, J, Li, P, Wang, J, Zhou, W, Li, B, Huang, C, et al. TCMSP: a database of systems pharmacology for drug discovery from herbal medicines. J Cheminform (2014) 6:13. doi: 10.1186/1758-2946-6-13 

  14. Gfeller, D, Grosdidier, A, Wirth, M, Daina, A, Michielin, O, and Zoete, V. SwissTargetPrediction: a web server for target prediction of bioactive small molecules. Nucleic Acids Res (2014) 42:W32–38. doi: 10.1093/nar/gku293 

  15. Yao, ZJ, Dong, J, Che, YJ, Zhu, MF, Wen, M, Wang, NN, et al. TargetNet: a web service for predicting potential drug-target interaction profiling via multi-target SAR models. J Comput Aided Mol Des (2016) 30:413–24. doi: 10.1007/s10822-016-9915-2 

  16. Kuhn, M, von Mering, C, Campillos, M, Jensen, LJ, and Bork, P. STITCH: Interaction networks of chemicals and proteins. Nucleic Acids Res (2008) 36:D684–8. doi: 10.1093/nar/gkm795 

  17. Keiser, MJ, Roth, BL, Armbruster, BN, Ernsberger, P, Irwin, JJ, and Shoichet, BK. Relating protein pharmacology by ligand chemistry. Nat Biotechnol (2007) 25:197–206. doi: 10.1038/nbt1284 

  18. Stelzer, G, Rosen, N, Plaschkes, I, Zimmerman, S, Twik, M, Fishilevich, S, et al. The GeneCards suite: From gene data mining to disease genome sequence analyses. Curr Protoc Bioinf (2016) 54:1.30.1–1.30.33. doi: 10.1002/cpbi.5 

  19. Amberger, JS, Bocchini, CA, Schiettecatte, F, Scott, AF, and Hamosh, A. OMIM.org: Online mendelian inheritance in man (OMIM®), an online catalog of human genes and genetic disorders. Nucleic Acids Res (2015) 43:D789–98. doi: 10.1093/nar/gku1205 

  20. Zhou, Y, Zhou, B, Pache, L, Chang, M, Khodabakhshi, AH, Tanaseichuk, O, et al. Metascape provides a biologist-oriented resource for the analysis of systems-level datasets. Nat Commun (2019) 10:1523. doi: 10.1038/s41467-019-09234-6 

  21. Szklarczyk, D, Gable, AL, Nastou, KC, Lyon, D, Kirsch, R, Pyysalo, S, et al. The STRING database in 2021: Customizable protein-protein networks, and functional characterization of user-uploaded gene/measurement sets. Nucleic Acids Res (2021) 49:D605–d612. doi: 10.1093/nar/gkaa1074 

  22. Shannon, P, Markiel, A, Ozier, O, Baliga, NS, Wang, JT, Ramage, D, et al. Cytoscape: A software environment for integrated models of biomolecular interaction networks. Genome Res (2003) 13:2498–504. doi: 10.1101/gr.1239303 

  23. Goodsell, DS, and Olson, AJ. Automated docking of substrates to proteins by simulated annealing. Proteins (1990) 8:195–202. doi: 10.1002/prot.340080302 

  24. DeLano, W. Use of PyMOL as a communications tool for molecular science, abstracts of papers of the American chemical society. AMER Chem Soc 1155 16TH ST NW WASHINGTON DC 20036 USA (2004) 2004:U313–4. 

  25. Berman, HM, Westbrook, J, Feng, Z, Gilliland, G, Bhat, TN, Weissig, H, et al. The protein data bank. Nucleic Acids Res (2000) 28:235–42. doi: 10.1093/nar/28.1.235 

  26. Bourque, SL, Dolinsky, VW, Dyck, JR, and Davidge, ST. Maternal resveratrol treatment during pregnancy improves adverse fetal outcomes in a rat model of severe hypoxia. Placenta (2012) 33:449–52. doi: 10.1016/j.placenta.2012.01.012 

  27. Cheng, CK, Luo, JY, Lau, CW, Chen, ZY, Tian, XY, and Huang, Y. Pharmacological basis and new insights of resveratrol action in the cardiovascular system. Br J Pharmacol (2020) 177:1258–77. doi: 10.1111/bph.14801 

  28. Ditano-Vázquez, P, Torres-Peña, JD, Galeano-Valle, F, Pérez-Caballero, AI, Demelo-Rodríguez, P, Lopez-Miranda, J, et al. The fluid aspect of the Mediterranean diet in the prevention and management of cardiovascular disease and diabetes: The role of polyphenol content in moderate consumption of wine and olive oil. Nutrients (2019) 11. doi: 10.3390/nu11112833 

  29. Barros, PP, Gonçalves, GM, Silva, GH, Bastos, MC, Ramos, LN, and Fernandes, MM. Lycopene and resveratrol pretreatment did not interfere with the liver of hepatectomized rats. Acta Cir Bras (2017) 32:194–202. doi: 10.1590/s0102-865020170030000003 

  30. Mentella, MC, Scaldaferri, F, Ricci, C, Gasbarrini, A, and Miggiano, GAD. Cancer and Mediterranean diet: A review. Nut (2019) 11. doi: 10.3390/nu11092059 

  31. Yarla, NS, Polito, A, and Peluso, I. Effects of olive oil on TNF-α and IL-6 in humans: Implication in obesity and frailty. Endocr Metab Immune Disord Drug Targets (2018) 18:63–74. doi: 10.2174/1871530317666171120150329 

  32. Mirabelli, M, Chiefari, E, Arcidiacono, B, Corigliano, DM, Brunetti, FS, Maggisano, V, et al. Mediterranean Diet nutrients to turn the tide against insulin resistance and related diseases. Nut (2020) 12. doi: 10.3390/nu12041066 

  33. Arcidiacono, B, Chiefari, E, Foryst-Ludwig, A, Currò, G, Navarra, G, Brunetti, FS, et al. Obesity-related hypoxia via miR-128 decreases insulin-receptor expression in human and mouse adipose tissue promoting systemic insulin resistance. EBioMedicine (2020) 59:102912. doi: 10.1016/j.ebiom.2020.102912 

  34. Hauth, JC, Clifton, RG, Roberts, JM, Myatt, L, Spong, CY, Leveno, KJ, et al. Maternal insulin resistance and preeclampsia. Am J Obstet Gynecol (2011) 204:327.e1–6. doi: 10.1016/j.ajog.2011.02.024 

  35. Minhas, AS, Hong, X, Wang, G, Rhee, DK, Liu, T, Zhang, M, et al. Mediterranean-Style diet and risk of preeclampsia by race in the Boston birth cohort. J Am Heart Assoc (2022) 11:e022589. doi: 10.1161/JAHA.121.022589 

  36. Liu, J, Yao, L, and Wang, Y. Resveratrol alleviates preeclampsia-like symptoms in rats through a mechanism involving the miR-363-3p/PEDF/VEGF axis. Microvasc Res (2022) 146:104451. doi: 10.1016/j.mvr.2022.104451 

  37. Hannan, NJ, Brownfoot, FC, Cannon, P, Deo, M, Beard, S, Nguyen, TV, et al. Resveratrol inhibits release of soluble fms-like tyrosine kinase (sFlt-1) and soluble endoglin and improves vascular dysfunction - implications as a preeclampsia treatment. Sci Rep (2017) 7:1819. doi: 10.1038/s41598-017-01993-w 

  38. Cudmore, MJ, Ramma, W, Cai, M, Fujisawa, T, Ahmad, S, Al-Ani, B, et al. Resveratrol inhibits the release of soluble fms-like tyrosine kinase (sFlt-1) from human placenta. Am J Obstet Gynecol (2012) 206:253.e10–5. doi: 10.1016/j.ajog.2011.11.010 

  39. Zou, Y, Zuo, Q, Huang, S, Yu, X, Jiang, Z, Zou, S, et al. Resveratrol inhibits trophoblast apoptosis through oxidative stress in preeclampsia-model rats. Molecules (2014) 19:20570–9. doi: 10.3390/molecules191220570 

  40. Wang, P, Huang, CX, Gao, JJ, Shi, Y, Li, H, Yan, H, et al. Resveratrol induces SIRT1-dependent autophagy to prevent H(2)O(2)-induced oxidative stress and apoptosis in HTR8/SVneo cells. Placenta (2020) 91:11–8. doi: 10.1016/j.placenta.2020.01.002 

  41. Parsamanesh, N, Asghari, A, Sardari, S, Tasbandi, A, Jamialahmadi, T, Xu, S, et al. Resveratrol and endothelial function: A literature review. Pharmacol Res (2021) 170:105725. doi: 10.1016/j.phrs.2021.105725 

  42. Caldeira-Dias, M, Montenegro, MF, Bettiol, H, Barbieri, MA, Cardoso, VC, Cavalli, RC, et al. Resveratrol improves endothelial cell markers impaired by plasma incubation from women who subsequently develop preeclampsia. Hypertens Res (2019) 42:1166–74. doi: 10.1038/s41440-019-0243-5 

  43. Bueno-Pereira, TO, Bertozzi-Matheus, M, Zampieri, GM, Abbade, JF, Cavalli, RC, Nunes, PR, et al. Markers of endothelial dysfunction are attenuated by resveratrol in preeclampsia. Antioxidants (Basel) (2022) 11. doi: 10.3390/antiox11112111 

  44. Ding, J, Kang, Y, Fan, Y, and Chen, Q. Efficacy of resveratrol to supplement oral nifedipine treatment in pregnancy-induced preeclampsia. Endocr Connect (2017) 6:595–600. doi: 10.1530/EC-17-0130 

  45. Sridharan, K, and Sequeira, RP. Drugs for treating severe hypertension in pregnancy: a network meta-analysis and trial sequential analysis of randomized clinical trials. Br J Clin Pharmacol (2018) 84:1906–16. doi: 10.1111/bcp.13649 

  46. Qu, H, and Khalil, RA. Vascular mechanisms and molecular targets in hypertensive pregnancy and preeclampsia. Am J Physiol Heart Circ Physiol (2020) 319:H661–h681. doi: 10.1152/ajpheart.00202.2020 

  47. Carlström, M, Wentzel, P, Skøtt, O, Persson, AE, and Eriksson, UJ. Angiogenesis inhibition causes hypertension and placental dysfunction in a rat model of preeclampsia. J Hypertens (2009) 27:829–37. doi: 10.1097/HJH.0b013e328324f8ce 

  48. Phipps, EA, Thadhani, R, Benzing, T, and Karumanchi, SA. Pre-eclampsia: pathogenesis, novel diagnostics and therapies. Nat Rev Nephrol (2019) 15:275–89. doi: 10.1038/s41581-019-0119-6 

  49. Michalczyk, M, Celewicz, A, Celewicz, M, Woźniakowska-Gondek, P, and Rzepka, XXXR. The role of inflammation in the pathogenesis of preeclampsia. Mediators Inflammation (2020) 2020:3864941. doi: 10.1155/2020/3864941 

  50. Tenório, MB, Ferreira, RC, Moura, FA, Bueno, NB, de Oliveira, ACM, and Goulart, MOF. Cross-talk between oxidative stress and inflammation in preeclampsia. Oxid Med Cell Longev (2019) 2019:8238727. doi: 10.1155/2019/8238727 

  51. Li, ZH, Wang, LL, Liu, H, Muyayalo, KP, Huang, XB, Mor, G, et al. Galectin-9 alleviates LPS-induced preeclampsia-like impairment in rats via switching decidual macrophage polarization to M2 subtype. Front Immunol (2018) 9:3142. doi: 10.3389/fimmu.2018.03142 

  52. Kumar, A, Begum, N, Prasad, S, Agarwal, S, and Sharma, S. IL-10, TNF-α & IFN-γ: potential early biomarkers for preeclampsia. Cell Immunol (2013) 283:70–4. doi: 10.1016/j.cellimm.2013.06.012 

  53. Lv, LJ, Li, SH, Li, SC, Zhong, ZC, Duan, HL, Tian, C, et al. Early-onset preeclampsia is associated with gut microbial alterations in antepartum and postpartum women. Front Cell Infect Microbiol (2019) 9:224. doi: 10.3389/fcimb.2019.00224 

  54. Shirasuna, K, Karasawa, T, and Takahashi, M. Role of the NLRP3 inflammasome in preeclampsia. Front Endocrinol (Lausanne) (2020) 11:80. doi: 10.3389/fendo.2020.00080 

  55. He, Y, Hara, H, and Núñez, G. Mechanism and regulation of NLRP3 inflammasome activation. Trends Biochem Sci (2016) 41:1012–21. doi: 10.1016/j.tibs.2016.09.002 

  56. Ciampa, E, Li, Y, Dillon, S, Lecarpentier, E, Sorabella, L, Libermann, TA, et al. Cerebrospinal fluid protein changes in preeclampsia. Hypertension (2018) 72:219–26. doi: 10.1161/HYPERTENSIONAHA.118.11153 

  57. He, B, Yang, X, Li, Y, Huang, D, Xu, X, Yang, W, et al. TLR9 (Toll-like receptor 9) agonist suppresses angiogenesis by differentially regulating VEGFA (Vascular endothelial growth factor a) and sFLT1 (Soluble vascular endothelial growth factor receptor 1) in preeclampsia. Hypertension (2018) 71:671–80. doi: 10.1161/HYPERTENSIONAHA.117.10510 

  58. Zhang, J, Huang, J, Zhao, Y, and Zhang, W. The preventive effects of aspirin on preeclampsia based on network pharmacology and bioinformatics. J Hum Hypertens (2021) 36:753–9. doi: 10.1038/s41371-021-00568-7 

  59. Hastie, R, Brownfoot, FC, Pritchard, N, Hannan, NJ, Cannon, P, Nguyen, V, et al. EGFR (Epidermal growth factor receptor) signaling and the mitochondria regulate sFlt-1 (Soluble FMS-like tyrosine kinase-1) secretion. Hypertension (2019) 73:659–70. doi: 10.1161/HYPERTENSIONAHA.118.12300 

  60. Xiao, C, Rui, Y, Zhou, S, Huang, Y, Wei, Y, and Wang, Z. TNF-related apoptosis-inducing ligand (TRAIL) promotes trophoblast cell invasion via miR-146a-EGFR/CXCR4 axis: A novel mechanism for preeclampsia? Placenta (2020) 93:8–16. doi: 10.1016/j.placenta.2020.02.011 

  61. Christensen, M, Petersen, JL, Sivanandam, P, Kronborg, CS, Knudsen, UB, and Martensen, PM. Reduction of serum-induced endothelial STAT3(Y705) activation is associated with preeclampsia. Preg Hypertens (2021) 25:103–9. doi: 10.1016/j.preghy.2021.05.012 

  62. Cichocki, M, Szaefer, H, and Krajka-Kuźniak, V. Baer-dubowska, the effect of resveratrol and its methylthio-derivatives on EGFR and Stat3 activation in human HaCaT and A431 cells. Mol Cell Biochem (2014) 396:221–8. doi: 10.1007/s11010-014-2157-5 

  63. Abdelzaher, WY, Mostafa-Hedeab, G, Bahaa, HA, Mahran, A, Atef Fawzy, M, Abdel Hafez, SMN, et al. Montelukast ameliorates l-NAME-Induced pre-eclampsia in rats through suppressing the IL-6/Jak2/STAT3 signaling pathway. Pharm (Basel) 15 (2022) 15. doi: 10.3390/ph15080914 

  64. Chekir, C, Nakatsuka, M, Noguchi, S, Konishi, H, Kamada, Y, Sasaki, A, et al. Accumulation of advanced glycation end products in women with preeclampsia: possible involvement of placental oxidative and nitrative stress. Placenta (2006) 27:225–33. doi: 10.1016/j.placenta.2005.02.016 

  65. Guedes-Martins, L, Matos, L, Soares, A, Silva, E, and Almeida, H. AGEs, contributors to placental bed vascular changes leading to preeclampsia. Free Radic Res (2013) 47 Suppl 1:70–80. doi: 10.3109/10715762.2013.815347 

  66. Rajaraman, B, Ramadas, N, Krishnasamy, S, Ravi, V, Pathak, A, Devasena, CS, et al. Hyperglycaemia cause vascular inflammation through advanced glycation end products/early growth response-1 axis in gestational diabetes mellitus. Mol Cell Biochem (2019) 456:179–90. doi: 10.1007/s11010-019-03503-0 

  67. Dai, S, Meng, X, Cai, X, Yuan, C, Zhao, Z, Zhong, L, et al. Therapeutic effect of ursolic acid on fetal development in pregnant rats with gestational diabetes mellitus via AGEs-RAGE signaling pathway. J Food Biochem (2021) 45:e13651. doi: 10.1111/jfbc.13651 

  68. Weissgerber, TL, and Mudd, LM. Preeclampsia and diabetes. Curr Diabetes Rep (2015) 15:9. doi: 10.1007/s11892-015-0579-4 

  69. Tal, R. The role of hypoxia and hypoxia-inducible factor-1alpha in preeclampsia pathogenesis. Biol Reprod (2012) 87:134. doi: 10.1095/biolreprod.112.102723 

  70. Zhao, L, Ma, R, Zhang, L, Yuan, X, Wu, J, He, L, et al. Inhibition of HIF-1a-mediated TLR4 activation decreases apoptosis and promotes angiogenesis of placental microvascular endothelial cells during severe pre-eclampsia pathogenesis. Placenta (2019) 83:8–16. doi: 10.1016/j.placenta.2019.06.375 

  71. He, C, Shan, N, Xu, P, Ge, H, Yuan, Y, Liu, Y, et al. Hypoxia-induced downregulation of SRC-3 suppresses trophoblastic invasion and migration through inhibition of the AKT/mTOR pathway: Implications for the pathogenesis of preeclampsia. Sci Rep (2019) 9:10349. doi: 10.1038/s41598-019-46699-3 

  72. Iriyama, T, Wang, W, Parchim, NF, Song, A, Blackwell, SC, Sibai, BM, et al. Hypoxia-independent upregulation of placental hypoxia inducible factor-1α gene expression contributes to the pathogenesis of preeclampsia. Hypertension (2015) 65:1307–15. doi: 10.1161/HYPERTENSIONAHA.115.05314 

  73. Qu, H, Yu, Q, Jia, B, Zhou, W, Zhang, Y, and Mu, L. HIF−3α affects preeclampsia development by regulating EVT growth via activation of the Flt−1/JAK/STAT signaling pathway in hypoxia. Mol Med Rep (2021) 23. doi: 10.3892/mmr.2020.11701 

  74. Yu, N, Wu, JL, Xiao, J, Fan, L, Chen, SH, and Li, W. HIF-1α regulates angiogenesis via Notch1/STAT3/ETBR pathway in trophoblastic cells. Cell Cycle (2019) 18:3502–12. doi: 10.1080/15384101.2019.1689481 

  75. Chakraborty, D, Cui, W, Rosario, GX, Scott, RL, Dhakal, P, Renaud, SJ, et al. HIF-KDM3A-MMP12 regulatory circuit ensures trophoblast plasticity and placental adaptations to hypoxia. Proc Natl Acad Sci U.S.A. (2016) 113:E7212–e7221. doi: 10.1073/pnas.1612626113 

  76. Liu, W, Wang, SJ, and Lin, QD. Study on the expressions of PHD and HIF in placentas from normal pregnant women and patients with preeclampsia. Int J Biol Sci (2014) 10:278–84. doi: 10.7150/ijbs.6375 

  77. Li, X, Lu, J, Dong, L, Lv, F, Liu, W, Liu, G, et al. Effects of MiR-155 on trophoblast apoptosis in placental tissues of preeclampsia rats through HIF-1α signaling pathway. Panminerva Med (2021) 63:387–8. doi: 10.23736/S0031-0808.19.03696-6 

  78. Albers, RE, Kaufman, MR, Natale, BV, Keoni, C, Kulkarni-Datar, K, Min, S, et al. Trophoblast-specific expression of hif-1α results in preeclampsia-like symptoms and fetal growth restriction. Sci Rep (2019) 9:2742. doi: 10.1038/s41598-019-39426-5 

  79. Burton, GJ, Redman, CW, Roberts, JM, and Moffett, A. Pre-eclampsia: pathophysiology and clinical implications. Bmj (2019) 366:l2381. doi: 10.1136/bmj.l2381 

  80. Ren, Z, Gao, Y, Gao, Y, Liang, G, Chen, Q, Jiang, S, et al. Distinct placental molecular processes associated with early-onset and late-onset preeclampsia. Theranostics (2021) 11:5028–44. doi: 10.7150/thno.56141 


 
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.

Copyright © 2023 Shi, Wang, Jia and Sun. 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. 

 
OEBPS/Images/fendo-13-1044775-g001.jpg
Putative targets of RSV
PE-related genes





OEBPS/Images/fendo-13-1044775-g006.jpg





OEBPS/Images/fendo-13-1044775-g003.jpg
B

BetweennessCentrality ClosenessCentrality

Degree






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        A network pharmacology study on mechanism of resveratrol in treating preeclampsia via regulation of AGE-RAGE and HIF-1 signalling pathways

      

        		

          Background

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusion

        



        		

          1 Introduction

        



        		

          2 Methods and materials

        

          		

            2.1 Detection of drug likeness

          



          		

            2.2 Investigation of intersecting targets of RSV and PE

          



          		

            2.3 GO/KEGG enrichment analysis

          



          		

            2.4 Network construction

          



          		

            2.5 Molecular docking

          



        



        



        		

          3 Results

        

          		

            3.1 Drug likeness of RSV

          



          		

            3.2 The putative targets of RSV and PE-related genes

          



          		

            3.3 Exploration of intersecting targets of RSV and PE

          



          		

            3.4 Analyses of PPI network and TP network

          



          		

            3.5 Molecular docking

          



        



        



        		

          4 Discussion

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
Binding energy

(kcal/mol)

RSV -5.53 =52 -6.15 -5.93 -4.89 -5.19 ‘

RSV, resveratrol. \





OEBPS/Images/fendo-13-1044775-g002.jpg
G0:0010035esponse to inorganic substance
500030335 positve reguiation of el migration

300002237 response to molecul of acteral origin
50:2000147 pesitve reguiation of cellmatity-

500081272 positve reguiation of elular component movement:
G0:0040017:positve reguiation of kocomotion:

G0.0032498 response o popolysaccharide-

600001688 response to hyponia

1010036293 response to decreased oxygen levels:
5010070482 response to oxygen levls

GO:0000302 response o reactve oxygen species-
GO.0071417-celiar response 1o rganonirogen compound:
15010072593 reacive oxygen species melabasc pocess
G0:1801652:response topeptide:

G0:0001568:blo0d vessel development
G0:0010038esponse to metalion

501901698 celliar response 1 fitzogen compound:
50:000961 1 response to wounding

G0:00075883gig.

G0:0009617-response to bcterium:

G0:0071398 celular response o i

502001233 reguiation of apoptotic signaling patiway
1GO:0097150:apoptotc signaing pathway

G0:0001525 angiogenesis-

50.0048514:bio0d vessel morphagenesis-

G0.0006678 response to cxidaive siess

G0:0042483 response to dug

G0:2001234:negative regulaion of poplotic signaling pathway
G0:0062197.celar response tochemicalstress

G0:0048545 response tosterid hormone-

(G0/0008126 cytokine receptor binding
G0:0005125 cytkine activy

G0.0030545:signaingreceptor reguiaor aciviy

G0,0048018:receptor igand activy

G00030546:signaing receptor actvator actiiy

1GO.0088531:igand- acated anscripton factor actvy

500004878 nucear receptor aciviy

G0:0020037:heme bincing.

500046508 tevapyrole bincing

600002020 protease binaing:
50,0140297.DNA-binding ranscription factor binding-
500081620 RNA poymerase I specific DNA- binding ranscription factr binding-
G00004497.moncaxygense actviy

G0:0019901 proein Kinase binding

(30:0016705 oxidoreductase acti, cting on paied donors, withincorporaion ofreduction of molecular xygen
GO.0016491 cxidoreductase actvy-

5010019900 Kinase inding

G0:0070851:growthfacor receptor binding:

600042562 hormone binding:

G0:0019804:proten doman speciic binding

G0:0008134:vanscription factor binding-

G0.0005496:steroid ining

G0,0008236 serine- ype peptdase activiy

600042803 protein Pomogimeization activiy

G0.0017171.serine hydrolase actviy

80:0004175:endopeptdase acity

600001223 ranscription coactvatorbinding

G0:0001228 DNA- bincing ranscription activator actviy, RNA polymerase - speciic:
G0:0001216:DNA binding ranscription scivator actvy

60000122 :ranscription coreguiatr binding-

TOP 30 of GO Biological Processes

L d
L]
L]
(4
°
L]
°
o
°
°
.
L
.
°
L]
.
L]
(]
.
o
.
.
.
.
L
o
.
.
.
o5e obs oB6 o067 o0bs
Rich Factor

TOP 30 of GO Molecular Functions

B3 010

Rich Factor

count
. s
® 20
o 25

@

- og10(praie)
ns
0
2s

.
L3
® o
@ us
@ o

G0:0098857.memrane microdomain
G0:0045121membrane rat

600031983 vesice umen-

500005501 caveola

G0.0034774:secretory granule lumen-

500060205 cytoplasmic vesice umen-
500031012 extraceliar matrix

G0:0030312 external encapsulating svucture-
G0.0044853:plasma membrane rat
1G0.0009897.external side of plasma membrane
G0:0082023 collgen- containing extaceluar malix
500098552 side of membrane:
G0:003108t:plaelet apha granuie

500031093 platelet aipha ranuie lumen
00043238 receplor complex

00005784 ysosome

600000323 ytc vacucle

1500043025 neuronal cell body-

600043209 myeiin sheath

G0:1904813 ol 1 rch granule lumen:
G010044297-cetl bosy-

G0:0005667-transcription reguiator complex-
G0:0005625 focal adhesion:

GO/0030055:col- subsiratejunction:
G0:0090575 RNA polymerase  vanscrpton regulalor compie
5000304243100

GO.0098685:Schatlr collateral - CAT synapse:
G0/0101002 folin-1-ih grandle
GO:0096797:plasma memorane protein compiex
G0.0030130-endocytic veside

D

5304933 AGE- RAGE signaing paway in iabetc complcations.
8205200 Pathways in cancer

5205418 Flud shear svess and aheroscierosis
hes0st4eMaara

205142 Chagas disease (American ypanosomiasi)-
"1s304088:HIF- 1 signatng pathway-

5305205 Prteogiycans in cancer-

"hsa04868 TNF signaing pathway-

hs205323 Rheumatoid s

15304068 foxo signating pathway

1305140 Leishmania infecton

hsa05133 Pertussis

5204832 Non- alcohalcfatty Iver dsease (NAFLD):
18205161 Hepatis -

"hsa048S71L-17 signating pathway -

hsa05152 Tuberculoss

hsa05145 Toxcplasmosis

5305206 MicroRNAS i cancer-

305321 infammatory bowel disease (180):
hsa05216;8ladder cancer

hsa05146 Amostiasis

5302064 NF- kappa B signaing pathway

20421 Longevy regulating pathway

1$205143 Afican trypanosomiasi
'hs304080.Cytokine- cyokinereceptor iteracion:
hsa05212 Pancrealic cancer

hsa04g3insuln resistance

hs201522 Endocrine resistance:

Ps304151.PI3K- Ak signalng pathway

5205162 Measis-

"TOP 30 of GO Cellular Components
L[]

°
ok

00 B3
Rich Factor

TOP 30 of KEGG Pathway Enrichment

count
° 0
®s
®

- og1Oipvalve)

log10(pvaive)

0

o ol ois

Rich Factor

B3





OEBPS/Images/fendo.2022.1044775_cover.jpg
’ frontiers | Frontiers in Endocrinology

A network pharmacology study
on mechanism of resveratrol in
treating preeclampsia via
regulation of AGE-RAGE and
HIF-1 signalling pathways





OEBPS/Images/logo.jpg
, frontiers ’ Frontiers in Endocrinology





OEBPS/Images/fendo-13-1044775-g004.jpg
Closeness

Degree

MAPKI






OEBPS/Images/fendo-13-1044775-g005.jpg
B Human cytomegalovirus infection (hsa05163)

[AGE- RAGE signaling pathway in diabetic complications (hsa04933)

Coronavirus disease - COVID- 19 (hsa05171)-
Inflammatory bowel disease (hsa05321)-

EGFR tyrosine kinase inhibitor resistance (hsa01521)

Term

Rheumatoid arthritis (hsa05323)

HIF- 1 signaling pathway (hsa04066;

Antifolate resistance (hsa01523)
Proteoglycans in cancer (hsa05205)

African trypanosomiasis (hsa05143)

-log10(P)

©°

00 25 50 75 100
Count





OEBPS/Images/table1.jpg
Property Paramet

Mw 228.24 g/mol
TPSA 60.69 A
XLogP3 ‘ 3.1

V Rotatable bonds 2
H-bond acceptors 3
H-bond donors 3
GI absorption High
BBB permeability Yes

| Lipinski’s rule 0 violations
MW, molecular with; TPSA, topological polar surface area; XLogP3, octanol/water
partition coefficient; H-bond, hydrogen bond; GI, gastrointestinal; BBB, blood-brain
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