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Resveratrol shows promizing anti-inflammatory effects in recent clinical trials, however its function in cardiovascular patients remains conflicting, suggesting there may be new mechanisms underlying its cardioprotective activity. Acute sympathetic stress induces early activation of the NLR family, pyrin domain containing 3 (NLRP3) inflammasome in cardiomyocytes as a critical step for triggering cardiac inflammation. Thus, this study explored targets of resveratrol activity involved in the inhibition of early inflammasome activation in cardiomyocytes following acute sympathetic stress. Network pharmacology was used to analyze common candidate targets in the sympathetic stress pathway, resveratrol activity, and myocardial inflammation and showed the Phosphoinositol 3—kinase (PI3K)/serine threonine protein kinase (Akt) signaling pathway and the target AKT1 may play a critical role. Molecular docking provided support for potential binding of resveratrol on AKT1. Furthermore, the effect of resveratrol on AKT1 activation was determined in cardiomyocytes. resveratrol dose-dependently inhibited AKT1 activation after activation of β-adrenoceptor. The AKT1 inhibitor A-674563 suppressed the activation of the NLRP3 inflammasome in cardiomyocytes following β-adrenoceptor activation, suggesting that AKT1 is a critical regulator molecule upstream of the NLRP3 inflammasome. Consistently, treatment with resveratrol suppressed β-adrenoceptor-mediated NLRP3 inflammasome activation in both cardiomyocytes and mouse hearts, as well as the resultant cardiac inflammation. In conclusion, resveratrol targets AKT1 to inhibit NLRP3 inflammasome activation in cardiomyocytes and cardiac inflammation following acute sympathetic stress. AKT1 is an important target of resveratrol, which should be considered as a treatment option for cardiovascular patients, especially those at risk of acute sympathetic stress.
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INTRODUCTION
Inflammation plays a critical role in the progression of various cardiovascular diseases and anti-inflammatory strategies have been shown to have promising therapeutic potential. Resveratrol, a small-molecule monomer polyphenol compound (3,4 9,5-trihydroxy-trans-stilbene) found abundantly in grapes and red wine (Novelle et al., 2015; Lin et al., 2019) is a multi-target drug that shows both cardioprotective and anti-inflammatory effects on many cardiovascular diseases in preclinical studies (Sung and Dyck, 2015; Bernal-Ramírez et al., 2021; Zhang et al., 2021). Some clinical trials have also shown its anti-inflammatory activity (Berman et al., 2017; Singh et al., 2019), which was further confirmed by a meta-analysis evaluating its relationship with C-reactive protein (Gorabi et al., 2021). However, the results of clinical trials on the cardiac protective effect of resveratrol remain conflicting (Dyck et al., 2019), which suggests its role in the heart may involve new unidentified targets and may be dependent on specific pathologic conditions.
Sympathetic nervous system (SNS) overactivation is a main pathologic condition that contributes to many cardiovascular diseases, such as myocardial infarction and heart failure (Dünser and Hasibeder, 2009; Boland et al., 2015; Kong et al., 2017). Resveratrol was shown to suppress cardiac inflammation in mice after sympathetic activation in a recent study (Nie et al., 2020), suggesting its protective effects on the heart under SNS overactivation. Acute sympathetic stress has been reported to induce cardiac inflammation by activating the pyrin domain containing 3 (NLRP3) inflammasome. Although it also plays a critical role in immune cells, the inflammasome is early activated in cardiomyocytes following acute sympathetic stress, which triggers cardiac inflammation. (Xiao et al., 2018; Cao et al., 2021). However, it remains unknown whether and how resveratrol inhibits the early inflammasome activation in cardiomyocytes following acute sympathetic stress.
We screen potential targets of resveratrol in inflammasome inhibition using network pharmacological analysis. Network pharmacology was introduced in the post-genomic era to deal with the increasing number of potential targets discovered by the rapid development of pharmacological technology (Recanatini and Cabrelle, 2020). It uses a computer-aided target prediction algorithm to analyze structural information of drug targets and potential targets. Herein, we used network pharmacological analysis to screen the targets of resveratrol, sympathetic stress, and myocardial inflammation with network pharmacological analysis, to identify the novel targets of the anti-inflammatory activity of resveratrol following acute sympathetic stress. Further, this study investigates the role of resveratrol in inflammasome activation in cardiomyocytes after sympathetic stress. The study will be helpful in defining the translational application of resveratrol in clinical therapy.
MATERIALS AND METHODS
Network Pharmacology Approach
This study used the TCMSP database (http://tcmspw.com/tcmsp.php), the SWISS target prediction database (http://swisstargetprediction.ch/) (Daina et al., 2019), the SEA database (http://sea.bkslab.org), and the QSAR database (quantitative structure activity relationships) to predict potential resveratrol targets. The target genes were then transformed into UniProt gene ID with the UniProt database (https://www.Unitprot.org/). The targets of resveratrol were then combined and duplicate items were deleted. The targets for sympathetic stress and myocardial inflammation were obtained in the gene cards database by searching with “sympathetic stress” and “myocardial inflammation,” respectively. Targets were also transformed into UniPort gene IDs using the UniProt database.
These targets were analyzed with Venn diagram analysis (http://bioinformatics.psb.ugent.be/webtools/Venn/). The common target genes were further analyzed with the String database (https://string-db.org). Hone sapiens was selected as the species, and the reliability was >0.4. Finally, the protein-protein interaction (PPI) network of resveratrol-sympathetic-myocarditis was constructed. The common targets were sorted according to the parameter values of the protein-protein relationship (degree, betweenness, and closeness). The results of the PPI data were exported into Cytoscape_V3.6 software (Szklarczyk et al., 2019) to determine the common targets hub genes of resveratrol, sympathetic stress, and myocardial inflammation. These target genes were then transformed into ensemble IDs with the Ensembl database tools (http://asia.ensembl.org/index.html) and submitted for KEGG pathway analysis (Zhou et al., 2019).
Molecular Docking
To clarify whether resveratrol directly targets AKT1, the molecular docking method was used to evaluate the interaction between resveratrol and the key core target. The three-dimensional (3D) crystal structure of AKT1 (PDB ID: 4EJN) was obtained from the Protein Data Bank (PDB). The two-dimensional (2D) SDF format of resveratrol and of A-674563 were downloaded from PubChem. Docking experiments were performed using CDOCKER with receptor-ligand interactions. The -CDOCKER_INTERACTION_ENERGY value was determined to evaluate bonding. The binding results were visualized as 3D and 2D diagrams using Discovery Studio™ 2.5 (DS; Accelrys sofware Inc., San Diego, CA, United States).
Animals
All animal experimental protocols were approved by the Committee of Peking University on the Ethics of Animal Experiments (LA2018144). The study was conducted in accordance with the use of laboratory animals published by the United States National Institutes of Health (NIH Publication No. 85-23, revised 2011) and the guidelines of the Peking University Health Science Center. Male 10–12 week old C57BL/6J mice (weight 25–30 g) and neonatal C57BL/6J mice (0–3 days) were purchased from Beijing Weitong Lihua Experimental Animal Technology Co., Ltd., and the experimental animal center of the Peking University Health Science Center. All mice were raised in the experimental animal center (environment: relative humidity 65%, room temperature 23°C, alternating 12 h light and dark cycles).
A total of 24 mice were randomly divided into four groups with six mice in each group: Control group (saline injection group), isoproterenol group (isoproterenol treatment group), isoproterenol + resveratrol group (resveratrol pretreatment + isoproterenol treatment group), and resveratrol group (resveratrol alone treatment group). The isoproterenol + resveratrol group and the resveratrol group received resveratrol (20 mg/(kg•d)) by intragastric gavage for 4 days. On the fourth day, the isoproterenol group and the isoproterenol + resveratrol group received a single subcutaneous (sc) injection of isoproterenol (5mg/kg), the selective agonist of β-adrenoceptors. On the 7th day, the mice were euthanized with overdose sodium pentobarbital. Cardiac samples were collected as described previously (Cao et al., 2021).
Cell Culture
Neonatal mouse cardiomyocytes (NMCM) from neonatal C57BL/6J mice (0–3 days) were isolated by enzymatic disassociation according to the neonatal heart dissociation kit manual (Miltenyi Biotec, Germany). The isolated cardiomyocytes were cultured in Dulbecco’s modified Eagle medium (DMEM) containing 15% fetal bovine serum (FBS) and high glucose for 2 h, then the culture medium rich in cardiomyocytes was inoculated in a six-well plate (5 × 105 cells per well), and 100 μmol/L bromodeoxyuridine (Sigma) was added to prevent fibroblast proliferation. After further culture for 36–48 h, the cells were starved in the serum-free medium for 3–4 h before drugs and intervention treatment.
Immunohistochemistry
MAC-3+ immunohistochemical staining of mouse heart tissue was used to assess macrophage infiltration. Mouse heart tissue was washed with cold phosphate buffered saline, fixed with 4% paraformaldehyde for 6–8 h, and embedded in paraffin. Cardiac tissue sections (5 μmol thick) were stained with an antibody against the macrophage specific marker MAC-3 (BD Biosciences, rat derived, dilution 1:200). The sections were imaged with a NanoZoomer-SQ digital slide scanner (Hamamatsu Photonics, Shizuoka, Japan). To evaluate macrophage infiltration, 10 fields were randomly selected from each section, The percentage of MAC-3 positive staining (brown stained part) in the whole myocardial area was calculated by Image Pro Plus 6.0 image analysis software. Immunohistochemical positive staining (brown staining) was evaluated using GraphPad Prism software (version 8.0.1, GraphPad Software Inc., San Diego, CA, United States).
Western Blotting Analysis
Protein samples were separated by 12% SDS polyacrylamide gel electrophoresis (30–40 μg), and transferred to a nitrocellulose membrane (NC membrane), which was blocked with 5% skim milk or 5% bovine serum albumin at room temperature for 1 h, and incubated overnight on a shaker at 4°C with antibodies: NLRP3 (1:500, CST); Pro-caspase-1 (1:1,000, CST); Caspase-1(p20) (1:1,000, Sigma); Pro-interleukin (IL)-18 (1:1,000, Abcam); Cleaved-IL-18 (1:1,000, MBL); GAPDH (1:1000 CST); Akt1 (1:3,000, CST); P-Akt1 (1:5,000, CST); SIRT1 (1:5,000, CST). Then the membrane was incubated with the corresponding secondary antibody at room temperature for 2 h, visualized with Immobilon Western Chemiluminescent HRP Substrate (Millipore Corporation, St. Burlington, MA, United States). The Syngene GeneGnome-XRQ-NPC imager (Gene Company, Shanghai, China) was used to obtain the blot images, and the band gray value was analyzed using Image 6.0 software.
ELISA
The cytokines of macrophage chemokine protein-1 (MCP-1), macrophage chemokine protein-5 (MCP-5), IL-6, and tumor necrosis factor-α (TNF-α) in heart tissue were detected by the ELISA kit (R&D) as previously described (Xin et al., 2020). Briefly, 50 μmol whole tissue homogenate, or protein 50 μl standard and control was added and incubated at room temperature for 2 h. After washing with washing buffer, 100 μl substrate reaction solution was added to each well (the surface is covered with tin foil to avoid light). After incubation at room temperature for 30 min, 100 μl reaction termination solution was added to each well and the OD value was measured at 450 and 570 nm using a microplate reader. The cytokine concentrations were adjusted the protein concentrations of each sample.
In vitro AKT1 Kinase Activity
For in vitro AKT1 kinase activity assays, recombinant active AKT1 kinase (Abcam) and GSK-3β (SinoBiological) substrates were added to 30 μl kinase buffer. The AKT1 kinase activity was indicated by the phosphorylation of GSK-3β. Kinase reactions were performed at 30°C for 30 min, and the samples were heated to 100°C for 5 min followed by the addition of SDS loading buffer. Reaction products were separated by 10% SDS-PAGE and transferred to nitrocellulose membranes. Then Total-GSK-3β (T-GSK-3β) (Proteintech), phosphorylated GSK-3β (P-GSK-3β) (Proteintech) and Total-AKT1 (T-AKT1) proteins were determined by Western blotting.
Statistical Analysis
The results were analyzed by the statistical software GraphPad Prism (version 8.0.1, GraphPad Software Inc., San Diego, CA, United States), expressed as mean ± standard deviation. The inter-group comparison was performed by one-way ANOVA with Tukey’s post-hoc test or Kruskal–Wallis ANOVA with post-hoc Dunn’s multiple comparison tests. p < 0.05 was considered statistically significant.
RESULTS
Common Targets of Resveratrol, Sympathetic Stress, and Myocardial Inflammation Screened With Network Pharmacology
The flow chart briefly describes the process of network pharmacology screening targets and analysis (Figure 1A). Based on the drug structure similarity algorithm and data mining, we screened out 494 potential candidate targets of resveratrol with different databases. Using the Genecards database, 1,604 sympathetic stress targets and 2,750 myocardial inflammation targets were obtained respectively. A total of 179 common targets were obtained as shown in the Venn diagram (Figure 1B). The common targets were put into the string database for analysis and obtain the PPI network diagram (Figure 1C). The classical inflammatory molecules IL-1β and IL-6 were among the core targets, as well as SIRT1, the well-known target of resveratrol (Figure 1C; Supplementary Figure S1). Then, according to the degree value, we further analyzed the top 50 targets by the PPI network, in which AKT1 ranks the core targets (Figure 1D).
[image: Figure 1]FIGURE 1 | Screening of common targets based on network pharmacology. (A) Flow chart of network pharmacology prediction. (B) Sympathetic stress targets and myocarditis targets were collected from the genecards database, and resveratrol targets were collected from the TCMSP database, SWISS target prediction database, SEA database, and QSAR database. After the intersection of the Wayne diagram, a total of 179 targets were obtained. (C) Protein-protein interaction analysis (PPI) was performed for the 179 common targets. (D) According to the degree value, the PPI was constructed using the top 50 targets.
AKT1 Significantly Correlated Target of Resveratrol in Improving Acute Sympathetic Stress-Induced Heart Injury
In the KEGG pathway analysis of the common genes, the “PI3K/AKT pathway” was among the top enriched pathways (Figure 2A). The targets are indicated on the map of the “PI3K/AKT pathway”, which shows that AKT may be a critical link in the pathway and AKT1 has the closest relationship with other targets. (Figure 2B).
[image: Figure 2]FIGURE 2 | AKT1 is a significantly correlated target. (A) KEGG pathway analysis of 179 targets (Top 20 targets of KEGG enrichment). (B) KEGG pathway analysis of the PI3K/AKT pathway.
Resveratrol Inhibited Isoproterenol-Induced Phosphorylation of AKT1 in Cardiomyocytes
We evaluated the interaction between resveratrol and AKT1 (PDB ID: 4EJN) by molecular docking (Figure 3A). The docking results show that The -CDOCKER_INTERATION_ENERGY of resveratrol and AKT1 was 40.8140 (Figure 3A), The -CDOCKER_INTERATION_ENERGY of resveratrol and A-674563(AKT1 inhibitor) was 54.6274 (Figure 3B). The results suggested that resveratrol can bind to AKT1 with similar energy as the AKT1 inhibitor, A-674563. 2D molecular docking results show that resveratrol produces conventional hydrogen bonds with SER205, THR82, ASP292 and TYR272 of AKT1, a Pi-alkyl interaction with LEU264, LYS268, and VAL270, and a Pi-Pi stacked interaction with TRP80 (Figure 3C). To confirm the direct effect of resveratrol on AKT1 kinase activity, we perform the in vitro kinase assay. Resveratrol significantly decreased the phosphorylation of GSK-3β by recombinant AKT1 kinase (Figure 3E). The inhibitory effect of RES on AKT1 was further determined in cardiomyocytes. We pretreated NMCMs with resveratrol for 30 min followed by isoproterenol treatment (10 μmol/l) for 1 h. Western blotting revealed that the protein expression of phosphorylated AKT1 increased significantly after isoproterenol treatment, while resveratrol significantly inhibited AKT1 phosphorylation (Figure 3F), and the protein expression of total AKT1 remained essentially unchanged (Supplementary Figure S2). We further pretreated NMCMs with an antagonist of β-adrenoceptor, propranolol (100 nmol/l) or an inhibitor of protein kinase A, PKI (10 μmol/l) for 1 h before isoproterenol treatment. Western blotting revealed that both propranolol and PKI significantly decreased the phosphorylation of AKT1 induced by isoproterenol (Supplementary Figure S3). Thus, resveratrol can inhibit acute sympathetic stress-induced phosphorylation of AKT1 in cardiomyocytes.
[image: Figure 3]FIGURE 3 | Resveratrol improves the molecular mechanism of acute sympathetic stress-induced heart injury through AKT1. (A) Three-dimensional docking of resveratrol and AKT1. (B) Three-dimensional docking of A-674563 and AKT1. (C) Two-dimensional docking of resveratrol and AKT1. (D) Two-dimensional coupling of A-674563 and AKT1. (E) AKT1 activity in the in vitro kinase assay. Recombinant active AKT1, purified GSK-3β and RES were added into the kinase buffer as indicated. The AKT1 kinase activity was indicated by the phosphorylation of GSK-3β. (F) NMCMs were exposed to isoproterenol (10 μmol/L) for 1 h with or without resveratrol (100 nmol/L) or (10 μmol/L) pretreatment for 30 min. Total-AKT1 (T-AKT1) and phosphorylated AKT1 (P-AKT1) protein levels were detected by Western blot. n = 6; *p < 0.05; **p < 0.01; ***p < 0.001; RES, Resveratrol; ISO, isoproterenol. Data are mean ± SD (Kruskal–Wallis ANOVA with post-hoc Dunn’s multiple comparison tests).
AKT1-Mediated Activation of the NLR Family, Pyrin Domain Containing 3 Inflammasome in NMCMs After Acute Sympathetic Stress
To determine the role of AKT1 in isoproterenol-induced NLRP3 inflammasome activation, we pretreated NMCMs with AKT1 inhibitor A-674563 (5 μmol/l) for 1 h before isoproterenol treatment (Figure 4A). Western blotting revealed that protein levels of NLRP3 (Figure 4B), P20 (Figure 4C), and cleaved IL-18 (Figure 4D) were increased with isoproterenol treatment, but could be suppressed with pretreatment with A-674563. Thus, the phosphorylation of AKT1 is the upstream molecule regulating NLRP3 inflammasome activation in cardiomyocytes under sympathetic stress.
[image: Figure 4]FIGURE 4 | A-674563 inhibits isoproterenol-induced activation of the NLRP3 inflammasome in NMCM. NMCMs were exposed to isoproterenol (10 μmol/L) for 1 h with or without A-674563 (5 μmol/L) pretreatment for 1 h. (A) Mode in NMCMs. (B–D) The protein levels of NLRP3, pro-caspase-1, caspase-1(P20), pro-IL-18, and cleaved IL-18 were detected by western blotting. n = 6; *p < 0.05; **p < 0.01; ***p < 0.001; RES, Resveratrol; ISO, isoproterenol. Data are mean ± SD (Kruskal-Wallis ANOVA with post-hoc Dunn’s multiple comparison tests).
Resveratrol Alleviates Isoproterenol-Induced Inflammasome Activation in Cardiomyocytes
As shown in the mode diagram in Figure 5A, NMCMs were exposed to isoproterenol for 1 h with or without resveratrol pretreatment for 30 min. The protein expression of NLRP3, P20, and cleaved-IL-18 on NMCMs increased significantly after 1 h of isoproterenol treatment. Pretreatment with resveratrol significantly inhibited the increase in NLRP3, P20, and cleaved-IL-18 induced by isoproterenol (Figures 5B–D). These results suggested that resveratrol reduces isoproterenol-induced inflammasome activation in cardiomyocytes.
[image: Figure 5]FIGURE 5 | Resveratrol inhibits isoproterenol-induced NLRP3 inflammasome activation in NMCM. NMCMs were exposed to isoproterenol (10 μmol L−1) for 1 h with or without resveratrol (100 nmol/l) or (10 μmol/l) pretreatment for 30 min. (A) Mode in NMCMs. (B–D) The protein levels of NLRP3, pro-caspase-1, caspase-1(P20), pro-IL-18, and cleaved IL-18 were detected by western blotting. n = 6; *p < 0.05; **p < 0.01; ***p < 0.001; RES, Resveratrol; ISO, isoproterenol. Data are mean ± SD (Kruskal-Wallis ANOVA with post-hoc Dunn’s multiple comparison tests).
Resveratrol Pretreatment Alleviates Isoproterenol-Induced Cardiac Inflammation
As shown in Figure 6A, male, 10 week-old C57BL/6J mice were pretreated by intragastric administration of resveratrol (20 mg/(kg•d)) for four consecutive days, and then isoproterenol (5 mg/kg) was injected subcutaneously for a single time. The isoproterenol-induced cardiac inflammasome activation can be inhibited by resveratrol pretreatment. MAC-3 was further stained to evaluate macrophage infiltration in heart tissue. The results showed that the positive area of MAC-3 in the mouse heart was increased significantly on the third day after isoproterenol injection. Instead, pretreatment with resveratrol significantly inhibited isoproterenol-induced cardiac macrophage infiltration (Figure 6B). Consistently, ELISA analysis revealed that the expression of macrophage chemokines MCP-1 and MCP-5 (Figure 6C), as well as proinflammatory cytokines IL-6 and TNF-α, were upregulated in the isoproterenol-treated group, which were inhibited by resveratrol pretreatment (Figure 6D). Moreover, the isoproterenol-induced NLRP3 inflammasome activation was suppressed by resveratrol (Figure 6E). Thus, resveratrol inhibited isoproterenol-induced cardiac inflammation.
[image: Figure 6]FIGURE 6 | Resveratrol alleviated isoproterenol-induced cardiac inflammation and activation of the NLRP3 inflammasome in mice. Ten-week-old male C57BL/6J mice were administered resveratrol (20 mg/(kg⋅d) body weight, intragastrically) for 3 days prior to isoproterenol (5 mg/kg body weight, subcutaneously) treatment. (A) Mode in mice. (B) Representative images and quantification of immunostaining for Mac-3 (a macrophage marker) in the heart on the third day after isoproterenol treatment (n = 6; scale bars: 100 μm). (C–D) Concentrations of indicative chemokines (MCP-1, MCP-5) and pro-inflammatory cytokines (IL-6 and TNF-α) on the 3rd day after ISO treatment as measured by ELISA (n = 6). (E) Protein levels of NLRP3, pro-caspase-1, caspase-1(P20), pro-IL-18 and cleaved IL-18 were detected by Western blotting. *p < 0.05; **p < 0.01; ***p < 0.001; RES, Resveratrol; ISO, isoproterenol. Data are mean ± SD (one-way ANOVA with Tukey’s post-hoc test or Kruskal–Wallis ANOVA with post-hoc Dunn’s multiple comparison tests).
DISCUSSION
The present study found that AKT1 phosphorylation is the upstream mechanism that promotes activation of the NLRP3 inflammasome in cardiomyocytes after isoproterenol treatment. Resveratrol can target AKT1 to inhibit its phosphorylation by isoproterenol treatment, resulting in suppression of inflammasome activation in cardiomyocytes and cardiac inflammation (Figure 7). AKT1 is an important target for the anti-inflammatory role of resveratrol in the heart.
[image: Figure 7]FIGURE 7 | Working model. Resveratrol suppresses acute sympathetic stress-induced inflammasome activation in cardiomyocytes via inhibiting AKT1.
AKT1 is an intracellular kinase, it plays a central role in the regulation of metabolism, homeostasis, survival, and proliferation (O'Neill and Abel, 2005). Whereas, there is no clear information on the role of AKT1 in isoproterenol-induced cardiac inflammasome activation. In the present study, we found that isoproterenol induced AKT1 phosphorylation. Treatment with a selective inhibitor of AKT1 inhibited the activation of NLRP3 inflammasome in cardiomyocytes following isoproterenol treatment. Thus, AKT1 phosphorylation is involved in the isoproterenol-induced cardiac inflammasome activation. AKT isotypes are shown to play a different role in inflammation in different tissues and cells. AKT1 in the vasculature promotes acute inflammatory responses by increasing microvascular leakage (Di Lorenzo et al., 2009); while AKT2 activity in neutrophils is important for neutrophil adhesion during vascular inflammation (Li et al., 2014). The downregulation of the AKT1-MTOR-RPS6KB1 pathway was also shown to trigger mitophagy in macrophages, which reversed mitochondrial membrane potential collapse and inhibit NLRP3 inflammasome activation (Guo W et al., 2014). The present study shows that in the heart under sympathetic stress, the isotype of AKT1 may be an important target for the intervention of inflammation activation and initiation of inflammation.
Sympathetic stress is an important factor in the promotion of the progression of cardiovascular disease (Burnstock, 2017). Excessive activation of the sympathetic nervous system causes cardiac inflammation leading to myocardial injury. During the process, NLRP3 inflammasome activation plays a critical role in cardiac inflammation by promoting IL-18 activation (Xiao et al., 2018). Blocking IL-18 with neutralizing antibodies at 1 h, but not later, alleviated isoproterenol-induced cardiac inflammation, suggesting that early activation of the NLRP3 inflammasome is critical for the initiation of cardiac inflammation under sympathetic stress (Xiao et al., 2018). However, interventions targeting early inflammasome activation are limited. The present study found that resveratrol can target AKT1 to inhibit early activation of the inflammasome. Thus resveratrol can be a potential strategy to suppress cardiac inflammation at the initiation phase under sympathetic stress.
The clinical trials on resveratrol often show conflicting results, but a higher dose of resveratrol (>500 mg/d) has shown promising anti-inflammatory activity (Gorabi et al., 2021). It may be partly because resveratrol can act on various targets. Regarding the anti-inflammatory effects of resveratrol (Baur and Sindair, 2006), the PI3K pathway (Li et al., 2021), and the SIRT1/NRF2 signaling pathway (Nie et al., 2020) are also involved. It was previously reported that SIRT1 activation inhibited ROS-associated NLRP3 inflammasome activation and ameliorates cardiac pyroptosis during myocardial I/R injury through Akt-PDH signaling pathway (Han Y et al., 2020). Therefore, clarifying critical targets under specific pathologic conditions can be helpful in determining the underlying mechanism of contrasting outcomes. In recent years, with the emergence of new disciplines such as network pharmacology and multidirectional pharmacology, scientists have recognized and explored new active mechanisms of existing drugs (Guney et al., 2016). In the present study, AKT1 ranks first among the predicted targets of network pharmacology, suggesting its critical role in the anti-inflammatory activity on the heart, especially under sympathetic stress. However, this interpretation is based on cellular and animal experiments; the exact relationships between resveratrol, cardiac inflammation, and sympathetic stress need to be evaluated in future clinical trials.
In conclusion, resveratrol can inhibit AKT1 phosphorylation in cardiomyocytes following isoproterenol treatment, thus resulting in the suppression of the activation of the NLRP3 inflammasome and cardiac inflammation. AKT1 is a promising potential target for the treatment of cardiac inflammatory injury under sympathetic stress.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Materials, further inquiries can be directed to the corresponding authors.
ETHICS STATEMENT
The animal study was reviewed and approved by the Committee of Peking University on the Ethics of Animal Experiments (LA2018144).
AUTHOR CONTRIBUTIONS
KM, YZ and HX conceived and designed the experiments. RW, YW were involved in the study design. RW, YW and YG performed the experiments. RW and YW analyzed the data. RW, YW, JW, YG, HX, YZ and KM wrote and revised the manuscript. HX, YZ and KM received the funding. All authors have read and approved the final manuscript.
FUNDING
This work was supported by the National Natural Science Foundation of China (No.81830009 to YZ, 81860286 to KM, 81822003 to HX), Corps Science and Technology Cooperation Project of China (No.2020BC004 to KM)
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2022.818127/full#supplementary-material
REFERENCES
 Baur, J. A., and Sinclair, D. A. (2006). Therapeutic Potential of Resveratrol: the In Vivo Evidence. Nat. Rev. Drug Discov. 5 (6), 493–506. doi:10.1038/nrd2060.Epub.2006.May.26
 Berman, A. Y., Motechin, R. A., Wiesenfeld, M. Y., and Holz, M. K. (2017). The Therapeutic Potential of Resveratrol: a Review of Clinical Trials. NPJ Precis Oncol. 1, 35. doi:10.1038/s41698-017-0038-6
 Bernal-Ramírez, J., Silva-Platas, C., Jerjes-Sánchez, C., Ramos-González, M. R., Vázquez-Garza, E., Chapoy-Villanueva, H., et al. (2021). Resveratrol Prevents Right Ventricle Dysfunction, Calcium Mishandling, and Energetic Failure via SIRT3 Stimulation in Pulmonary Arterial Hypertension. Oxid Med. Cel Longev 2021, 9912434. doi:10.1155/2021/9912434.PMID.34239697
 Boland, T. A., Lee, V. H., and Bleck, T. P. (2015). Stress-induced Cardiomyopathy. Crit. Care Med. 43 (3), 686–693. doi:10.1097/CCM.0000000000000851
 Burnstock, G. (2017). Purinergic Signaling in the Cardiovascular System. Circ. Res. 120 (1), 207–228. doi:10.1161/CIRCRESAHA.116.309726
 Cao, N., Wang, J.-j., Wu, J.-m., Xu, W.-l., Wang, R., Chen, X.-d., et al. (2021). Glibenclamide Alleviates β Adrenergic Receptor Activation-Induced Cardiac Inflammation. Acta Pharmacol. Sin [Epub ahead of print]. doi:10.1038/s41401-021-00734-0
 Daina, A., Michielin, O., and Zoete, V. (2019). SwissTargetPrediction: Updated Data and New Features for Efficient Prediction of Protein Targets of Small Molecules. Nucleic Acids Res. 47 (W1), W357–W364. doi:10.1093/nar/gkz382.PMID.31106366
 Di Lorenzo, A., Fernández-Hernando, C., Cirino, G., and Sessa, W. C. (2009). Akt1 Is Critical for Acute Inflammation and Histamine-Mediated Vascular Leakage. Proc. Natl. Acad. Sci. U S A. 106 (34), 14552–14557. doi:10.1073/pnas.0904073106
 Dünser, M. W., and Hasibeder, W. R. (2009). Sympathetic Overstimulation during Critical Illness: Adverse Effects of Adrenergic Stress. J. Intensive Care Med. 24 (5), 293–316. doi:10.1177/0885066609340519.Epub
 Dyck, G. J. B., Raj, P., Zieroth, S., Dyck, J. R. B., and Ezekowitz, J. A. (2019). The Effects of Resveratrol in Patients with Cardiovascular Disease and Heart Failure: A Narrative Review. Int. J. Mol. Sci. 20 (4), 904. doi:10.3390/ijms20040904
 Gorabi, A. M., Aslani, S., Imani, D., Razi, B., Sathyapalan, T., and Sahebkar, A. (2021). Effect of Resveratrol on C‐reactive Protein: An Updated Meta‐analysis of Randomized Controlled Trials. Phytotherapy Res. 35, 6754–6767. doi:10.1002/ptr.7262
 Guney, E., Menche, J., Vidal, M., and Barábasi, A. L. (2016). Network-based In Silico Drug Efficacy Screening. Nat. Commun. 7, 10331. doi:10.1038/ncomms10331
 Guo, W., Sun, Y., Liu, W., Wu, X., Guo, L., Cai, P., et al. (2014). Small Molecule-Driven Mitophagy-Mediated NLRP3 Inflammasome Inhibition Is Responsible for the Prevention of Colitis-Associated Cancer. Autophagy 10 (6), 972–985. doi:10.4161/auto.28374
 Han, Y., Sun, W., Ren, D., Zhang, J., He, Z., Fedorova, J., et al. (2020). SIRT1 Agonism Modulates Cardiac NLRP3 Inflammasome through Pyruvate Dehydrogenase during Ischemia and Reperfusion. Redox Biol. 34, 101538. doi:10.1016/j.redox.2020.101538
 Kong, W., Du, J., Zhu, Y., and Dong, E. (2017). Basic and Translational Vascular Research in China: Past, Present, and Future. Circ. Res. 121 (4), 335–337. doi:10.1161/CIRCRESAHA.117.310839
 Li, J., Kim, K., Hahm, E., Molokie, R., Hay, N., Gordeuk, V. R., et al. (2014). Neutrophil AKT2 Regulates Heterotypic Cell-Cell Interactions during Vascular Inflammation. J. Clin. Invest. 124 (4), 1483–1496. doi:10.1172/JCI72305
 Li, L., Li, J., Wang, Y., Liu, X., Li, S., Wu, Y., et al. (2021). Resveratrol Prevents Inflammation and Oxidative Stress Response in LPS-Induced Human Gingival Fibroblasts by Targeting the PI3K/AKT and Wnt/β-Catenin Signaling Pathways. Genet. Mol. Biol. 44 (3), e20200349. doi:10.1590/1678-4685-GMB-2020-0349
 Lin, J., Lin, R., Li, S., Wu, H., Ding, J., Xiang, G., et al. (2019). Protective Effects of Resveratrol on Random-Pattern Skin Flap Survival: an Experimental Study. Am. J. Transl Res. 11 (1), 379–392. 
 Nie, Q., Zhang, J., He, B., Wang, F., Sun, M., Wang, C., et al. (2020). A Novel Mechanism of protection against Isoproterenol-Induced Cardiac Inflammation via Regulation of the SIRT1/NRF2 Signaling Pathway with a Natural SIRT1 Agonist. Eur. J. Pharmacol. 886, 886. doi:10.1016/j.ejphar.2020.173398
 Novelle, M. G., Wahl, D., Diéguez, C., Bernier, M., and de Cabo, R. (2015). Resveratrol Supplementation: Where Are We Now and where Should We Go. Ageing Res. Rev. 21, 1–15. doi:10.1016/j.arr.2015.01.002
 O'Neill, B. T., and Abel, E. D. (2005). Akt1 in the Cardiovascular System: Friend or Foe. J. Clin. Invest. 115 (8), 2059–2064. doi:10.1172/JCI25900.PMID.16075047
 Recanatini, M., and Cabrelle, C. (2020). Drug Research Meets Network Science: Where Are We. J. Med. Chem. 63 (16), 8653–8666. doi:10.1021/acs.jmedchem.9b01989
 Singh, A. P., Singh, R., Verma, S. S., Rai, V., Kaschula, C. H., Maiti, P., et al. (2019). Health Benefits of Resveratrol: Evidence from Clinical Studies. Med. Res. Rev. 39 (5), 1851–1891. doi:10.1002/med.21565
 Sung, M. M., and Dyck, J. R. (2015). Therapeutic Potential of Resveratrol in Heart Failure. Ann. N. Y Acad. Sci. 1348 (1), 32–45. doi:10.1111/nyas.12839
 Szklarczyk, D., Gable, A. L., Lyon, D., Junge, A., Wyder, S., Huerta-Cepas, J., et al. (2019). STRING V11: Protein-Protein Association Networks with Increased Coverage, Supporting Functional Discovery in Genome-wide Experimental Datasets. Nucleic Acids Res. 47 (D1), D607–D613. doi:10.1093/nar/gky1131
 Xiao, H., Li, H., Wang, J. J., Zhang, J. S., Shen, J., An, X. B., et al. (2018). IL-18 Cleavage Triggers Cardiac Inflammation and Fibrosis upon β-adrenergic Insult. Eur. Heart J. 39 (1), 60–69. doi:10.1093/eurheartj/ehx261.PMID.28549109
 Xin, J. Z., Wu, J. M., Hu, G. M., Gu, H. J., Feng, Y. N., Wang, S. X., et al. (2020). α1-AR Overactivation Induces Cardiac Inflammation through NLRP3 Inflammasome Activation. Acta Pharmacol. Sin 41 (3), 311–318. doi:10.1038/s41401-019-0305-x
 Zhang, L., Chen, J., Yan, L., He, Q., Xie, H., and Chen, M. (2021). Resveratrol Ameliorates Cardiac Remodeling in a Murine Model of Heart Failure with Preserved Ejection Fraction. Front Pharmacol. 12, 646240. doi:10.3389/fphar.2021.646240
 Zhou, Y., Zhou, B., Pache, L., Chang, M., Khodabakhshi, A. H., Tanaseichuk, O., et al. (2019). Metascape Provides a Biologist-Oriented Resource for the Analysis of Systems-Level Datasets. Nat. Commun. 10 (1), 1523. doi:10.1038/s41467-019-09234-6
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Wang, Wang, Wu, Guo, Xiao, Zhang and Ma. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-13-818127-g005.gif
RS (1opm)
omin

150 10wy
Prodvesiment I

[
Q_..’, T

cotomooss

: St
Fo S

s AR

o) [ R ] 100






OPS/images/fphar-13-818127-g006.gif
proCaspaso.|
Cospase-1P20)
oarom

prorL g

el

oanon

-

—
Eom s
.
——v
3 | 22408
E
———o






OPS/images/fphar-13-818127-g003.gif
A

8 AKT1-A-674563

AKT1-RES

o

roskap [ =] i
Tt [ ———

e e

»
s /
¢ o
. .

;,e»? .,n‘?‘






OPS/images/fphar-13-818127-g004.gif





OPS/images/fphar-13-818127-g007.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Resveratrol Targets AKT1 to Inhibit Inflammasome Activation in Cardiomyocytes Under Acute Sympathetic Stress		Introduction

		Materials and Methods		Network Pharmacology Approach

		Molecular Docking

		Animals

		Cell Culture

		Immunohistochemistry

		Western Blotting Analysis

		ELISA

		In vitro AKT1 Kinase Activity

		Statistical Analysis





		Results		Common Targets of Resveratrol, Sympathetic Stress, and Myocardial Inflammation Screened With Network Pharmacology

		AKT1 Significantly Correlated Target of Resveratrol in Improving Acute Sympathetic Stress-Induced Heart Injury

		Resveratrol Inhibited Isoproterenol-Induced Phosphorylation of AKT1 in Cardiomyocytes

		AKT1-Mediated Activation of the NLR Family, Pyrin Domain Containing 3 Inflammasome in NMCMs After Acute Sympathetic Stress

		Resveratrol Alleviates Isoproterenol-Induced Inflammasome Activation in Cardiomyocytes

		Resveratrol Pretreatment Alleviates Isoproterenol-Induced Cardiac Inflammation





		Discussion

		Data Availability Statement

		Ethics Statement

		Author Contributions

		Funding

		Publisher’s Note

		Supplementary Material

		References









OPS/images/cover.jpg
* frontiers
in Pharmacology

Resveratrol Targets AKT1 to
Inhibit Inflammasome Activation
in Cardiomyocytes Under Acute
Sympathetic Stress





OPS/images/fphar-13-818127-g001.gif
A/ Network harmacology salysia g resveratrol  sympathetic stross

L myocardi nammation

& i
@
- O @® ¢






OPS/images/fphar-13-818127-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers
in Pharmacology





