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Antioxidant Effects and Potential Molecular Mechanism of Action of Limonium aureum Extract Based on Systematic Network Pharmacology
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Oxidative stress is the redox imbalance state of organisms that involves in a variety of biological processes of diseases. Limonium aureum (L.) Hill. is an excellent wild plant resource in northern China, which has potential application value for treating oxidative stress. However, there are few studies that focused on the antioxidant effect and related mechanism of L. aureum. Thus, the present study combining systematic network pharmacology and molecular biology aimed to investigate the antioxidant effects of L. aureum and explore its underlying anti-oxidation mechanisms. First, the antioxidant activity of L. aureum extracts was confirmed by in vitro and intracellular antioxidant assays. Then, a total of 11 bioactive compounds, 102 predicted targets, and 70 antioxidant-related targets were obtained from open source databases. For elucidating the molecular mechanisms of L. aureum, the PPI network and integrated visualization network based on bioinformatics assays were constructed to preliminarily understand the active compounds and related targets. The subsequent enrichment analysis results showed that L. aureum mainly affect the biological processes involving oxidation-reduction process, response to drug, etc., and the interference with these biological processes might be due to the simultaneous influence on multiple signaling pathways, including the HIF-1 and ERBB signaling pathways. Moreover, the mRNA levels of predicted hub genes were measured by qRT-PCR to verify the regulatory effect of L. aureum on them. Collectively, this finding lays a foundation for further elucidating the anti-oxidative damage mechanism of L. aureum and promotes the development of therapeutic drugs for oxidative stress.
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INTRODUCTION

Oxidative stress is the redox imbalance state of organisms, which is caused by the produced amount of reactive nitrogen or reactive oxygen radicals beyond its scavenging range when organisms are stimulated (1). Many environmental stimuli, including UV, ionizing radiation, chemotherapeutics, heavy metals, and environmental toxins, can trigger the high levels production of reactive oxygen species (ROS) and reactive nitrogen species (RNS), resulting in random oxidative damage of cellular proteins, DNA, and lipids, finally leading to cell death (2, 3). Repeated exposure to oxidative stress accelerates the development of a variety of diseases that include diabetes (4), cancer (5), cardiovascular diseases (6), autoimmune diseases (7), and neurodegenerative disorders (8). Therefore, the balance between ROS production and antioxidant defense helps maintain the normal physiological processes of organisms. Related mechanisms of the redox balance maintenance are critical to the treatment of oxidative stress diseases and have become the research hotspots in recent years.

Network pharmacology is the theory based on systems biology, which was proposed by Hopkins (9, 10) in 2007. Through the integration of multi-disciplinary technologies and contents such as polypharmacology, bioinformatics, and computer science, it constructs the multi-level network of “disease-gene-target-drug” to effectively reveal the relationship between drugs and diseases and elucidate bioinformatics findings and the drug-target-disease mechanisms (11–13). Network pharmacology integrates information obtained by computational methods including graph theory, statistics approaches, data mining, modeling, information visualization, etc., and information obtained by experimental methods including various high-throughput omics techniques, biological and pharmacological experiments, etc. (14). The basic processes of network pharmacology analysis include analysis of candidate ingredients, database construction of target disease, prediction of key targets, network analysis, enrichment analysis, and verification of predicted targets (15–17). As an emerging field based on systems pharmacology, systematic network pharmacology plays an important role in understanding the molecular mechanisms of traditional Chinese medicine in the treatment of complex diseases and is a promising tool for natural drug development.

Limonium aureum (L.) Hill. (hereafter referred to as L. aureum) is a perennial herb of the Plumbago family. It is a salt-tolerant xerophyte, widely distributed in the Gansu, Xinjiang, Inner Mongolia, Ningxia, and Shanxi regions of China. Limonium aureum has the effect of analgesic, anti-inflammatory, blood tonic, detoxification, and anti-oxidation. Decoction of L. aureum is used for wind heat cold, neuralgia, less menstruation, tinnitus, lack of milk, headache, toothache, etc. (18–20). As an excellent wild plant resource in northern China, L. aureum is easy to develop and utilize without a lot of investment. In view of its analgesic, hemostatic, anti-inflammatory, and antioxidant effects (21–23), it indicates that the development of the active components of L. aureum has great potential in drug application. At present, the research on L. aureum is mainly focused on the extraction, separation, and structure identification of its effective components (21, 24) and the plant breeding (25). The active substances of L. aureum that have been identified were including homoeriodictyol, eriodictyol, naringenin, kaempferol, quercetin, myricetin, luteolin, myricetin-3-O-β-D-glucopyranoside, myricetin-3-O-β-D-galactopyranoside, sitosterol acetate, etc. (21, 24, 26). Among them, quercetin (27), kaempferol (28), myricetin (29), etc. have been proven to have antioxidant effects. However, there were few studies that have been done to reveal the antioxidant mechanism of L. aureum from the cellular and molecular level.

Thus, the aim of the present study was to investigate the antioxidant effects of L. aureum and explore its underlying anti-oxidation mechanisms through the combination of systematic network pharmacology and molecular biology. Thus, a “compound-gene-disease” network was constructed through systematic network pharmacology, revealing the regulation mechanism of the active ingredients of L. aureum on oxidative stress in a high-throughput manner. Also, the results of network pharmacology were verified by using cell biology methods and techniques including the establishment of cell oxidative stress models, qRT-PCR, etc. To be specific, we first clarified the antioxidant activity of L. aureum by using in vitro antioxidant assays. Then we detected the effects of L. aureum on the RAW264.7 cells viability by CCK-8 method, and evaluate the protective effect of L. aureum against oxidative stress in RAW264.7 cells by investigating the intracellular contents of SOD, MDA, LDH, and CAT. Next, we used the online-accessible databases of TCMSP, DrugBank, SwissTargetPrediction, GeneCards, etc. to screen the hub genes of antioxidant and L. aureum. The use of STRING database and Cytoscape 3.7.1 software was aiming to perform the protein–protein interaction (PPI) and topological analyses. Furthermore, we performed GO functional and KEGG analyses to identify the mechanism of L. aureum in the effect of anti-oxidation. Finally, the mRNA levels of hub genes were measured by quantitative real-time PCR to verify the regulatory effect of L. aureum on hub genes. The roadmap was demonstrated by using bioinformatics and computational analyses to reveal target-based and pathway-based prioritization in L. aureum treated oxidation (Figure 1). The systematic network pharmacology method was combined with cell biological approaches in this research, hoping to deepen the understanding of the effective, potential active ingredients of L. aureum for anti-oxidation and reveal the pharmaceutically acceptable targets, thereby promoting the development of effective anti-oxidative therapeutic drugs.
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FIGURE 1. The roadmap of L. aureum extract for the treatment of oxidation.




MATERIALS AND METHODS


Materials and Reagents

The whole plants of the Limonium aureum (L.) Hill. species were harvested in August 2020 at Dawa Mountain Comprehensive Experimental Base of Lanzhou Institute of Husbandry and Pharmaceutical Sciences of CAAS, Gansu Province, China. The sample was identified by Fuping Tian (Prataculture research group of Lanzhou Institute of Husbandry and Pharmaceutical Sciences of CAAS, Gansu Province, China). Ethylene diamine tetraacetic acid disodium salt (EDTA-2Na) and ascorbic acid (Vc) were purchased from Sinopharm Chemical Reagent Co. (Shanghai, China), and 2,2-diphenyl-1-picrylhydrazyl (DPPH) was purchased from TCI (Shanghai) Development Co. Ltd. Other chemical reagents used in experiments including hydrogen peroxide (H2O2), ferrous sulfate (FeSO4), salicylic acid, ethanol, iron (II) chloride tetrahydrate (FeCl2·4H2O), ferrozine, etc. were bought from local suppliers. All the chemical reagents used were analytical grade. Cell Counting Kit-8 (CCK-8) was obtained from Biosharp Life Sciences (Hefei, China). Fetal bovine serum and Dulbecco's modified Eagle's medium (DMEM) high glucose were purchased from Gibco Life Technology (New York, USA) and HyClone (Utah, USA). SOD, CAT, LDH, and MDA assay kits were obtained from Solarbio Science & Technology Co. Ltd. (Beijing, China). Simply P total RNA extraction kit was purchased from Bioer Technology Co. Ltd. (Hangzhou, China). PrimeScript RT reagent kit with gDNA eraser and TB Green Premix Ex Taq II were purchased from Takara Bio (Japan). Murine macrophage cell line RAW264.7 cells were provided by Cell Culture Center of the Chinese Academy of Sciences (Shanghai, China).



Preparation of L. aureum Extract

L. aureum was collected from Dawa Mountain Comprehensive Experimental Base of Lanzhou Institute of Husbandry and Pharmaceutical Sciences of CAAS. The collected fresh plants were air-dried avoiding light at room temperature for a week. The dried plants were ground to powder for later extract. Limonium aureum (50 g) powder was soaked in 95% ethanol for 2 h and then accelerated the dissolution with ultrasound for 1 h; this procedure was repeated six times. The combined extracts were concentrated in a vacuum rotary evaporator.



In vitro Antioxidant Activity Assay
 
DPPH Radical Scavenging Assay

The DPPH radical scavenging activity of L. aureum was assayed according to a previous procedure with minor modifications (30). Briefly, 200 μl of 1 mM DPPH solution (dissolved in 75% ethanol) was prepared and was mixed with 100 μl of various concentrations of L. aureum or ascorbic acid (Vc) in 96-well plates. The mixture was placed in the dark at room temperature for 30 min, and the corresponding absorbance (A1, A2) at 517 nm was recorded by using a spectrophotometer (Epoch Microplate Spectrophotometer; BioTek Instruments, Inc., USA). In addition, A0 was the absorbance of the control group (solvent instead of the sample solution). A1 was the absorbance of the test group. A2 was the absorbance of the sample (75% ethanol instead of the DPPH solution). Ascorbic acid (Vc) was used as the positive control. The DPPH radical scavenging activity of L. aureum was calculated by the following formula:
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Hydroxyl Radical Scavenging Assay

The hydroxyl radical scavenging activity of L. aureum was evaluated using a previously described procedure (31) with some modifications. Fifty microliters of different concentrations of L. aureum and ascorbic acid (Vc) were removed in 96-well plates, respectively. Volumes of 50 μl of 9 mM FeSO4 aqueous solution, 50 μl of 9 mM salicylic acid–ethanol solution, and 50 μl of 3.8 mM H2O2 were added successively and mixed evenly. The mixture was incubated at 37°C for 30 min, and the corresponding absorbance (A1, A2) at 510 nm was recorded by using a spectrophotometer (Epoch Microplate Spectrophotometer; BioTek Instruments). In addition, A0 was the absorbance of the control group (solvent instead of the sample solution). A1 was the absorbance of the test group. A2 was the absorbance of the sample (distilled water instead of the L. aureum solution). Ascorbic acid (Vc) was used as the positive control. The hydroxyl radical scavenging activity of L. aureum was calculated by the following formula:

[image: image]
 

Ferrous Ion-Chelating Ability

The ferrous ion-chelating ability was determined according to an earlier reported method (32) with slight modifications. A volume of 100 μl of various concentrations of L. aureum and EDTA-2Na were mixed with 5 μl of 4 mM FeCl2·H2O and 20 μl of 5 mM ferrozine in 96-well plates. A volume of 75 μl distilled water was added to each well after standing at room temperature for 10 min. The absorbance was measured at 560 nm with a spectrophotometer (Epoch Microplate Spectrophotometer; BioTek Instruments). Here, A0 was the absorbance of the control group (solvent instead of the sample solution). A1 was the absorbance of the test group. A2 was the absorbance of the sample (distilled water instead of ferrozine solution). EDTA-2Na was chosen as the positive control to evaluate iron ion-chelating activity. The ferrous ion-chelating ability of L. aureum was calculated by the following formula:
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Ferric Reducing Power

The ferric reducing power was determined following the method described by Katanic et al. (33) with modifications. Specifically, 100 μl of different dilutions of L. aureum and ascorbic acid (Vc) were added to 250 μl phosphate buffer (pH 6.6) and 250 μl potassium ferricyanide (1 wt %). The mixture was incubated in a water bath at 50°C for 20 min. A volume of 250 μl trichloroacetic acid solution (10 wt %) was added to the mixture and centrifuged at 4,000 rpm for 10 min. Supernatant (50 μl) was taken from 96-well plates, and mixed with 50 μl distilled water and FeCl3 (1 wt %). The absorbance was measured at a wavelength of 700 nm with a spectrophotometer (Epoch Microplate Spectrophotometer; BioTek Instruments). Here, A1 was the absorbance of the test group. A2 was the absorbance of all the reagents where distilled water was used instead of FeCl3 solution. The ferric reducing power of L. aureum was calculated by the following formula:
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Cell Culture

The RAW264.7 cells were provided by Cell Culture Center of the Chinese Academy of Sciences (Shanghai, China). Cells were cultured in DMEM supplemented with 10% fetal calf serum (HyClone, USA) at 37°C in a fully humidified incubator containing 5% CO2.



Cell Viability Assay

The cell viability was measured using the CCK-8 assay according to the manufacturer's instructions and the hydrogen peroxide induced RAW264.7 cells oxidative stress model was established following the method described by Zhou et al. with some modifications (34). RAW264.7 cells were seeded in 96-well plates (Eppendorf, Germany) at a density of 6 × 104/ml in culture medium for 4 h. Subsequently, the cells were incubated with DMEM containing different concentrations of L. aureum extracts (dissolved in DMSO) or H2O2 for 24 h. The viability of cells stimulated with L. aureum under oxidative stress were determined as follows: cells were plated in 96-well plates (Eppendorf, Germany) with a density of 1 × 105 in culture medium for 4 h, and the cells were incubated with DMEM containing different concentrations of L. aureum extracts (0, 2, 5, 10 μg/ml) for 20 h. The positive control group and the L. aureum–treated groups were then exposed to H2O2 (400 μM) for 4 h. CCK-8 solution (10 μl) was added to each well and incubated in an atmosphere of 5% CO2 at 37°C for 4 h. The absorption values were measured at 450 nm by using a spectrophotometer (Epoch Microplate Spectrophotometer; BioTek Instruments). The results were expressed as the percentage viability according to the following formula:
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Evaluation of Enzyme Activity and Lipid Peroxidation

RAW264.7 cells were seeded in 6-well plates (Eppendorf, Germany) at a density of 106/ml and cultivated as mentioned previously. The cells were stimulated with L. aureum extracts (0, 2, 5, 10 μg/ml) for 20 h. The positive control group and L. aureum–treated groups were then exposed to H2O2 (400 μM) for 4 h. The activity of catalase (CAT), lactate dehydrogenase (LDH), malondialdehyde (MDA), and superoxide dismutase (SOD) in cells was determined using a commercial kit according to the manufacturer's instructions (Beijing Solarbio Science & Technology Co., Ltd., China).



Network Pharmacology Analysis
 
Screening for Active Ingredients of L. aureum

All the chemical constituents of L. aureum were obtained by literatures and Traditional Chinese Medicine Systems Pharmacology (35) (TCMSP (36), available online (https://www.tcmsp-e.com/, key word: “BU XUE CAO,” last updated in May 2014). According to oral bioavailability (OB) and drug-likeness (DL), the screening thresholds of each chemical component were set as OB ≥ 30% and DL ≥ 0.18, respectively. The SMILE structures of bioactive ingredients were obtained through PubChem database (available online: https://pubchem.ncbi.nlm.nih.gov/, last updated in March 2019) (37) and their corresponding targets were screened out through SwissTargetPrediction database (available online: http://www.swisstargetprediction.ch/) (38) for subsequent analysis. The target names were converted into gene names by UniProt protein database (available online: https://www.uniprot.org/, last updated in February 2021) (39).



Construction of a Bioactive Component-Target Network

The keyword “antioxidant” was used to search disease-related genes on GeneCards database (40) (available online: https://www.genecards.org/, last updated in October 2021) (41), and the antioxidant-related genes were collected with the setting of relevance score of ≥30. The bioactive ingredients targets of L. aureum were mapped to the target genes related to antioxidant to obtain the common target genes through the online tool “jvenn” (available online: http://jvenn.toulouse.inra.fr/app/example.html).



Protein–Protein Interaction Network Construction

To further elucidate the potential mechanism underlying the antioxidation effect of L. aureum, the overlapping antioxidation-related and predicted targets of L. aureum were used to construct a protein–protein interaction (PPI) network on STRING database (42, 43) (available online: https://string-db.org/) (44). The protein interaction information including the node degree value was obtained with the set conditions of “Homo sapiens,” “Minimum required interaction score = 0.4,” and “Hide disconnected nodes in the network.” The PPI network was visualized by using Cytoscape 3.7.2 software (45), and based on the obtained node degree values, the “Network Analysis” plug-in was used to analyze the topological properties of each node for the selection of core targets.



Gene Ontology and KEGG Pathway Enrichment Analyses

To analyze the biological pathways of genes in the PPI network (43, 46), the computational R-language package of “clusterProfiler (47)” (version 4.1.0) was applied to analyze Gene Ontology (GO) enrichment in biological function/process (BP), cellular component (CC), and molecular function (MF) (adjusted to p < 0.05). The DAVID database (available online: https://david.ncifcrf.gov/home.jsp, last updated in May 2016) (48) was used to analyze Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment with the “Homo sapiens” setting (adjusted to p < 0.05). The visualization bubble chart and histogram were formed through “ggplot2” package in R (version 3.3.3).




Total mRNA Extraction and qRT-PCR

The extraction of total RNA from cells treated with L. aureum (10, 5, 2 μg/ml) and H2O2 (400 μM) was performed using the Simply P Total RNA Extraction Kit (Bioflux, Hangzhou, China). Total RNA was reverse-transcribed into cDNA using PrimeScript RT reagent Kit with gDNA Eraser (Perfect Real Time) (Takara, Japan). The quantitative real-time polymerase chain reaction (qRT-PCR) and QuantStudio (Thermo Fisher, USA) with TB Green Premix Ex Taq II (Takara, Japan) were applied to the PCR-amplified hub genes. β-Actin served as the internal control. The primers for the hub genes are listed in Supplementary Table S1. The relative mRNA expression was calculated according to 2−ΔΔCT.



Statistical Analysis

Experimental data were expressed as the mean ± SD of three independent experiments. The one-way ANOVA in SPSS 26.0 for Windows (SPSS Inc., Chicago, IL) was used for statistical analysis. P-values <0.05 were considered statistically significant.




RESULTS


In vitro Antioxidant Activity
 
Scavenging Activity Against DPPH Free Radical

DPPH free radical scavenging ability is widely used to evaluate the total free radical scavenging ability of substances. It is a stable free radical, which accepts an electron or hydrogen radical that can be reduced to yellow diphenyl-picrylhydrazine. The DPPH free radical scavenging ability can be determined according to the degree of absorbance reduction, which is affected by the antioxidants (49). As illustrated in Figure 2A, both L. aureum and vitamin C had strong scavenging activity against DPPH free radical in a concentration-dependent manner. The DPPH radical scavenging activity of L. aureum and vitamin C increased quadratically when the concentration of L. aureum and vitamin C increased from 15.625 to 125 μg/ml. Compared with L. aureum, vitamin C had stronger scavenging ability against DPPH in doses ranging from 15.625 to 250 μg/ml (p < 0.05). At the doses of 500 and 1,000 μg/ml, the DPPH scavenging ability of L. aureum and vitamin C had no significant difference (p > 0.05).
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FIGURE 2. In vitro antioxidant activity of L. aureum. (A) Scavenging activity against the DPPH radical. (B) Scavenging activity against the OH radical. (C) Ferrous ion-chelating ability. (D) Ferric reducing power. The significant difference (p < 0.05) in the same sample is indicated by different letters.




Scavenging Activity Against Hydroxyl Free Radical

The hydroxyl radical is one of the most active free radicals that can react with all biological macromolecules in living cells (50). The capacity of L. aureum to scavenge hydroxyl free radical generated by the Fenton reaction between Fe2+ and H2O2 was evaluated (51). As shown in Figure 2B, we found that vitamin C and L. aureum can effectively scavenge hydroxyl free radical. The hydroxyl scavenging effect of vitamin C and L. aureum increased with the increases of their concentration. When the concentration of vitamin C reached 250 μg/ml, vitamin C can effectively scavenge almost 100% hydroxyl radical. Meanwhile, the scavenging effect of L. aureum in all concentrations was lower than 50%.



Ferrous Ion-Chelating Ability

The hydroxyl radicals are generated through Fenton reaction, which accelerates the lipid peroxidation chain reaction (52). Chelating agents can inhibit OH formation by forming complexes with ferrous ions, thereby exerting their antioxidant effect (53). Thus, the ferrous ion-chelating ability of L. aureum was measured in this study. Results showed that L. aureum have low Fe2+ ion-chelating capacity (Figure 2C). When the concentration was lower than 250 μg/ml, the chelating ability of L. aureum to ferrous ions was almost 0. When the concentration reached 1,000 μg/ml, the chelating ability of L. aureum to ferrous ions was 20.85%, while EDTA-2Na, which was the positive control, had an iron chelating capacity of 100% at this concentration. The results indicated that the scavenging effect of L. aureum on hydroxyl free radicals might be caused by direct quenching of hydroxyl free radicals, rather than by scavenging free ferrous ions.



Ferric Reducing Power

Potassium ferricyanide (Fe2+) is formed by the reaction between substance with reduction potential and potassium ferricyanide (Fe3+) reacts with ferric chloride to form an iron trivalent complex, which has a maximum absorption at 700 nm (54). Ferric reducing power of L. aureum was evaluated by its ability to reduce Fe3+ (CN−)6 to Fe2+ (CN−)6, which was determined by monitoring the absorbance of the complex formed after the addition of ferric chloride. A dose-dependent ferric reducing power of vitamin C and L. aureum was observed in Figure 2D. The ferric reducing power of L. aureum increased linearly when its concentration is <500 μg/ml. While the concentration exceeded 500 μg/ml, its ferric reducing power decreased significantly (p < 0.05). Moreover, the difference in ferric reducing power of vitamin C and L. aureum at concentrations of 500 and 1,000 μg/ml was not significant (p < 0.05).




The Effects of L. aureum and H2O2 on the Viability of RAW264.7 Cells

The effects of different concentrations of H2O2 of and L. aureum on cell viability were determined by using the CCK-8 analysis. As shown in Supplementary Figure S1A, the viability of RAW264.7 was gradually decreased with the increasing concentration of H2O2. The viability of cells was significantly inhibited when the concentration of H2O2 reached 200 μM (p < 0.01). According to the determined IC50 (340.12 μM), H2O2 with a concentration of 400 μM was selected for the following experiments. As shown in Supplementary Figure S1B, the viability of cells was significantly decreased when the concentration of L. aureum reached 20 μg/ml (p < 0.01), which indicated L. aureum had cytotoxicity at 20 μg/ml, while it was not toxic to cells in the concentration range of 1–10 μg/ml. Moreover, the significant increases of cell viability were shown when the concentrations of L. aureum were 2 μg/ml (p < 0.01) and 5 μg/ml (p < 0.05), respectively. It was speculated that within this concentration range, L. aureum might have a certain promoting effect on cell proliferation. Therefore, 2, 5, and 10 μg/ml were selected to be the low, medium, and high dose of L. aureum in the subsequent experiments (Figure 3).


[image: Figure 3]
FIGURE 3. The effect of L. aureum on the viability of RAW264.7 cells under oxidative stress. Cells were treated with different concentrations of L. aureum (0, 2, 5, 10 μg/ml) for 20 h. The positive control group and L. aureum treated groups were then exposed to H2O2 (400 μM) for 4 h. The results were expressed as the mean ± SD of three independent experiments. **p < 0.01 compared with blank control group, #p < 0.05 and ##p < 0.01 compared with positive control group were considered statistically significant differences.




Changes of Enzyme Activity in H2O2-Induced RAW264.7 Cells

For the purpose of further understanding the antioxidant activity of L. aureum, the effects of L. aureum on the antioxidant enzyme activity and lipid peroxidation in H2O2-induced RAW264.7 cells were evaluated. As presented in Figure 4A, the CAT activity of middle- and high-dose L. aureum–treated groups significantly increased compared with the H2O2 group (p < 0.01). As can been seen in Figures 4B,C, the LDH activity and SOD activity showed similar tendency—the LDH activity and SOD activity were significantly increased in the low- and middle-dose L. aureum–treated groups compared with the H2O2 group (p < 0.01), while the LDH activity and SOD activity of high-dose L. aureum–treated groups recovered to no distinct difference levels from the H2O2 group (p < 0.05). In addition, it could be seen in Figure 4D that the MDA level of low-dose L. aureum–treated group was significantly lower than the H2O2 group (p < 0.05). However, the MDA levels of middle- and high-dose L. aureum–treated groups were significantly increased compared with both H2O2- and H2O2-untreated groups (p < 0.01).
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FIGURE 4. Effects of L. aureum on the antioxidant enzyme activity and lipid peroxidation in H2O2−induced RAW264.7 cells. (A) The effect on the activity of CAT. (B) The effect on the activity of LDH. (C) The effect on the activity of SOD. (D) The effect on the cellular MDA level. The results are expressed as the mean ± SD of three independent experiments. *p < 0.05 and **p < 0.01 compared with H2O2-untreated group, #p < 0.05 and ##p < 0.01 compared with H2O2 group were considered statistically significant differences.


The aforementioned results indicated that all three doses of L. aureum have a protective effect on RAW264.7 cell oxidative damage caused by H2O2 to a certain degree. Catalase (CAT) is the most significant H2O2 scavenger enzyme in cells, which plays an important role in the ROS scavenging system of organisms (55). Lactate dehydrogenase (LDH) is an oxidoreductase that catalyzes the reversible conversion between lactate and pyruvate, which exists widely in cells of organisms (56). Superoxide dismutase (SOD) is a superoxide anion scavenger enzyme, which catalyzes the disproportionation of superoxide anions to generate H2O2 and O2. SOD plays an important role in the biological antioxidant system, which is the first line of defense against the damage mediated by reactive oxygen species (ROS) (57). Oxygen free radicals act on the unsaturated fatty acids of lipids to generate lipid peroxide, which is gradually decomposed into a series of compounds including malondialdehyde (MDA). Detecting the level of MDA can reflect the level of cellular lipid oxidation (58). To sum up, all three doses of L. aureum could alleviate the oxidative damage of cells, but only low-dose L. aureum–treated group have the effect of reducing MDA level. Therefore, L. aureum mainly exerted its antioxidant effect by increasing the intracellular activity of CAT, SOD, and LDH.



Network Pharmacology Analysis
 
Identification of Bioactive Ingredients and Targets

The bioactive components in L. aureum were determined by literatures and TCMSP database. According to the setting parameters, those where the OB ≥30% and DL ≥0.18, seven bioactive components were identified. In addition, four components with low oral bioavailability were also included considering their reported antioxidant activity or high DL value, such as myricetin (59). The targets of 11 bioactive components (Table 1) were screened and identified through the TCMSP and SwissTargetPrediction databases. A total of 102 targets were obtained after the duplicates were deleted. Furthermore, the 4,174 antioxidant-associated genes were collected through the Genecard database following bioinformatics analysis. After plotting the Venn diagram through the online tool “jvenn” (available online: http://jvenn.toulouse.inra.fr/app/example.html) (60), 70 interaction targets were obtained (Figure 5).


Table 1. Information of bioactive components of L. aureum.
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FIGURE 5. Venn diagram showing all candidates, interaction targets of L. aureum, and antioxidant.




Construction of PPI Network and Analysis of Hub Genes

To clarify the potential antioxidant mechanisms of L. aureum, the 70 obtained intersection targets were entered into STRING database to obtain the function-related PPI data. The medium confidence interaction score (0.4) was set to construct the PPI network. As shown in Figure 6, the potential targets were represented by the nodes, and the interactions between targets were represented by the edges. The larger degree of targets was indicated by the color from dark to light and the size from big to small. The combined score of targets was indicated by the thickness of lines. It was confirmed by the PPI network analysis results that the lowest combined score between nodes was 0.4, while the highest combined score was 0.999 (Supplementary File 1). According to the degree value, the top 20 hub genes were screened out (Table 2).
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FIGURE 6. PPI network of anti-oxidative targets of L. aureum. The potential targets are represented by the nodes, and the interactions between targets are represented by the edges. The larger degree of targets was indicated by the color from dark to light and the size from big to small. The combined score of targets was indicated by the thickness of lines.



Table 2. Top 20 hub genes of L. aureum antioxidant PPI network.
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GO Biological Functions and KEGG Pathway Enrichment Analyses

The ClusterProfiler in R language was used to perform the GO enrichment analysis of the targets in the PPI network. As shown in Figure 7, the biological processes (BP) were mainly involved in the oxidation-reduction process, response to drug, response to lipopolysaccharide, positive regulation of transcription, DNA templating, peptidyl-serine phosphorylation, transport, inflammatory response, negative regulation of cell proliferation, negative regulation of apoptotic process, and sensory perception of pain. The top 10 significant enriched terms in cellular components (CC) included plasma membrane, cytosol, extracellular exosome, integral component of plasma membrane, extracellular space, endoplasmic reticulum membrane, intracellular membrane-bounded organelle, perinuclear region of cytoplasm, organelle membrane, and apical plasma membrane. The molecular function (MF) results suggested that these targets mostly related to zinc ion binding, ATP binding, enzyme binding, iron ion binding, protein kinase activity, electron carrier activity, heme binding, oxidoreductase activity, RNA polymerase II transcription factor activity, ligand-activated sequence-specific DNA binding, and chromatin binding. Moreover, the KEGG pathway enrichment analysis (Table 3) has suggested that target-based KEGG pathways were associated mainly in pathways in cancer, HIF-1 signaling pathway, Rap1 signaling pathway, ErbB signaling pathway, VEGF signaling pathway, mTOR signaling pathway, and PPAR signaling pathway. Among them, HIF-1 signaling pathway (61), ErbB signaling pathway (62), and mTOR signaling pathway (63) were oxidative related pathways.


[image: Figure 7]
FIGURE 7. GO enrichment analysis of targets in bar diagram. The top 10 significant enriched terms in biological process (BP), cellular components (CC), and molecular function (MF) are illustrated, respectively.



Table 3. KEGG pathway enrichment analysis.
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Integrative Network Construction

For further analysis, the integrated visualization network (Figure 8) was constructed by using the Cytoscape software, which included interactions of bioactive ingredients of L. aureum, L. aureum–affected antioxidant targets, and target-related pathways.


[image: Figure 8]
FIGURE 8. The integrated visualization network based on the network pharmacology findings.





The Influences of the mRNA Expression of the Hub Genes by L. aureum

The effects of L. aureum on the hub genes predicted by network pharmacology were investigated through the measurements of mRNA levels of PTGS2 (COX-2), MMP2, ERBB2, PRKCA, and INSR by quantitative real-time PCR. The selection of these five genes was based on their involvement in the enriched oxidative stress–related signaling pathways or a higher combination scores in the PPI network. As demonstrated in Figure 9, the mRNA expression of PTGS2 (COX-2), ERBB2, and INSR was significantly increased after H2O2 stimulation (400 μM), the upregulation folds were 1.56, 3.41, and 1.21, respectively. Whereas, the mRNA expression of MMP2 and PRKCA was significantly decreased, the downregulation folds were 0.29 and 0.58, respectively. Moreover, compared with the H2O2-treated group, the expression levels of PTGS2 in low-dose (0.83-fold, p < 0.01) and medium-dose (0.91-fold, p < 0.05) L. aureum–treated groups were significantly downregulated. MMP2 mRNA expression level in the low-dose group was upregulated 1.72 times to H2O2-treated group (p < 0.01), while the upregulation folds of PRKCA mRNA expression level in medium-dose and high-dose groups were 1.29 and 1.38 (p < 0.01). In addition, mRNA expression level for ERBB2 in medium-dose group was significantly increased 1.17-fold (p < 0.05) and for INSR in low-dose group was significantly decreased 0.79-fold (p < 0.01).


[image: Figure 9]
FIGURE 9. Effects of L. aureum on expression levels of key mRNA in RAW264.7 Cells. The expression of (A) PTGS2 (COX-2), (B) MMP2, (C) ERBB2, (D) PRKCA, and (E) INSR mRNA levels were determined by qRT-PCR. The results are expressed as the mean ± SD (n = 3). **p < 0.01 vs. H2O2-untreated group, #p < 0.05 and ##p < 0.01 vs. H2O2 group were considered statistically significant differences.





DISCUSSION

The concept of oxidative stress was first proposed by Sies in 1985, which is caused by the imbalance between prooxidation and antioxidation (64). Accompanied with the increased levels of intracellular oxidants, there are two potentially significant influences linked to the development of age-related diseases that included damages of various intracellular components and trigger activation of specific signaling pathways (2). Accumulating evidence implicates that the destruction of redox homeostasis is involved in the processes of many diseases: obesity (65), diabetes (66), aging (67), neurodegenerative diseases (68), cardiovascular disease (69), immunology (70), cancer (71), etc. It has been reported that many traditional medicinal plants have higher antioxidant activity compared with synthetic antioxidants (72). Limonium aureum is a traditional medicinal plant mostly used to treat wind heat cold, neuralgia, less menstruation, toothache, etc. by its effects of anti-inflammation and anti-oxidation (18, 21, 23). Therefore, L. aureum has great value in development and utilization for the treatment of oxidative stress diseases. As a cutting-edge research field, network pharmacology emphasizes the similar holistic thinking with traditional Chinese medicine which is “network target, multiple ingredients therapeutics” (73). Unlike previous studies, this study was the first time to elucidate the antioxidant mechanism of L. aureum via the combination of systematic network pharmacology method and cell biological approaches, hoping to lay the foundation for the further research of L. aureum.

In this study, a total of 11 bioactive compounds of L. aureum (Table 1) that have potential anti-oxidative effects were retrieved from the TCMSP database and literatures. Among them, the antioxidant activity of components including quercetin, kaempferol, and myricetin had been reported. Quercetin is a naturally occurring flavonoid widely distributed in various plants and foods, which has antioxidant, antiviral, and antibacterial effects. It has been found that quercetin suppresses endothelial cell damage by countering the H2O2-induced oxidative stress via upregulating the expression of heme oxygenase-1 (HMOX-1) (27). As one of the most common dietary flavonoids, kaempferol has biological and pharmacological effects such as antioxidant, anti-inflammatory, and anti-cancer. According to the report, the generation of reactive oxygen species and mitochondrial membrane potential compromise of porcine oocytes induced by H2O2 can be prevented by kaempferol. The H2O2-induced extent of DNA damage and autophagy in blastocysts was also observed to be reduced with the kaempferol supplementation (28). Previous studies have proved that myricetin has a variety of pharmaceutical activities. For instance, myricetin could significantly increase the SOD level and total antioxidant capacity in H2O2-induced oxidative stress model of bovine mammary epithelial cells (bMECs), while the MDA and ROS levels were decreased (29). The mechanism was found that the H2O2-induced oxidative stress in bMECs was inhibited by myricetin through AMPK/NRF2 signaling pathway. These findings suggested that L. aureum exerts its anti-oxidative effects through multiple ingredients and multiple targets.

To investigate the in vitro antioxidant activity of L. aureum, four classical assays were selected in this study. Results showed that L. aureum have strong DPPH and hydroxyl scavenging activity, ferrous ion-chelating ability, and ferric reducing power. All these in vitro antioxidant activities of L. aureum were in a concentration-dependent manner. Next, to elucidate further the antioxidant mechanism of L. aureum, a PPI network consisting of 51 nodes and 201 interaction edges was constructed. Based on the analysis of topological properties, the hub genes including PTGS-2 (COX-2), MMP2, ERBB2, PRKCA, and INSR were then screened out. H2O2-induced RAW264.7 cells are the typical oxidative stress model. Therefore, we used them to investigate the in vivo antioxidant effects of L. aureum. The enzyme activity assay showed that L. aureum promotes activities of CAT, LDH, and SOD when the concentration was 2 or 5 μg/ml, while the MDA level assay intuitively showed that L. aureum shows the inhibition effect of intracellular MDA level only at 2 μg/ml.

Moreover, quantitative real-time PCR further verified that the mRNA expression levels of PTGS-2 (COX-2), MMP2, ERBB2, PRKCA, and INSR significantly differ between H2O2-induced group and L. aureum–treated group, respectively. Specifically, the mRNA expression levels of PTGS-2 and INSR were significantly downregulated with the low-dose L. aureum–treated group, and the downregulation folds were 0.83 and 0.79, respectively. At the same time, the upregulation folds of mRNA expression level for MMP2 in low-dose group and ERBB2 in medium-dose group were 1.72 and 1.17, respectively. Besides, mRNA expression levels for PRKCA with medium-dose and high-dose L. aureum treatment were significantly upregulated 1.29- and 1.38-fold. The aforementioned results suggested that these predicted core genes play important roles in the process of L. aureum exerting its antioxidant effects. PTGS-2 (encoding cyclooxygenase-2, COX-2) is a rate-limiting enzyme of the production of prostaglandin metabolites, and its expression can be upregulated by reactive oxygen intermediates generated by oxidative stress (74, 75). It has been suggested that glutathione (GSH), which reduces prostaglandin G2 (PGG2) to prostaglandin H2 (PGH2), is depleted due to the PTGS-2 (COX-2) activity, leading to the decreasing of cells reducing power (76). As a member of the epidermal growth factor receptor (EGFR) family, tyrosine kinase receptor 2 (ERBB2) is important to the research of cancer biology and cardiac function and development. It has been suggested by experimental evidences that ERBB2 was involved in the regulation of antioxidant defenses in cancer and the protection against cardiomyocyte oxidative stress and death, which was due to pathways that converged on preventing oxidative stress and induced further activation and upregulation by the upregulation of ERBB2 (77).

PRKCA (protein kinase C alpha) belongs to the protein kinase C (PKC) family, which is a family of serine/threonine-specific protein kinases. They are involved downstream of almost all membrane-related signal transduction pathways, and their activations require Ca2+ and diacylglycerol (DAG) (78, 79). A variety of oxidative stress–related diseases have been found to be affected by the expression of PRKCA. As a cardiac contractile node integrator, PRKCA was suggested to profoundly affect the propensity of heart failure through intracellular Ca2+ sensing and signal transduction events (78). An observation showed that PRKCA mRNA levels in blood of multiple sclerosis patients were significantly lower, which has been consistent with the results of their experiments that higher levels of PRKCA expression conferred by alleles were related to the protective signal (79). It also had been noted that PRKCA has a regulation effect of NF-κB-induced IL-1 expression in HepG2 cells (80) and LPS-induced IL-1 and iNOS expression in RAW264.7 cells (81). Furthermore, the PTGS2 (COX-2) expression induced by LPS in RAW264.7 cells was strongly inhibited by the overexpression of dominant-negative mutant of PRKCA (81).

The insulin receptor (INSR) belongs to tyrosine kinase family, which is a member of the ligand-activated receptor of transmembrane signal proteins. As a fundamentally important regulator, it is associated with the differentiation, growth, and metabolism of cell (82). The binding of insulin under normal state to INSR allowed the performing of insulin functions, which resulted in the activation of downstream signaling cascades and the autophosphorylation of INSR (83). Literature indicated that the antioxidant curcumin disrupted insulin signaling in hepatic stellate cells (HSCs) by inhibiting the gene expression of INSR and reducing the phosphorylation level of INSR (84). Besides, the insulin-induced oxidative stress in HSCs was attenuated by curcumin through its induction of gene expression of glutamate cysteine ligase, enabled de novo synthesis of glutathione, and inhibited the gene expression of INSR. The aforementioned results of studies were similar to the present study. However, matrix metalloproteinases (MMPs), which are a zinc-dependent family of endopeptidases, are responsible for the regulation of numerous protein activities in many pathological conditions, especially MMP2 and MMP9 (85). MMP2 was suggested to play a key role in the reduction of nicotinamide adenine dinucleotide phosphate oxidase (NOX2) activity and the eventual formation of ROS (86). Contrary to other studies (85, 86), our study found that the expression of MMP2 was downregulated in the positive control group. The possible reason might be that the activation of MMPs could not be induced by one-time treatment with H2O2 (87), or it might be caused by the different characteristics of respective studies.

In addition, the antioxidant effect of L. aureum was mainly enriched in the HIF-1 signaling pathway and ERBB signaling pathway demonstrated by the KEGG enrichment analysis. Hypoxia-inducible factor 1 (HIF-1) is a hypoxia-related protective transcription factor, which mainly regulates a variety of hypoxia-inducible genes under hypoxia. It was induced by stimulants (nitric oxide or various growth factors) and the reduction of oxygen availability. Evidences were provided to illustrate the mitochondrial stress reduction effect of HIF-1, which was caused by the inhibition of mitochondrial fission, improvement of mitochondrial oxygen metabolism, neutralization of ROS, and regulation of inflammatory response. Cell apoptosis was promoted when the HIF-1 signaling pathway in epidermal HaCaT cells under oxidative stress microenvironment was inhibited by inverted formin-2 (INF2) (61). It has also been reported that the regulation of HIF-1a expression was involved in reactive oxygen species and Nrf2 signaling. Knockdown of Nrf2 or elimination of ROS impaired the activation of HIF-1 signaling pathway, thereby attenuating the binding of HIF-1 to the VEGF promoter, which was induced by follicle-stimulating hormone (FSH) (88). Furthermore, intracellular signaling pathways and extracellular growth factor ligands are bound through the ERBB family, which is a member of receptor tyrosine kinases (RTKs), to regulate various biological reactions. The common target downstream of all ERBB receptors is the mitogen-activated protein kinase (MAPK) pathway which is activated by SHC or GRB2, while most ERBBs directly or indirectly activate the phosphatidylinositol-3-kinase (PI3K) pathway. It has been demonstrated that neuregulin-1 beta (NRG) attenuated doxorubicin-induced oxidative stress in rat ventricular cardiomyocytes. Trastuzumab, an antibody targeting the ERBB2 receptor, blocked this beneficial effect of NRG by inhibiting the ERBB2/NRG signaling pathway (89). The consistent conclusion was reported that the ERBB and its downstream AKT/PI3K signaling could be activated by NRG1 to improve mitochondrial function and exert the antioxidant effect (62).

Based on the aforementioned information, PRKCA, INSR, and ERBB2 could regulate their common downstream PI3K/AKT signaling pathway, which was the oxidative stress-related pathway. These pathways were contained in HIF-1 signaling pathway and ErbB signaling pathway, respectively. Meanwhile, the activation of PRKCA in the HIF-1 signaling pathway could inhibit the expression of PTGS2. These results suggested that HIF-1 and ErbB signaling pathways may be the key pathways for L. aureum to exert its antioxidant effect. The fact that L. aureum can regulate the expression of these hub genes is in accordance with the predicted results. To sum up, the regulation of ErbB and HIF-1 signaling pathways by regulating the expression of PRKCA, INSR, ERBB2, and PTGS2 may be the reason for its mitigation of oxidative damage of cells (Figure 10).
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FIGURE 10. The process of L. aureum mitigating oxidative stress of cells.




CONCLUSION

Our studies combined the systematic network pharmacology method with cell biological approaches to elucidate the underlying molecular mechanism of L. aureum on oxidative stress. From open source databases, a total of 11 bioactive compounds, 102 L. aureum–related targets, and 70 interaction targets of L. aureum and antioxidant were obtained. Moreover, the hub genes including PTGS2 (COX-2), MMP2, ERBB2, PRKCA, and INSR were screened out based on the analysis of the topological character of the protein–protein interaction network. Then, the mRNA expression of these hub genes was verified by performing the experimental in vitro validation. This finding lays a foundation for further elucidating the anti-oxidative damage mechanism of L. aureum. Considering the complexity of the oxidative stress process and the deficiencies in network prediction, further research is necessary to confirm our findings.
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