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Cisplatin-induced acute kidney injury (AKI) increases the patient mortality dramatically and results in an unfavorable prognosis. A strong correlation between AKI and ferroptosis, which is a notable type of programmed cell death, was found in recent studies. Myricitrin is a natural flavonoid compound with diverse pharmacological properties. To investigate the protective effect of myricitrin against cisplatin induced human tubular epithelium (HK-2) cell injury and the underlying anti-ferroptic mechanism by this study. Firstly, a pharmacology network analysis was proposed to explore the myricitrin’s effect. HK-2 cells were employed for in vitro experiments. Ferroptosis was detected by cell viability, quantification of iron, malondialdehyde, glutathione, lipid peroxidation fluorescence, and glutathione peroxidase (GPX4) expression. Ferritinophagy was detected by related protein expression (NCOA4, FTH, LC3II/I, and SQSTM1). In our study, GO enrichment presented that myricitrin might be effective in eliminating ferroptosis. The phenomenon of ferroptosis regulated by ferritinophagy was observed in cisplatin-activated HK-2 cells. Meanwhile, pretreatment with myricitrin significantly rescued HK-2 cells from cell death, reduced iron overload and lipid peroxidation biomarkers, and improved GPX4 expression. In addition, myricitrin downregulated the expression of LC3II/LC3I and NCOA4 and elevated the expression of FTH and SQTM. Furthermore, myricitrin inhibited ROS production and preserved mitochondrial function with a lower percentage of green JC-1 monomers. However, the protection could be reserved by the inducer of ferritinophagy rapamycin. Mechanically, the Hub genes analysis reveals that AKT and NF-κB are indispensable mediators in the anti-ferroptic process. In conclusion, myricitrin ameliorates cisplatin induced HK-2 cells damage by attenuating ferritinophagy mediated ferroptosis.
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1 INTRODUCTION
Acute kidney injury (AKI) is a critical medical illness with high mortality and morbidity, which is observed among approximately 5%–15% of hospitalized patients (Al-Jaghbeer et al., 2018; Martin-Cleary et al., 2021). AKI is clinically characterized by an abrupt decline in renal function. Known as a common cause of AKI, cisplatin is widely used as a chemotherapeutic drug in the management of solid malignant tumors (Tang C. et al., 2023). Nevertheless in prolonged, accumulating cisplatin could elicit renal dysfunction. The nephrotoxic responses to cisplatin not only limit its therapeutic potential but also affect the life quality of individuals with malignancies adversely.
Programmed cell death, including apoptosis and necrosis, has been identified as pivotal events in the pathological course of AKI, which manifests tremendous tubular cell damage in terms of histology (Sanz et al., 2023; Wu et al., 2022). As firstly proposed in 2012 by Dixon et al., ferroptosis is a form of novel programmed cell death placed on excessive iron production and overwhelming lipid peroxidation (Dixon et al., 2012). It has been showed in numerous studies that ferroptosis exists in both AKI patients and animal models established by different stimuli, such as LPS, cisplatin, ischemia-refusion, and folic acid (Bayır et al., 2023; Liang et al., 2022; Friedmann Angeli et al., 2014; Martin-Sanchez et al., 2017).
Iron metabolism is an essential biological activity responsible for ferroptosis. Generally, overloaded free iron could easily undergo the Fenton reaction, arousing massive oxidative damage to cell membrane lipid peroxidation (Fuhrmann and Brüne, 2022). Ferritinophagy is the process of autophagic degradation of ferritin and the release of extensive iron (Tang et al., 2018). While appropriate autophagy has emerged as a favorable cellular survival mechanism, excessive ferritin autophagy might be responsible for ferroptosis (Liu et al., 2020). It was found by Joseph D et al. that nuclear receptor coactivator 4 (NCOA4) was a specific receptor, which encouraged ferritin to be transported to the autophagosome and degraded eventually (Mancias et al., 2014). In brief, there is considerable intrigue in investigating the likely participation of NCOA4-mediated ferritinophagy in the progression of AKI.
Myricitrin, a bioactive component of bayberry, is a naturally occurring flavonoid with a diverse range of biological activities, which provides protections for multiple systems (Geng et al., 2023). Meanwhile, myricitrin exerts an immense impact on anti-oxidation and elimination of free radicals. Evidences provided by Sun et al. support the inhibitory effects of myricitrin on endothelial apoptosis induced by ox-LDL mediated ROS in the atherosclerosis mouse model (Qin et al., 2015). It has been demonstrated by animal studies that myricitrin can minimize liver I/R injury by preventing oxidative stress as well as inflammatory responses and boosting NO synthase activation (Shen et al., 2020). Currently, it was reported by Bin Zhao et al. that myricitrin attenuated cisplatin-induced kidney injury, mechanically eliminated reactive oxygen species, and inhibited apoptosis (Li et al., 2020). It is commonly recognized that reactive oxygen species triggers lipid peroxidation, which is the foundation of ferroptosis development (Pope and Dixon, 2023). However, there is a scarcity of published information concerning the anti-ferroptosis efficacy of myricitrin, whose mechanism of modulating AKI remains limitedly explored.
In the present investigation, we postulated that NOA4-mediated ferritinophagy contributed to ferroptosis in the context of cisplatin-induced renal tubular cells. Furthermore, we plan to investigate the potential role of myricitrin in the cell death of renal tubular cells and elucidate the underlying protective mechanism of myricitrin.
2 METHODS
2.1 Reagent and antibody
The chemical reagents were purchased as below: Myricitrin (Myr): Selleck, S2327; Cisplatin (CDDP): MCE, HY-17394; 3-Methyladenine (3-MA): MCE, HY-19312; Chloroquine (CQ): MCE, HY-17589A; acetylcysteine (NAC): MCE, HY-B0215. All other chemicals were of high-grade purity available from commercial sources.
The antibodies were obtained as below: GPX4 (Abcam, ab125066), FTH (proteintech, 10727-1-AP), LC3A/B (CST, 4108), NCOA4 (abclonal, A5695), SQSTM1 (CST, 5,114), GAPDH (abclonal, AC001) and HRP-conjugated Goat Anti Rabbit IgG (proteintech, SA0001-2).
The relevant materials were provided as following: Cell Counting Kit-8 Kit (Beyotime, C0038), Annexin V/PI Apoptosis Analysis Kit (KeyGEN, KGA1013), Cell Ferrous Iron Colorimetric Assay Kit (Biosharp, BL1147A), Lipid Peroxidation MDA Assay Kit (Beyotime, S0131M), GSH Assay Kit (Jiancheng Bioengineering, A006-2-1), Bodipy 581/591 C11 (abclonal, RM02821), Reactive oxygen species Assay Kit (Beyotime, S0033S), MitoSox (ThermoFisher, M36008), and JC-1 applied to detect mitochondrial membrane potential (MCE, S0131M).
2.2 Construction of Myricitrin’s prediction targets network and GO function enrichment analysis
The SMILES format and structure of myricitrin were obtained from PubChem and we imported these information to SwissTargetPrediction database, comparative toxicogenomics database (CTD), and PharmMapper database (Daina et al., 2019; Davis et al., 2023; Wang et al., 2017). The gene interaction network was established by using STRING database (Szklarczyk et al., 2023). Furthermore, the identified genes were imported into Cytoscape to construct a protein-protein interaction (PPI) network for analysis by utilizing the CytoNCA method (Shannon et al., 2003; Tang et al., 2015). It is our aim to identify and evaluate the potential main targets of myricitrin in this study. In addition, the biological process of the key genes was enriched by using online Metascape database and visualized as a chordal graph by the application of bioinformatics (Zhou et al., 2019; Tang D. et al., 2023).
2.3 Pharmacodynamic mechanism analysis of myricitrin on cisplatin induced acute kidney injury
To explore the pharmacodynamic mechanism of myricitrin on acute kidney injury stimulated by cisplatin, the disease-related targets were collected at first from the following three databases: GenCards, Online Mendelian Inheritance in Man (OMIM) database, and DisGeNET (Stelzer et al., 2016; Amberger et al., 2015; Piñero et al., 2021). The two key phrases “cisplatin induced acute kidney injury” and “cisplatin nephrotoxicity” were used for searching, and only “Homo sapiens” proteins linked to the disease from results were selected. Finally, the targets were obtained from the overlaps between the myricitrin-related targets and the disease-related targets.
The “myricitrin on cisplatin acute kidney injury” perdition target network was constructed by using Cytoscape software. In the network, proteins were represented as nodes, and interactions between those molecular species were represented as edges. Functional annotation of target genes was analyzed by using the online Metascape database. The statistical significances were defined as p < 0.05 and the gene sets containing more than five genes were significant as well. Based on the online Metascape database, the GO and KEGG analysis projects were employed to explore the predicted action targets.
2.4 Cell culture
Human kidney epithelial tubular HK-2 cells were grown in F12 medium with 10% fetal bovine serum and 1% streptomycin/penicillin mixture. A humidified 5% CO2 atmosphere was applied to maintain all cell cultures at 37°C. After seeded in plates and cultured for 24 h, the HK-2 cells were incubated with fresh complete culture medium, and exposed to different treatments.
2.5 Cells model establishment and treatment
To establish cisplatin (CDDP) activated cells, HK-2 cells were exposed to different concentrations of cisplatin (2.5 or 5 ug/mL) for 24 h. To explore whether ferritinophagy occurs and is involved, we first employed the autophagy inhibitor, 3-MA (5, 10 uM) and CQ (10, 20 uM), to the HK-2 cells with cisplatin co-treatment for 24 h. To observe the effect of myricitrin on cisplatin activated cells, HK-2 cells were divided into four groups: the normal control, the CDDP group exposed to 5 ug/mL cisplatin, the Myr group cultured in medium containing 5 uM myricitrin for 24 h, and the CDDP + Myr group incubated with 5 uM myricitrin for 1 h prior to cisplatin stimulation for sequentially 24 h. Then, known as the autophagy inducer, 100 nM rapamycin (Rapa) was applied to the HK-2 cells 30 min before the administration of both myricitrin and cisplatin.
2.6 Cell viability assays
Cell viability was measured by using the Cell Counting Kit-8 (CCK8) assay. Cells were inoculated in a 96-well plate with a density of 5,000 cells per well. After overnight incubation the cells were treated by cisplatin and myricitrin for 24 h described above. The cells were incubated for 4 h after we applied 10 ul CCK8 solution in each well. Finally, the absorbance value was measured at 450 nm by a microreader.
2.7 Annexin V-PI assays
To explore the apoptosis level, the HK-2 cells from treatment groups and controls were harvested for different experimental needs, and then incubated by Annexin V-FITC and PI in the dark for at least 10 min according to the manufacturer’s protocols. Afterward, flow cytometry was utilized to examine the cells. Early apoptotic cells were determined by counting the percentage of Annexin V+/PI− cells; progressed apoptotic cells were obtained by counting the percentage of Annexin V+/PI + cells; necrotic cells were detected by counting the percentage of Annexin V-/PI + cells, and Annexin V−/PI− cells were considered as surviving cells.
2.8 Measurement of iron content
According to the manufacturer’s guidelines, an iron assay kit was employed to quantify the iron content in the HK-2 cells from treatment groups and controls. Briefly, cells were harvested and further lysed in iron lysis buffer by ultrasound. After centrifuged at 12,000 rpm for 10 min, the supernatant mixed with the working reagent was incubated for 15 min at room temperature. A microreader was employed to detect the absorbance at a wavelength of 562 nm.
2.9 Assessment of malondialdehyde (MDA)
To investigate the MDA concentration, the HK-2 cells from treatment groups and controls were subjected to lysis by using Western & IP lysis buffer. In accordance with manufacturer’s instructions, the resulting lysate was centrifuged at 12,000 rpm for 10 min and then measured by MDA Assay Kit which implemented TBA approach. Thereafter, 532 nm absorbance was recorded by using a microplate reader.
2.10 Assessment of glutathione (GSH)
The HK-2 cells from treatment groups and controls were homogenized by using an ultrasonic crusher and centrifuged at 12,000 rpm for 10 min after they were gathered. Then, the supernatant was collected for the following examination of GSH level. The experiment involved the process of the addition of samples mixed with GSH working mixture in the 96-well plate, which was incubated for 5 min at room temperature. The absorbance was determined at the wavelength of 405 nm.
2.11 Lipid peroxidation assay
The evaluation of lipid peroxidation was conducted by incubating different samples with 10uM Bodipy 581/591 for 1 h at 37 C in the dark. After the incubation was completed, the cells were washed twice with PBS to eliminate any surplus dye. The phenomenon of oxidized Bodipy was noticed by using a fluorescence microscope.
2.12 Intracellular ROS assay and mitochondrial ROS assay
The intracellular ROS production was observed by using reactive species oxygen Assay Kit. The HK-2 cells from treatment groups and controls were incubated with 1:2000 DCFH-DA at 37°C for 15 min in the dark. Then, after being washed twice by PBS, the HK-2 cells were resuspended in stain buffer and measured immediately by flow cytometry. Mitochondrial ROS level was detected by Mitosox stained. After incubated with 5 uM MitoSox for 60 min, the HK-2 cells were observated in fluorescence microscope.
2.13 Measurement of mitochondrial membrane potential
The Mito Probe JC-1 Assay Kit was used to detect the changes in mitochondrial membrane potential (MMP). The HK-2 cells from treatment groups and controls were collected and incubated in 10 uM JC-1 working solution for 30 min in the dark. Then, the cells were washed twice by staining buffer and analyzed by flow cytometry within 1 h. The red aggregation showed normal MMP, while the green monomer indicated a reduction in MMP due to mitochondrial dysfunction. Results were presented as the percentage of green monomer stained by JC-1.
2.14 Western blot
Western blotting was employed to detect the protein expression of GPX4, FTH, NCOA4, LC3, and SQSTM1 in the cells from treatment groups and controls. The proteins obtained from the lysate of HK-2 cells were employed in RIPA buffer on ice and then the concentration was quantified by adopting the BCA protein assay kit. After the addition of 15 µg of distinct samples into each individual well, the proteins were separated by using 10%–12% SDS-PAGE gel and transferred onto a PVDF membrane. The membrane was blocked for 2 h at room temperature in the 5% non-fatty milk. The membranes were sectioned into different portions based on the molecular weight of the target protein. Subsequently, the pieces were subjected to overnight incubation with primary antibody under the temperature condition of 4°C. After using a suitable secondary antibody for incubation, the immunoblots were eventually detected by super ECL reagent. All protein bands’ intensity was measured by ImageJ.
2.15 Statistical analysis
All experiments were conducted three to five times, with each repetition carried out independently. Data was expressed as mean + standard deviation and analyzed by using GraphPad Prism 8. Data analysis and comparison between groups used one-way ANOVA and two-tailed Student’s t-test. Values of p < 0.05 were considered statistically significant.
3 RESULTS
3.1 Screening and analysis of potential targets of myricitrin
As shown in Figure 1A, a total of 242 target genes of myricitrin were obtained by searching three online databases (PharmMapper database, SwissTargetPrediction database, and superpre database). With the help of the STRING database, a pharmacological target of the myricitrin network was constructed. According to Cytoscape by applying CytoNCA calculation, Figure 1B showed that a network of top 27 interactional genes is obtained by setting parameters (Degree ≥18, Betweenness Centrality ≥370, Closeness Centrality ≥0.248). Then, with analysis results of the 27 genes via Metascape database, it was surprisingly noted that the biological process of the top gene was mainly enriched in cellular response to cytokines stimulus, regulation of reactive oxygen species metabolic, cellular response to lipid, and so on. In addition, it was fascinating to mention that when conducting a search in the ferroptosis database and the related literature, a significant majority of the top 27 genes were identified as hallmark indicators of ferroptosis. These genes contain PTGS2, NFE2L2, KEAP1, SLC2A1, and so on (Figure 1C). To sum up, it can be speculated that administration of myricitrin was intricately countering the incidence and progression of ferroptosis.
[image: Figure 1]FIGURE 1 | Screening and analysis of potential targets of myricitrin. (A) The Protein Interaction (PPI) network of myricitrin’s targets was gathered from the String database. (B) Network diagram of the most important targets of the myricitrin’s potential genes was made by using CytoNCA calculation. (C) Top enriched GO process of myricitrin’s targets was acquired from Metascape database, and the chordal diagram was constructed by representing enrichment items and their relevant genes.
3.2 Ferroptosis occurs on cisplatin induced renal tubular cells
HK-2 cells were treated with different doses and by different times of cisplatin to determine the exact concentrations that inhibiting the cell growth. As shown in Figure 2A, cisplatin significantly inhibited the cell viability compared with the control group. Furthermore, confirmed with the above results, Figure 2B depicted that cisplatin increased the cell death-rate, which was detected by Annexin-V flow cytometry based on dose dependence. Known as specific markers for ferroptosis, Western blot was used to examine the GPX4 protein expression. The results showed that GPX4, a crucial enzyme against lipid peroxidation and ferroptosis, was also suppressed in the cisplatin group (Figure 2C). Furthermore, our results showed that cisplatin exposure led to enhanced accumulation of intracellular iron content. Lipid peroxidation was considered as a key component involved in the cell death cascade driven by ferroptosis. The amount of MDA could reflect the degree of intracellular lipid peroxidation. It was observed that cisplatin could significantly increase MDA levels in HK-2 cells (Figure 2D). C11-BOPIDY staining showed that the level of oxidation C11-BODIPY was significantly increased in the cisplatin group compared with the control group (Figure 2E).
[image: Figure 2]FIGURE 2 | Renal tubular cells induced by Ferroptosis occurs on Cisplatin. In vitro, HK-2 cells were treated with different concentrations of cisplatin (0, 2.5, 5ug/mL). (A) Cell viability of HK-2 cells was determined by CCK-8 assays. (B) Annexin V-PI assay was used to determine the apoptosis cells. (C) Western blot was used to examine the expression of ferroptosis-related proteins GPX4. Protein levels were measured by using densitometry and normalized with GAPDH. (D) Intracellular iron was examined by Colorimetric Assay Kits. MDA and GSH were examined and normalized with the protein concentration. (E) Oxidation C11 BODIPY staining of the cisplatin activation HK-2 cells (scale bar = 100um). Compared with the control group, Data were presented as mean ± SD. (n = 3–4). *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001.
3.3 Ferritinophagy Contributes to ferroptosis in cisplatin induced renal tubular cells
It has been confirmed in an increasing number of studies that autophagy participates in the occurrence and development of cisplatin-related renal tubular cell injury. Moreover, ferritinophagy is an autophagy mode of ferritin degradation mediated by NCOA4, which can regulate ferroptosis. Therefore, it was speculated that ferritinophagy might be involved in HK-2 cell injury caused by cisplatin. Meanwhile, it was speculated that NCOA4, FTH1, SQTM1, and LC3II/LC3I protein-related expression were obtained by applying Western blot. Compared with the CDDP group, the expressions of NCOA4 and LC3II/LC3I were downregulated in myricitrin pretreatment group, while the FTH1 and SQTMQ expression were increasing (Figures 3A,B). However, the classical autophagy inhibitors, specifically 3-methyladenine (3-MA) and chloroquine (CQ), were all employed to suppress the ferritinophagy activity. As illustrated in Figures 3C,D, high concentrations of 3-MA and CQ pretreatment could enhance the cell viability and diminish the cell damage. These results indicated that ferritinophagy might have participated in the progress of the injury of renal tubular cells with cisplatin administration.
[image: Figure 3]FIGURE 3 | Ferritinophagy Contributes to Ferroptosis in Cisplatin induced Renal Tubular Cells. The HK-2 cell were stimulated with 2.5ug/mL or 5ug/mL cisplatin for 24 h. (A) The representative images of Western blot showed the expression of ferritinophagy-related proteins (LC3II/LC3I, FTH, NCOA4, SQSTM1) in cells (n = 4). (B) Protein levels were measured by using densitometry and normalized with GAPDH. (C), (D) Cell viability of cisplatin activated HK-2 cells with co-incubation of different concentrations CQ (2.5, 10uM) and 3-MA (2.5, 10uM) was determined by CCK-8 assays (n = 3). Data were presented as mean ± SD. **p < 0.01, ****p < 0.001, compared with the control group and #p < 0.05, ##p < 0.01, compared with the CDDP group.
3.4 Myricitrin significantly reduced ferroptosis upon cisplatin induction in renal tubular cells
First of all, according to the results of cell viability (Figure 4A), myricitrin at a concentration between 0.5 and 10 uM stimulation of 24 h showed no cytotoxicity effect on HK-2 cells. Therefore, 5 uM myricitrin incubation was selected for subsequent cell experiments. Secondly, we found that the decreased cell viability induced by cisplatin could be alleviated by myricitrin pretreatment (Figure 4B). In addition, it was observed that myricitrin could promote cell survival whereas cisplatin stimulated the apparent apoptosis of HK-2 cells (Figure 4C).
[image: Figure 4]FIGURE 4 | Myricitrin significantly reduced Ferroptosis upon cisplatin induction in renal tubular cells. (A) Cell viability of HK-2 cells treated with different concentrations of myricitrin (0, 0.5, 1, 2.5, 5, 10uM) for 24 h (n = 6). (B) Cell viability of cisplatin induced HK-2 cells treated with different concentrations of myricitrin (0, 0.5, 1, 2.5, 5, 10uM) for 24 h (n = 6). (C) The HK-2 cells were incubated with 5uM myritrin, 5ug/mL cisplatin or the combination for the following experiments in this section. Annexin V-PI assay determined the apoptosis cells. (D) Western blot was employed to examine the expression of ferroptosis-related proteins (GPX4). Protein levels were measured by using densitometry and normalized with GAPDH (n = 4). (E) Intracellular iron content was detected by Colorimetric Assay Kits. MDA and GSH, were examined and normalized with the protein concentration (n = 3–4). (F) Oxidation C11 BODIPY staining of the cisplatin activation HK-2 cells (n = 3), scale bar = 100um. Data were presented as mean ± SD. **p < 0.01, ***p < 0.005, ***p < 0.001, compared with the control group, and #p < 0.05, ##p < 0.01, ###p < 0.005, compared with the CDDP group.
In Figure 4D, the HK-2 cells with myricitrin incubation showed a dramatic increase in GPX4 expression compared with the cisplatin induction group, which showed the depletion of GPX4. Meanwhile, the contents of intracellular iron in myricitrin treatment group were obviously lower than the cisplatin group (Figure 4E). As illustrated in Figure 4F, after myricitrin intervention, the increase of MDA content stimulated by cisplatin was partially reserved, whereas the levels of GSH inhibited by cisplatin were effectively restored. At the same time, the oxidation of C11-BODIPY fluorescent intensity was suppressed by myricitrin administration, indicating a decrease in lipid peroxidation and inhibition of ferroptosis, which was in alignment with the results mentioned before. In short, these results demonstrated that myricitrin ameliorated lipid peroxidation and ferroptosis against cisplatin-induced HK-2 cell injury.
3.5 Myricitrin attenuated ROS production and persevered mitochondrial function in cisplatin activated kidney tubular cells
Previous research suggested the acetylcysteine, the oxidatve stress inhibitor, could attenuated the ferroptosis in various disease. The CCK-8 assays showed that does independed acetylcysteine could improved the cell viability of cisplatin induced cells (Figure 5A). Furthermore, intracellular iron content and MDA were lower in acetylcysteine group compare to the cisplatin group. Acetylcysteine could also increased the anti-oxidant GSH level (Figure 5B). In summary, we validated the positive role of ROS in the occurrence of ferrpotosis. To determine the effect of myricitrin on oxidative stress in renal tubular cells, the intracellular ROS levels were measured by using flow cytometry to detect the HK-2 cells stained with DCFDA. As shown in Figure 5C, ROS levels were significantly higher in cisplatin group, whereas both myricitrin and acetylcysteine could reverse oxidative stress via reducing intracellular ROS production. In addition, myricitrin could reduce the increased level of mitochondrial ROS, which induced by cisplatin (Figure 5D).
[image: Figure 5]FIGURE 5 | Myricitrin attenuated the ROS production and preserved the mitochondrial function. (A) CCK8 assays measured cell viability of HK-2 cells treated with indicated dose acetylcysteine or cisplatin or the combination for 24 h (n = 6). (B) Intracellular iron conten, MDA and GSH were detected in HK-2 cells incubated with 2.5uM acetylcysteine, or cisplatin, or the combination for 24 h (n = 4). (C) Cells were divided into six groups. HK-2 cells were stimulated with 2.5uM acetylcysteine or 5uM myritrin individually, and then treated with cisplatin for 24 h. Evaluation of ROS generation by using flow cytometry with DCFDA probe. The results were analyzed by quantification of mean fluorescence intensity (MFI) of DCFDA staining (n = 3). (D) Immunofluorescence analysis and quantification analysis of MitoSox in HK-2 cells (scale bar = 250um), the results were calculated by quantification of MFI (n = 3). (E) Flow cytometry was used to detect the mitochondrial membrane potential (Ψm) of HK-2 cells stained with JC-1. The dot plot illustrates the gate represented for JC-1 (green) monomer populations (n = 3). Data were presented as mean ± SD. ****p < 0.005, compared with the control group; ##p < 0.01, ###p < 0.005, compared with the CDDP group.
As the main organelle of energy metabolism and ROS production, mitochondria plays an important role in renal proximal tubular epithelial cells. In our study, it was found that cisplatin intervention in HK-2 cells resulted in a decrease in the percentage of JC-1 monomers, indicating MMP reduction and mitochondrial damage. However, lower percentage of green monomers was detected in the cisplatin-induced cells with myricitrin treatment (Figure 5E). These results manifested that myricitrin had an antioxidant effect as well as a protective function of mitochondria.
3.6 Myricitrin mitigated ferroptosis in cisplatin activated tubular epithelium cells via inhibiting NCOA4 mediated ferritinophagy
It has been demonstrated in our earlier research that the autophagic degradation of ferritin, a process referred to as ferritinophagy, can promote ferroptosis in activated HK-2 cells with cisplatin stimulation. Additionally, NCOA4 is a specific cargo receptor that facilitates ferritin degradation in lysosomes. Herein, we investigated whether the NCOA4 mediated degradation of ferritin was associated with myricitrin’s protective mechanism against ferroptosis induced by cisplatin in renal tubular cells. Western blotting revealed that the expression of vital ferritinophagy makers LC3II/LC3I and NCOA4 were downregulated, while FTH as well as SQTM1 expression were upregulated by myricitrin treatment (Figure 6A).
[image: Figure 6]FIGURE 6 | Myricitrin mitigated ferroptosis in cisplatin activated tubular epithelium cells via inhibiting NCOA4 mediated ferritinophagy. (A) Western blot examined the expression of ferritinophagy-related proteins (LC3II/LC3I, FTH, NCOA4, SQSTM1) from HK-2 cells treated with 5uM myricitrin (Myr), 5ug/mL cisplatin (CDDP), myricitrin + cisplatin (CDDP + Myr), or without both drugs (Ctrl) for 24 h. Protein levels were measured by using densitometry and normalized with GAPDH (n = 4). (B) After rapamycin appllied to HK-2 cells 30 min, both myricitrin and cisplatin were added to stimulated cells for 24 h. Cell viability of cisplatin activated HK-2 cells with co-treatment of rapamycin and myricitri (n = 5). (C) Annexin V-PI assay was used to determine apoptosis cells. (D) Intracellular iron content, MDA and GSH were examined and normalized with the protein concentration (n = 5). (E) Oxidation C11 BODIPY staining of the cisplatin activation HK-2 cells (scale bar = 100um). Data were presented as mean ± SD. *p < 0.05, **p < 0.01, ****p < 0.005, compard with the control group; #p < 0.05, ##p < 0.01, ###p < 0.005, compared with the CDDP group; &p < 0.05, &&&&p < 0.001, compared with the CDDP + Myr group.
To further investigate the role of ferritinophagy in cisplatin-induced renal tubular cell injury, activated HK-2 cells were pretreated with the ferritinophagy inducer and rapamycin (Rapa), and co-treated with myricitrin for 24 h. Our results demonstrated that myricitrin alleviated ferroptosis by promoting the cell viability and survival (Figures 6B,C), decreasing intracellular iron level and MDA content, and increasing GSH content, which was reversed by Rapa co-treatment (Figure 6D). In addition, results from C11-BODIPY immunofluorescence showed that myricitrin significantly decreased the level of lipid peroxidation, while co-incubation with Rapa deteriorated this influence (Figure 6E). Overall, these findings revealed that myricitrin suppressed the activated HK-2 cells ferroptosis by inhibiting NCOA4-mediated ferritinophagy.
3.7 Potential targets of the action targets of myricitrin on cisplatin induced acute kidney injury
From GeneCards and OMIM, 2005 related targets for cisplatin-induced acute kidney injury were retrieved. Figure 7A displayed 94 putative targets for myricitrin acting on cisplatin induced acute kidney injury that derived from gene mapping. After removing the irrelevant genes from STRING database, the protein interaction network was created and enhanced by Cytoscape software. Figure 7B illustrated the construction of the targets of “myricitrin—cisplatin induced AKI” network. As shown in Figure 7C, the GO and KEGG pathway analysis results obtained from Metascape database, showed the enrichment in the process of response to lipid and reactive oxygen species metabolism, which was closely related to ferroptosis mechanism. Subsequently, the CytoNCA algorithm was utilized to identify the key proteins, including AKT1, SRC, EGFR, NFKB1, STAT1, PPARG, HIF1A, MTOR, ESR1, TNF, and so on (Figure 7D). Hence, it seemed sensible to assume that the AKT and NF-κB pathway might be implicated in myricitrin’s anti-ferroptosis effect on cisplatin-induced acute kidney injury.
[image: Figure 7]FIGURE 7 | Potential targets of the action targets of Myricitrin on Cisplatin induced acute kidney injury. (A) Venn diagram illustrated the cross-section between cisplatin-induce acute kidney injury target and myricitrin target. (B) Network diagram of the predictive targets was constructed and visualized using Cytoscape software. (C) GO and KEGG pathway enrichment analysis were obtained from online Metascape database. (D) The 10 hubs genes were identified by utilizing CytoNCA algorithm. (E) The HK-2 cells were incubated with 5uM myritrin as monotherapy or in combination with 5ug/mL cisplatin for 24 h. Western blot showed the AKT and NF-κB protein phosphorylation expression of different group of HK-2 cells (n = 5). Data are presented as mean ± SD. ***p < 0.005, compare to the control group; #p < 0.05, compare to the CDDP group.
4 DISCUSSIONS
At present, our pharmacology network analysis demonstrated that myricitrin might display potential efficacy in preventing ferroptosis. In the meantime, it was observed that ferroptosis regulated by ferritinophagy participated in the damage of cisplatin activated HK-2 cells. Additionally, myricitrin significantly suppressed the cell damage by reducing ferroptosis and ferritinophagy, as well as preserving the mitochondrial function. In summary, these results revealed that inhibiting ferritinophagy-mediated ferroptosis might serve as the underlying mechanism of myricitrin against cisplatin-induced HK-2 cell injury.
Cisplatin is extensively employed as a chemotherapeutic drug for the treatment of solid tumors. With the rising use of this antineoplastic medication, acute kidney injury is known as one of the inevitable complications which deserves our attention. Recent studies have reported that inflammation, oxidative stress, vascular injury, endoplasmic reticulum stress, and tubular cell death are all involved in the pathogenesis of cisplatin-induced nephrotoxicity (McSweeney et al., 2021; Holditch et al., 2019).
Ferroptosis, an emerging type of regulatory cell death, is characterized by iron accumulation and excessive lipid peroxidation. There are mounting researches showing that ferroptosis plays a role in the field of renal disease, including diabetic nephropathy, renal fibrosis, and acute kidney injury caused by diverse factors (Wang Y. et al., 2022; Li et al., 2021; Tonnus et al., 2021; Wang J. et al., 2022). In our research, the renal proximal tubular epithelium cell was applied to establish the vitro models. Firstly, it was found that cisplatin could induce cell viability reduction and the process of cell death. Moreover, Fe2+ and lipid peroxidation accumulation were detected in HK-2 cells stimulated by cisplatin. GPX4 is recognized as a central repressor of ferroptosis in limiting lipid peroxidation (Seibt et al., 2019; Chen et al., 2023; Miao et al., 2023). The dysregulation of GPX4 is implicated in the ferroptosis execution. As western blotting illustrated, cisplatin reduced the expression of GPX4 expression of HK-2 cells, suggesting that ferroptosis contributes to cell injury related to cisplatin, aligning with earlier findings reported in the literature.
Intracellular iron homeostasis is critical for governing ferroptosis. Mechanistically, ferritinophagy facilitates the autophagic degradation of ferritin, resulting in iron release and Fe2+ dependent lipid peroxidation. NCOA4 is an essential factor regulating ferritinophagy by governing the autolysosome formation and ferritin degradation. It was observed that the protein level of FTH and SQTMQ1 dramatically decreased, while the NCOA4 protein level and the ratio of LC3II/LC3I increased in the presence of cisplatin. However, ferritinophagy inhibitor 3-MA or CQ significantly promoted cisplatin activated the cell viability. In these experiments, it had been discovered that ferritinophagy was reinforced in cisplatin activated HK-2 cells and this process ultimately led to ferroptosis condition.
Myricitrin is a flavonoid compound with several feasible medicinal activities, including regulating oxidative stress, inflammatory response, and apoptosis. More significant researches are required to explore the myricitrin’s molecular mechanisms. The pharmacology network method offers a systematic observation of the process of medications, focusing on the interaction network among disease, gene, and drug (Nogales et al., 2022). Therefore, we leveraged this approach and performed a GO enrichment study to evaluate the identified 27 hub genes obtained from network analysis. Interestingly, these genes exhibited enrichment in the biological process of regulating reactive oxygen species metabolic and cellular response to lipids, which was associated with ferroptosis. It is noteworthy that PTGS2, NFE2L2, KEAP1, and SLC2A1 are recognized as crucial biomarkers for ferroptosis, which suggest a promising potential for therapeutic intervention in mitigating this process. There have been reports about the myricitrin’s preventive effect on various kidney diseases (Dua et al., 2021; Weng et al., 2019). It was found by Zhao et al. that myricitrin played a protective role against cisplatin-induced acute kidney injury through the inhibition of oxidative stress and inflammation (Li et al., 2020). However, whether myricitrin could mitigate cisplatin-induced renal tubular epithelial cell impairment via inhibiting ferroptosis remains uncertain. In the following study, we explored the function of myricitrin in cisplatin-induced renal tubular epithelial cell damage. While 5uM myricitrin was administered as a pretreatment to cisplatin activated HK-2 cells, it was found that myricitrin greatly prevented the cell damage by reducing ferroptosis, with regards to the phenomenon of Fe2+, lipid peroxidation reduction, and GPX4 expression escalation compared with the model group. Along with the detection of ferritinophagy protein, it was found that myricitrin not only mitigated the expression of NCOA4 and the ratio of LC3II/LC3I, but it also improved FTH and SQTMQ1 levels. However, ferritinophagy inducer rapamycin co-incubation reversed the protection against ferroptosis mentioned above partially. In short, it was revealed in these results that the inhibition of ferritinophagy mediated ferroptosis might serve as the underlying mechanism of myricitrin against cell injury.
Oxidative stress is characterized by the overproduction of ROS and depletion of endogenous antioxidant defense function. Oxidative stress could exacerbate cellular metabolic homeostasis, and ultimately cause malfunctioning mitochondria to generate lower ATP (Forman and Zhang, 2021). Our study herein demonstrated that myricitrin attenuated the abundant ROS generation induced by cisplatin and maintained the mitochondrial function by preserving a higher level of MMP.
Finally, the pharmacological network analysis was applied to investigate the possible mechanism of how myricitrin influences renal tubular cells induced by cisplatin. The activation of AKT and NF-κB was determined to be an important target of myricitrin for cisplatin-related nephrotoxicity. AKT is widely recognized as a major autophagic blocker by exerting its influence on inactivating ULK1 and VPS34 complex, which are responsible for cellular digestion initiation (Yu et al., 2015; Zhang et al., 2020). Activation of the mTORC1 complex, epigenetic modification of FOXO, and direct regulation of autophagic protein are the main mechanisms of AKT silencing autophagy (Cheng, 2019; Bach et al., 2011). Interestingly, it has been shown in emerging evidences that activation of AKT could attenuate the effect of ferritinophagy modulation significantly. It was reported by Scott et al. that apolipoprotein E potently blocked the degradation of ferritin in murine mesencephalic neurons by stimulating the PI3K/AKT pathway and inducing AKT phosphorylation (Belaidi et al., 2022). Yi Cai et al. demonstrated that the activation of p38/AKT signaling in the host’s macrophages was the initiation of the ferritin degradation cascade provoked by mycobacterium tuberculosis (Dai et al., 2023). Besides, it was reported that autophagy was associated with NF-κB activation in acute kidney injury both in vivo and in vitro (Pan et al., 2021; Wu et al., 2015). In combination with the previous researches, we recognized myricitrin as an inhibitor against ferroptosis by conducting the phosphorylation modification of AKT and NF-κB.
5 CONCLUSION
This study presents novel findings which indicate the involvement of ferritinophagy in the process of ferroptosis in cisplatin-induced renal tubular cell damage. Furthermore, myricitrin ameliorates cisplatin induced HK-2 cells damage and restores proper mitochondrial function by mitigating ferritinophagy mediated ferroptosis via NCOA4. Moreover, the pharmacological network analysis shows that myricitrin might possibly regulate the AKT and NF-κB pathways to provide anti-ferroptosis effects. Hence, myricitrin could be considered as a viable therapeutic intervention for treatment on cisplatin induced AKI.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary material, further inquiries can be directed to the corresponding authors.
AUTHOR CONTRIBUTIONS
MH: Writing–review and editing, Conceptualization. JL: Writing–original draft, Investigation. YZ: Writing–original draft. HG: Writing–original draft, Data curation. SL: Writing–original draft, Formal Analysis. YS: Writing–original draft, Methodology. LH: Writing–review and editing. ZZ: Writing–review and editing, Funding acquisition.
FUNDING
The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This research is underpinned by financial support from the Sanming Project of Medicine in Shenzhen (SZSM201911013), the National Nature Science Foundation of China (82170690), the Shenzhen Science and Technology Innovation Committee of Guangdong Province of China (Grant No. JCYJ20180307150634856, JCYJ20210324123200003) and approved by the Seventh Affiliated Hospital, Sun Yat-sen University.
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.
REFERENCES
 Al-Jaghbeer, M., Dealmeida, D., Bilderback, A., Ambrosino, R., and Kellum, J. A. (2018). Clinical decision support for in-hospital AKI. J. Am. Soc. Nephrol. JASN 29, 654–660. doi:10.1681/ASN.2017070765
 Amberger, J. S., Bocchini, C. A., Schiettecatte, F., Scott, A. F., and Hamosh, A. (2015). OMIM.org: online Mendelian Inheritance in Man (OMIM®), an online catalog of human genes and genetic disorders. Nucleic Acids Res. 43, D789–D798. doi:10.1093/nar/gku1205
 Bach, M., Larance, M., James, D. E., and Ramm, G. (2011). The serine/threonine kinase ULK1 is a target of multiple phosphorylation events. Biochem. J. 440, 283–291. doi:10.1042/BJ20101894
 Bayır, H., Dixon, S. J., Tyurina, Y. Y., Kellum, J. A., and Kagan, V. E. (2023). Ferroptotic mechanisms and therapeutic targeting of iron metabolism and lipid peroxidation in the kidney. Nat. Rev. Nephrol. 19, 315–336. doi:10.1038/s41581-023-00689-x
 Belaidi, A. A., Masaldan, S., Southon, A., Kalinowski, P., Acevedo, K., Appukuttan, A. T., et al. (2022). Apolipoprotein E potently inhibits ferroptosis by blocking ferritinophagy. Mol. Psychiatry . doi:10.1038/s41380-022-01568-w
 Chen, L., Ma, Y., Ma, X., Liu, L., Jv, X., Li, A., et al. (2023). TFEB regulates cellular labile iron and prevents ferroptosis in a TfR1-dependent manner. Free Radic. Biol. Med. 208, 445–457. doi:10.1016/j.freeradbiomed.2023.09.004
 Cheng, Z. (2019). The FoxO-autophagy Axis in health and disease. Trends Endocrinol. Metab. 30, 658–671. doi:10.1016/j.tem.2019.07.009
 Dai, Y., Zhu, C., Xiao, W., Chen, X., and Cai, Y. (2023). Mycobacterium tuberculosis induces host autophagic ferritin degradation for enhanced iron bioavailability and bacterial growth. Autophagy 20, 943–945. doi:10.1080/15548627.2023.2213983
 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, W357-W364–W364. doi:10.1093/nar/gkz382
 Davis, A. P., Wiegers, T. C., Johnson, R. J., Sciaky, D., Wiegers, J., and Mattingly, C. J. (2023). Comparative toxicogenomics database (CTD): update 2023. Nucleic Acids Res. 51, D1257–D1262. doi:10.1093/nar/gkac833
 Dixon, S. J., Lemberg, K. M., Lamprecht, M. R., Skouta, R., Zaitsev, E. M., Gleason, C. E., et al. (2012). Ferroptosis: an iron-dependent form of nonapoptotic cell death. Cell. 149, 1060–1072. doi:10.1016/j.cell.2012.03.042
 Dua, T. K., Joardar, S., Chakraborty, P., Bhowmick, S., Saha, A., De Feo, V., et al. (2021). Myricitrin, a glycosyloxyflavone in Myrica esculenta bark ameliorates diabetic nephropathy via improving glycemic status, reducing oxidative stress, and suppressing inflammation. Mol. Basel, Switz. 26, 258. doi:10.3390/molecules26020258
 Forman, H. J., and Zhang, H. (2021). Targeting oxidative stress in disease: promise and limitations of antioxidant therapy. Nat. Rev. Drug Discov. 20, 689–709. doi:10.1038/s41573-021-00233-1
 Friedmann Angeli, J. P., Schneider, M., Proneth, B., Tyurina, Y. Y., Tyurin, V. A., Hammond, V. J., et al. (2014). Inactivation of the ferroptosis regulator Gpx4 triggers acute renal failure in mice. Nat. Cell. Biol. 16, 1180–1191. doi:10.1038/ncb3064
 Fuhrmann, D. C., and Brüne, B. (2022). A graphical journey through iron metabolism, microRNAs, and hypoxia in ferroptosis. Redox Biol. 54, 102365. doi:10.1016/j.redox.2022.102365
 Geng, Y., Xie, Y., Li, W., Mou, Y., Chen, F., Xiao, J., et al. (2023). Toward the bioactive potential of myricitrin in food production: state-of-the-art green extraction and trends in biosynthesis. Crit. Rev. Food Sci. Nutr. , 1–27. doi:10.1080/10408398.2023.2227262
 Holditch, S. J., Brown, C. N., Lombardi, A. M., Nguyen, K. N., and Edelstein, C. L. (2019). Recent advances in models, mechanisms, biomarkers, and interventions in cisplatin-induced acute kidney injury. Int. J. Mol. Sci. 20, 3011. doi:10.3390/ijms20123011
 Li, R., Hu, L., Hu, C., Wang, Q., Lei, Y., and Zhao, B. (2020). Myricitrin protects against cisplatin-induced kidney injury by eliminating excessive reactive oxygen species. Int. Urol. Nephrol. 52, 187–196. doi:10.1007/s11255-019-02334-8
 Li, S., Zheng, L., Zhang, J., Liu, X., and Wu, Z. (2021). Inhibition of ferroptosis by up-regulating Nrf2 delayed the progression of diabetic nephropathy. Free Radic. Biol. Med. 162, 435–449. doi:10.1016/j.freeradbiomed.2020.10.323
 Liang, N.-N., Zhao, Y., Guo, Y.-Y., Zhang, Z.-H., Gao, L., Yu, D.-X., et al. (2022). Mitochondria-derived reactive oxygen species are involved in renal cell ferroptosis during lipopolysaccharide-induced acute kidney injury. Int. Immunopharmacol. 107, 108687. doi:10.1016/j.intimp.2022.108687
 Liu, J., Kuang, F., Kroemer, G., Klionsky, D. J., Kang, R., and Tang, D. (2020). Autophagy-dependent ferroptosis: machinery and regulation. Cell. Chem. Biol. 27, 420–435. doi:10.1016/j.chembiol.2020.02.005
 Mancias, J. D., Wang, X., Gygi, S. P., Harper, J. W., and Kimmelman, A. C. (2014). Quantitative proteomics identifies NCOA4 as the cargo receptor mediating ferritinophagy. Nature 509, 105–109. doi:10.1038/nature13148
 Martin-Cleary, C., Molinero-Casares, L. M., Ortiz, A., and Arce-Obieta, J. M. (2021). Development and internal validation of a prediction model for hospital-acquired acute kidney injury. Clin. Kidney J. 14, 309–316. doi:10.1093/ckj/sfz139
 Martin-Sanchez, D., Ruiz-Andres, O., Poveda, J., Carrasco, S., Cannata-Ortiz, P., Sanchez-Niño, M. D., et al. (2017). Ferroptosis, but not necroptosis, is important in nephrotoxic folic acid-induced AKI. J. Am. Soc. Nephrol. JASN 28, 218–229. doi:10.1681/ASN.2015121376
 McSweeney, K. R., Gadanec, L. K., Qaradakhi, T., Ali, B. A., Zulli, A., and Apostolopoulos, V. (2021). Mechanisms of cisplatin-induced acute kidney injury: pathological mechanisms, pharmacological interventions, and genetic mitigations. Cancers (Basel) 13, 1572. doi:10.3390/cancers13071572
 Miao, R., Fang, X., Zhang, Y., Wei, J., Zhang, Y., and Tian, J. (2023). Iron metabolism and ferroptosis in type 2 diabetes mellitus and complications: mechanisms and therapeutic opportunities. Cell. Death Dis. 14, 186. doi:10.1038/s41419-023-05708-0
 Nogales, C., Mamdouh, Z. M., List, M., Kiel, C., Casas, A. I., and Schmidt, HHHW (2022). Network pharmacology: curing causal mechanisms instead of treating symptoms. Trends Pharmacol. Sci. 43, 136–150. doi:10.1016/j.tips.2021.11.004
 Pan, P., Liu, X., Wu, L., Li, X., Wang, K., Wang, X., et al. (2021). TREM-1 promoted apoptosis and inhibited autophagy in LPS-treated HK-2 cells through the NF-κB pathway. Int. J. Med. Sci. 18, 8–17. doi:10.7150/ijms.50893
 Piñero, J., Saüch, J., Sanz, F., and Furlong, L. I. (2021). The DisGeNET cytoscape app: exploring and visualizing disease genomics data. Comput. Struct. Biotechnol. J. 19, 2960–2967. doi:10.1016/j.csbj.2021.05.015
 Pope, L. E., and Dixon, S. J. (2023). Regulation of ferroptosis by lipid metabolism. Trends Cell. Biol. 33, 1077–1087. doi:10.1016/j.tcb.2023.05.003
 Qin, M., Luo, Y., Meng, X.-b., Wang, M., Wang, H.-w., Song, S.-y., et al. (2015). Myricitrin attenuates endothelial cell apoptosis to prevent atherosclerosis: an insight into PI3K/Akt activation and STAT3 signaling pathways. Vasc. Pharmacol. 70, 23–34. doi:10.1016/j.vph.2015.03.002
 Sanz, A. B., Sanchez-Niño, M. D., Ramos, A. M., and Ortiz, A. (2023). Regulated cell death pathways in kidney disease. Nat. Rev. Nephrol. 19, 281–299. doi:10.1038/s41581-023-00694-0
 Seibt, T. M., Proneth, B., and Conrad, M. (2019). Role of GPX4 in ferroptosis and its pharmacological implication. Free Radic. Biol. Med. 133, 144–152. doi:10.1016/j.freeradbiomed.2018.09.014
 Shannon, P., Markiel, A., Ozier, O., Baliga, N. S., Wang, J. T., Ramage, D., et al. (2003). Cytoscape: a software environment for integrated models of biomolecular interaction networks. Genome Res. 13, 2498–2504. doi:10.1101/gr.1239303
 Shen, Y., Shen, X., Cheng, Y., and Liu, Y. (2020). Myricitrin pretreatment ameliorates mouse liver ischemia reperfusion injury. Int. Immunopharmacol. 89, 107005. doi:10.1016/j.intimp.2020.107005
 Stelzer, G., Rosen, N., Plaschkes, I., Zimmerman, S., Twik, M., Fishilevich, S., et al. (2016). The GeneCards suite: from gene data mining to disease genome sequence analyses. Curr. Protoc. Bioinforma. 54, 1. doi:10.1002/cpbi.5
 Szklarczyk, D., Kirsch, R., Koutrouli, M., Nastou, K., Mehryary, F., Hachilif, R., et al. (2023). The STRING database in 2021: customizable protein-protein networks, and functional characterization of user-uploaded gene/measurement sets. Nucleic Acids Res. 51, D605–D612. doi:10.1093/nar/gkaa1074
 Tang, C., Livingston, M. J., Safirstein, R., and Dong, Z. (2023a). Cisplatin nephrotoxicity: new insights and therapeutic implications. Nat. Rev. Nephrol. 19, 53–72. doi:10.1038/s41581-022-00631-7
 Tang, D., Chen, M., Huang, X., Zhang, G., Zeng, L., Zhang, G., et al. (2023b). SRplot: a free online platform for data visualization and graphing. PloS One 18, e0294236. doi:10.1371/journal.pone.0294236
 Tang, M., Chen, Z., Wu, D., and Chen, L. (2018). Ferritinophagy/ferroptosis: iron-related newcomers in human diseases. J. Cell. Physiol. 233, 9179–9190. doi:10.1002/jcp.26954
 Tang, Y., Li, M., Wang, J., Pan, Y., and Wu, F.-X. (2015). CytoNCA: a cytoscape plugin for centrality analysis and evaluation of protein interaction networks. Biosystems 127, 67–72. doi:10.1016/j.biosystems.2014.11.005
 Tonnus, W., Meyer, C., Steinebach, C., Belavgeni, A., von Mässenhausen, A., Gonzalez, N. Z., et al. (2021). Dysfunction of the key ferroptosis-surveilling systems hypersensitizes mice to tubular necrosis during acute kidney injury. Nat. Commun. 12, 4402. doi:10.1038/s41467-021-24712-6
 Wang, J., Wang, Y., Liu, Y., Cai, X., Huang, X., Fu, W., et al. (2022b). Ferroptosis, a new target for treatment of renal injury and fibrosis in a 5/6 nephrectomy-induced CKD rat model. Cell. Death Discov. 8, 127. doi:10.1038/s41420-022-00931-8
 Wang, X., Shen, Y., Wang, S., Li, S., Zhang, W., Liu, X., et al. (2017). PharmMapper 2017 update: a web server for potential drug target identification with a comprehensive target pharmacophore database. Nucleic Acids Res. 45, W356-W360–W360. doi:10.1093/nar/gkx374
 Wang, Y., Zhang, M., Bi, R., Su, Y., Quan, F., Lin, Y., et al. (2022a). ACSL4 deficiency confers protection against ferroptosis-mediated acute kidney injury. Redox Biol. 51, 102262. doi:10.1016/j.redox.2022.102262
 Weng, W., Wang, Q., Wei, C., Man, N., Zhang, K., Wei, Q., et al. (2019). Preparation, characterization, pharmacokinetics and anti-hyperuricemia activity studies of myricitrin-loaded proliposomes. Int. J. Pharm. 572, 118735. doi:10.1016/j.ijpharm.2019.118735
 Wu, Y., Zhang, Y., Wang, L., Diao, Z., and Liu, W. (2015). The role of autophagy in kidney inflammatory injury via the NF-κB route induced by LPS. Int. J. Med. Sci. 12, 655–667. doi:10.7150/ijms.12460
 Wu, Z., Deng, J., Zhou, H., Tan, W., Lin, L., and Yang, J. (2022). Programmed cell death in sepsis associated acute kidney injury. Front. Med. 9, 883028. doi:10.3389/fmed.2022.883028
 Yu, X., Long, Y. C., and Shen, H.-M. (2015). Differential regulatory functions of three classes of phosphatidylinositol and phosphoinositide 3-kinases in autophagy. Autophagy 11, 1711–1728. doi:10.1080/15548627.2015.1043076
 Zhang, Y., Hu, B., Li, Y., Deng, T., Xu, Y., Lei, J., et al. (2020). Binding of Avibirnavirus VP3 to the PIK3C3-PDPK1 complex inhibits autophagy by activating the AKT-MTOR pathway. Autophagy 16, 1697–1710. doi:10.1080/15548627.2019.1704118
 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, 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 © 2024 Lin, Zhang, Guan, Li, Sui, Hong, Zheng and Huang. 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-15-1372094-g005.gif





OPS/images/fphar-15-1372094-g006.gif





OPS/images/fphar-15-1372094-g003.gif





OPS/images/fphar-15-1372094-g004.gif





OPS/images/fphar-15-1372094-g007.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Myricitrin inhibited ferritinophagy-mediated ferroptosis in cisplatin-induced human renal tubular epithelial cell injury		1 Introduction

		2 Methods		2.1 Reagent and antibody

		2.2 Construction of Myricitrin’s prediction targets network and GO function enrichment analysis

		2.3 Pharmacodynamic mechanism analysis of myricitrin on cisplatin induced acute kidney injury

		2.4 Cell culture

		2.5 Cells model establishment and treatment

		2.6 Cell viability assays

		2.7 Annexin V-PI assays

		2.8 Measurement of iron content

		2.9 Assessment of malondialdehyde (MDA)

		2.10 Assessment of glutathione (GSH)

		2.11 Lipid peroxidation assay

		2.12 Intracellular ROS assay and mitochondrial ROS assay

		2.13 Measurement of mitochondrial membrane potential

		2.14 Western blot

		2.15 Statistical analysis





		3 Results		3.1 Screening and analysis of potential targets of myricitrin

		3.2 Ferroptosis occurs on cisplatin induced renal tubular cells

		3.3 Ferritinophagy Contributes to ferroptosis in cisplatin induced renal tubular cells

		3.4 Myricitrin significantly reduced ferroptosis upon cisplatin induction in renal tubular cells

		3.5 Myricitrin attenuated ROS production and persevered mitochondrial function in cisplatin activated kidney tubular cells

		3.6 Myricitrin mitigated ferroptosis in cisplatin activated tubular epithelium cells via inhibiting NCOA4 mediated ferritinophagy

		3.7 Potential targets of the action targets of myricitrin on cisplatin induced acute kidney injury





		4 Discussions

		5 Conclusion

		Data availability statement

		Author contributions

		Funding

		Publisher’s note

		References









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






OPS/images/fphar-15-1372094-g001.gif





OPS/images/fphar-15-1372094-g002.gif
?L.l@;lgnlu










OPS/images/crossmark.jpg
©

|





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





