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Background: Urolithiasis or kidney stones is a common and frequently occurring renal disease; calcium oxalate (CaOx) crystals are responsible for 80% of urolithiasis cases. Phyllanthus niruri L. (PN) has been used to treat urolithiasis. This study aimed to determine the potential protective effects and molecular mechanism of PN on calcium oxalate-induced renal injury.
Methods: Microarray data sets were generated from the calcium oxalate-induced renal injury model of HK-2 cells and potential disease-related targets were identified. Network pharmacology was employed to identify drug-related targets of PN and construct the active ingredient-target network. Finally, the putative therapeutic targets and active ingredients of PN were verified in vitro and in vivo.
Results: A total of 20 active ingredients in PN, 2,428 drug-related targets, and 127 disease-related targets were identified. According to network pharmacology analysis, HMGCS1, SQLE, and SCD were identified as predicted therapeutic target and ellagic acid (EA) was identified as the active ingredient by molecular docking analysis. The increased expression of SQLE, SCD, and HMGCS1 due to calcium oxalate-induced renal injury in HK-2 cells was found to be significantly inhibited by EA. Immunohistochemical in mice also showed that the levels of SQLE, SCD, and HMGCS1 were remarkably restored after EA treatment.
Conclusion: EA is the active ingredient in PN responsible for its protective effects against CaOx-induced renal injury. SQLE, SCD, and HMGCS1 are putative therapeutic targets of EA.
Keywords: Phyllanthus niruri L., calcium oxalate-induced renal injury, network pharmacology, ellagic acid, lipid nephrotoxicity
1 INTRODUCTION
Phyllanthus niruri L. (PN) belongs to Phyllanthus Linn., Subgen. Phyllanthus, Sect. Phyllanthus and the species Phyllanthus niruri. It is distributed in China, India, Indochina Peninsula, Malay Archipelago, and tropical America (China Plants Database, http://db.kib.ac.cn/CNFlora/HierarchicalSearch.aspx). Since the 1940s, the chemical constituents of PN have been systematically studied, and the plant has been reported to contain a variety of beneficial ingredients (Krishnamurti and Seshadri, 1946). Pharmacological studies have shown that it has anti-cancer, anti-inflammatory, anti-oxidation, anti-fungal, anti-virus, and other activities. PN as a diuretic is widely used in clinical medicine, as a traditional treatment in Brazil (Kaur et al., 2017; Kieley et al., 2008). In addition, A.H.Campos et al. (Freitas et al., 2002) and J.L.Nishiura et al. (Nishiura et al., 2004) have shown via experimental and clinical studies, respectively, that PN can treat kidney stones.
Urolithiasis or kidney stones is a common and frequently occurring disease worldwide. It is mainly characterized by back pain, abdominal pain, hematuria, nausea, and vomiting. It can cause serious urinary tract infection, acute renal function declines, urinary tract obstruction, and other adverse consequences. The prevalence of urolithiasis in China is 7.54%, and the recurrence rate is 50% 5–10 years after the first treatment (Wang et al., 2017). Stone formation in urolithiasis occurs due to the accumulation of human metabolites, therefore, some patients are closely related to metabolic factors. Metabolic abnormalities, such as hypercalciuria, hyperoxaluria, and hyperuricemia, occur in a high proportion of patients with kidney stones (Abu-Ghanem et al., 2016). Calcium oxalate (CaOx) crystals are implicated in 80% of urolithiasis cases (Evan, 2010; Khan et al., 2016).
Renal tubular epithelial cells are the primary targets of CaOx-induced renal injury. CaOx crystals interact with renal tubular epithelial cells, resulting in cellular injury that becomes the attachment site of crystals (Scheid et al., 2004). The damage of renal tubular epithelial cells leads to further crystallization, crystal retention, and development of stone (Khan, 2004). It is worth noting that during this process, renal tubular cells undergo some adaptive changes to prevent subsequent harm. This reaction is termed acquired renal cytoresistance, which is characterized by the accumulation of cholesterol in cells (Oner and Cirrik, 2009). Cholesterol accumulation increases plasma membrane stability and protects cells from further toxic damage (Zager et al., 1999). However, if left unchecked, these initially beneficial effects may increase the risk of kidney stones (Taguchi et al., 2020; Wang et al., 2022) and progressive renal injury (Kim et al., 2009; Zager et al., 2011). In addition, it is reported that renal tubular cell injury is mediated by lipid accumulation associated with changes in gene expression related to cholesterol transport and synthesis (Kim et al., 2020). In this study, we investigated the mechanisms by which PN manifests its protective effects against CaOx-induced renal injury for a better understanding of its protective properties, especially those related to lipid nephrotoxicity.
2 MATERIALS AND METHODS
2.1 Cell Culture and Treatment
Human renal tubular epithelial HK-2 cells were purchased from American Type Culture Collection (ATCC; Manassas, United States). The cells were cultured in Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F-12; Hyclone, United States), containing 10% fetal bovine serum (Gibco, United States), 100 U/mL penicillin, and 100 U/mL streptomycin (Sangon, China). Cells were cultured at 37°C and 5% CO2. The cells were divided into the following three groups: 1) cells in the sodium oxalate (NaOx; Su Yi Chemical Reagent Co., Ltd., Shanghai, China) group were incubated in DMEM/F12 at a concentration of 1 mM (NaOx group) for 12 or 24 h, 2) cells in the Ellagic acid (NaOx + EA group) were incubated in DMEM/F12 for 12 or 24 h, 3) cells in the PBS were incubated in DMEM/F12 (Ctrl group). The EA concentration was selected based on the results of a Cell Counting Kit 8 (CCK8) assay (Beyotime, China). EA was purchased from Source Leaf Creature (Shanghai, China).
2.2 Microarray Analysis
The duration (24 h) and concentration (1 mM) of NaOx exposure of the cell model were set based on the results of a previous study (Huang et al., 2005). Microarray analysis was performed using Affymetrix HTA 2.0 Transcriptome Arrays.
2.3 Network Pharmacology
The active ingredients in PN were determined from available data reported in the literature and the potential drug-related targets were determined from the STITCH database (confidence score > 0.15, http://stitch.embl.de/) and PharmMapper Server (The top 100 pharmacophore candidates, http://www.lilab-ecust.cn/pharmmapper/). The disease-related targets were screened from microarray analysis and the conditions were set as FC ≥ 2 and p value < 0.05 or FC ≤ 0.5 and p value < 0.05. Next, the targets of PN active ingredients were mapped to disease-related targets to obtain the predicted therapeutic targets. The active ingredient-target network was constructed using Cytoscape (version 3.8.0) to comprehensively understand the complex interactions between PN, its active ingredients, and their therapeutic targets. The main active ingredients and their putative therapeutic targets were determined.
2.4 Molecular Docking
Molecular docking was performed using AutoDock Vina (version 1.1.2, US) (Trott and Olson, 2010). The simplified molecular input line entry system (SMILES) structure of EA (ingredient CID: 5,281,855) was obtained from PubChem (https://pubchem.ncbi.nlm.nih.gov/). The interactions between EA and its putative therapeutic targets were predicted by AutoDock Vina. The docking scores (to predict binding affinity) and the EA-protein complexes were extracted from AutoDock Vina. Ligand-protein interactions were analyzed using LigPlus (version 2.24, UK) (Laskowski and Swindells, 2011) software and two-dimensional figures were obtained. Then, the PyMoL (version 4.5.0, https://www.schrodinger.com/pymol) is used to make three-dimensional figures.
2.5 Animals
Male C57BL/6 mice aged 6 weeks were (Changzhou Cavens Lab Animal Co., Ltd. Jiangsu, China) maintained in a special pathogen-free (SPF) animal house at 25°C with 12 h of light per day and free access to water and food. All animal procedures are approved by the Laboratory Animal Ethics Committee of Naval Medical University. The mice (n = 18) were randomly divided into the following three groups: control group (Con; n = 6), glyoxylate-induced CaOx group (Gly; n = 6), and EA treatment group (Gly + EA; n = 6). The Gly and Gly + EA group mice were subjected to intraperitoneal injection of glyoxylate (80 mg/kg; UDChem Technology Co., Ltd. Shanghai, China) once daily for 7 days and the Con group was treated with the same volume of saline. The Gly + EA group was intragastrically administrated once daily with EA (20 mg/kg) for 7 days. On the eighth day, all mice were sacrificed; their left kidney tissues were collected and fixed in 10% formaldehyde, embedded in paraffin, cut into 4 μm sections, subjected to hematoxylin and eosin (HE) staining and immunohistochemical analysis; after the right kidney was homogenized, the relative calcium content of total protein, GPx activities, and MDA content were determined by calcium assay kit, GPx, and MDA detection kits, respectively. (Jiancheng, Nanjing, China). The blood was collected and centrifuged to extract the serum for serum creatinine detection.
2.6 Western Blot
Total protein was isolated from HK-2 cells. The HK-2 cell proteins samples were incubated with anti-GAPDH (1:1,000, Proteintech), anti-β-actin (1:1,000, Proteintech), anti-SCD (1:1,000, Proteintech), anti-SQLE (1:1,000, Proteintect), anti-HMGCS1(1:1,000, Proteintech) and anti-p53 (1:1,000, Proteintech) overnight. The secondary antibodies (Licor, United States) were incubated at room temperature for 2 h. The intensity of the immunofluorescent signals was detected using the Odyssey fluorescence imaging system (GENE, United States).
2.7 Histology, Immunohistochemistry (IHC) and Immunofluorescence
Mouse kidneys were fixed in 10% formalin, embedded in paraffin, cut into 4 μm-thick sagittal sections, and stained with HE. Treated HK-2 cells were fixed with 4% paraformaldehyde, permeabilized with 1% Triton X-100, and then blocked with BSA. Both HK-2 cells and kidney tissue sections were incubated overnight with anti-SCD (1:1,000, Proteintech), anti-SQLE (1:1,000, Proteintech), and anti-HMGCS1 (1:1,000, Proteintech) antibodies. The cell nuclei were stained with DAPI after incubating with Alexa Fluor 488 (1:100) for 1 h in the dark. The fluorescence intensity of the HK-2 cells was observed under a confocal microscope. Representative IHC images of kidney sections (200x magnification) were selected and semiquantitative analysis of images using ImageJ software (version 1.6.0, US) are displayed.
2.8 Statistical Analysis
The experimental data are expressed as (mean ± standard error). The SPSS (version 19.0, US) software was used for statistical data analysis. Graphs were made using GraphPad Prism (version 9.0, US). The independent t-test and one-way ANOVA analysis were used for analyzing the difference between experimental groups. A difference of p < 0.05 between the groups was considered statistically significant.
3 RESULTS
3.1 Network Pharmacology Analyses
3.1.1 Active Ingredient Screening
The active ingredients in PN were determined from literature (Bagalkotkar et al., 2006; Li et al., 2007; Kaur et al., 2017; Jantan et al., 2019). The active ingredients that were discussed in at least 75% of the literature were shortlisted for our analysis. As described in Table 1 active ingredients of PN were considered for our analysis.
TABLE 1 | List of the 20 active ingredients of Phyllanthus niruri L.
[image: Table 1]3.1.2 The Active Ingredient-Predicted Therapeutic Target Network Analysis
The STITCH database and PharmMapper Serve were used together to screen the targets of 20 active ingredients of PN. Totally, 1,688 and 781 potential targets were retrieved from the above two databases, respectively (Supplementary Tables S1,2). After removing the repetitive targets, the total amount of obtained potential drug-related targets reduced to 2,428 (Figure 1A). In order to probe the potential disease-related targets, we performed transcription profiling on affymetrix microarray HTA 2.0. Figure Figure1B shows the differential expression of the 127 targets (Supplementary Table S3).
[image: Figure 1]FIGURE 1 | Hub ingredients and targets screening (A) An ingredient-target network and nodes represent ingredients (red) and targets form STITCH (blue), Pharmmapper (green) or both (orange) (B) Heatmap of potential disease-related targets on microarray analysis between HK-2 cells cultured with (NaOx group) or without (Ctrl group) NaOx (C) Venn diagram showing the overlap of diease-related (Oxalate-induced renal injury related) targets (blue) and drug-related (Phyllanthus niruri. L related) targets (green) (D) The active ingredient-predicted therapeutic target network.
At the intersection of potential drug-related targets and disease-related targets were 14 potential therapeutic targets, as shown by the venn diagram (Figure 1C). Inputting this information, an active ingredient-predicted therapeutic target network was visualized using Cytoscape. As shown in Figures 1A,D total of 23 relationships (edges) between 20 nodes were identified. Degree of active ingredients analyzed by NetworkAnalyzer tool in Cytoscape (Supplementary Table S4), and the top two hub active ingredients, quercetin, and EA were identified. Of interest is that EA has important antioxidant, anti-inflammatory, and anti-apoptotic effects, and has been shown to improve kidney histology and decrease kidney injury biomarker levels (Liu et al., 2020; Neamatallah et al., 2020). In addition, the hub targets corresponding to EA were SQLE, HMGCS1, SCD, HMGB2, and FLNA. Of these, SQLE, HMGCS1, and SCD are related to lipid metabolism and cholesterol synthesis (Brown and Goldstein, 1997; Samuel et al., 2014).
3.1.3 Molecular Modeling and Ligand Docking
Next, the binding affinities between EA and the three therapeutic targets, SQLE, SCD, and HMGCS1, were evaluated using the AutoDock Vina software. Molecular docking programs use scoring functions to evaluate the binding energy of predicting ligand-receptor complexes. As shown in Table 2, the scores of the binding energies of EA with SCD, SQLE, and HMGCS1 are −10.6 kcal/mol, −9.8 kcal/mol, and −7.6 kcal/mol, respectively. The two-dimensional and three-dimensional molecular docking diagrams of the three therapeutic targets with EA and its original ligands are shown in Figure 2 and Table 2. All of them have low docked binding energy, which is considered desirable.
TABLE 2 | The AutoDock Score of putative targets with ellagic acid and the amino acid residue of targets via hydrogen bonds and hydrophobic contact.
[image: Table 2][image: Figure 2]FIGURE 2 | Molecular docking. Three-dimensional (left) and two-dimensional (right) ligand interaction diagrams of ellagic acid and the original ligands of HMGCS1 (A), SCD (B), and SQLE (C).
3.2 SQLE, HMGCS1 and SCD Expression in the Model of Oxalate Renal Injury
In order to further explore the expression characteristics of SQLE, HMGCS1 and SCD in oxalate renal injury models, we initially screened for potential SQLE, HMGCS1 and SCD by determining transcripts in three data sets (GSE36446, GSE186676, and GSE192703). The GSE datasets were downloaded from the GEO database (https://www.ncbi.nlm.nih.gov/geo/). The results showed that SQLE was up-regulated in mice model of glyoxylate (Gly)-induced oxalate renal injury; SQLE and HMGCS1 were up-regulated in HEK293 T cells model of calcium oxalate monohydrate (COM)-induced oxalate renal injury; SQLE, HMGCS1and SCD were up-regulated in rats model of hydroxy-l-proline (HLP)-induced oxalate renal injury (Figure 3A). At the same time, our HK-2 cell model experiment in vitro verified that the expressions of SQLE, SCD, and HMGCS1 increased with the increasing time of NaOx stimulation (Figures 3B,C, Supplementary Table S5). The same trend showed that SCD, HMGCS1 and SQLE were up-regulated in oxalate-induced renal injury.
[image: Figure 3]FIGURE 3 | The changing trend of SQLE, HMGCS1, and SCD in oxalate-induced renal injury models (A) The Heatmap of SQLE, HMGCS1and SCD were shown in three GSE databases (B) Expression of SQLE, HMGCS1 and SCD protein was detected by Western blot in the sodium oxalate group (NaOx) at 0, 12, and 24 h (C) Western blot displayed as column charts after quantification.
3.3 Ellagic Acid Protects HK-2 Cells Against Oxalate-Induced Injury by Reducing the Expression of SQLE, HMGCS1, and SCD
The cytotoxic effect of EA was investigated using HK-2 cells with CCK8 assay. As shown in Figure 4A, we chose a concentration of 20 µM of EA for the experiments (Supplementary Table S6). Furthermore, The cellular viability of HK-2 cells was inhibited after NaOx stimulation, but restored after treatment with EA (Figure 4B, Supplementary Table S7). The western blot analysis showed that EA treatment downregulated NaOx-induced injury elevation of SQLE, HMGCS1, and SCD (Figure 4C). As shown in Figure 4D, the fluorescence intensity of SQLE, HMGCS1, and SCD in the NaOx group was higher than that in the ctrl group, and the fluorescence intensity decreased after EA treatment.
[image: Figure 4]FIGURE 4 | Ellagic acid protects NaOx-induced injury in cells and reduces the expression of SQLE, HMGCS1, and SCD (A) The cytotoxicity of ellagic acid on HK-2 cells determined by the CCK8 assay (B) The cytotoxicity of ellagic acid on NaOx treated HK-2 cells determined by the CCK8 assay (C) The expression of SQLE, HMGCS1, and SCD by Western blot in the control group (Ctrl), sodium oxalate group (NaOx), and ellagic acid treatment group (NaOx + EA) (D) Cells were analyzed by immunocytochemistry (100X) in the control group (Ctrl), sodium oxalate group (NaOx), and ellagic acid treatment group (NaOx + EA).
3.4 Ellagic Acid Protects Calcium Oxalate-Induced Renal Injury in Mice by Reducing the Expression of SQLE, HMGCS1, and SCD
As shown in Figures 5A,B, EA protects CaOx-induced renal injury in mice. In the HE staining of kidney sections, compared with the Con group, interstitial cell infiltration in Gly mice was significantly more severe. After EA intervention, the injury of renal tubules was gradually alleviated. Serum creatinine level was significantly decreased after EA intervention (Supplementary Table S8). In addition, the oxidative stress in mice kidney was evaluated by determining glutathione peroxidase (GPx) activities and malondialdehyde (MDA) content. As shown in Figure 5C, MDA content in the Gly mice increased significantly compared with that in the Con mice, and GPx activities in Gly mice decreased significantly compared with those in the Con mice. All changes after EA intervention can be called back. From the total calcium content in the kidney of different groups of mice (Figure 5C), it can be seen that EA intervention can significantly reduce the total calcium content of Gly mice. The IHC result was shown in Figure 5D, the expression of SCD HMGCS1 and SQLE in the Gly group was considerable increased compared with that in the Con group. After EA treatment, the expression of these indicators decreased. This finding was further confirmed by IHC semiquantitative analysis.
[image: Figure 5]FIGURE 5 | Ellagic acid protects calcium oxalate-induced renal injury in mice and reduces the expression of SQLE, HMGCS1, and SCD (A) Representative light microscopy images of hematoxylin and eosin staining of kidneys from the control group (Con), glyoxylate-induced CaOx group (Gly), and ellagic acid treatment group (Gly + EA) (magnification, ×200; scale bar = 50 μm) (B) Serum creatinine level in control group (Con), glyoxylate-induced CaOx group (Gly), and ellagic acid treatment group (Gly + EA) (C) The GPx activities, MDA, and total calcium content in control group (Con), glyoxylate-induced CaOx group (Gly), and ellagic acid treatment group (Gly + EA) (D) Expression of SCD, HMGCS1, and SQLE were analyzed by immunohistochemistry (IHC) (left) Representative light microscopy images of IHC staining of kidney of mice (magnification, ×200; scale bar = 50 μm (up) and 25 μm (down)); (right) Semi-quantitative score of SCD, HMGCS1, and SQLE.
3.5 Ellagic Acid Protects HK-2 Cells Against Oxalate-Induced Injury by Reducing the Expression of p53
We used the PROMO database to predict the common transcription factors of SCD, SQLE, HMGCS1, which also included p53 (Supplementary Figure S1). As shown in Figure 6A, in our HK-2 cell model experiment in vitro, the western blot analysis showed that the expressions of p53 increased with the increasing time of NaOx stimulation. The change can be reversed by the addition of EA (Figure 6B). In addition, the results of molecular docking show that the two-dimensional and three-dimensional molecular docking diagrams of p53 with EA (Figure 6C). The score of the binding energies is -6.5 kcal/mol.
[image: Figure 6]FIGURE 6 | Ellagic acid reduces the expression of p53 (A) Expression of p53 protein was detected by western blot in the sodium oxalate group (NaOx) at 0, 12, and 24 h (B) Expression of p53 protein was detected by Western blot in the ellagic acid treatment group (NaOx + EA) at 0, 12, and 24 h (C) Two-dimensional (left) and three-dimensional (right) ligand interaction diagrams of ellagic acid and the original ligands of p53.
4 DISCUSSION
Natural herbal medicines are typical multi-component, multitarget, and multi-pathway agents; they contain active ingredients which are responsible for their pharmacological activity. Our study aimed to identify the key active ingredients of PN, which has several medicinal properties, and their putative therapeutic targets based on network pharmacology.
Network pharmacology is a promising approach for the study of traditional Chinese medicine (TCM). In recent years, with the popularization of network pharmacology, an integrated approach of network pharmacology and multi-omics has become an important tool for analyzing the mechanisms of action of TCM. Transcriptomics has been widely applied with network pharmacology analysis to characterize the molecular mechanisms underlying therapeutic effects. In this study, we employed network pharmacology and transcriptomics to analyze the mechanism of PN in the treatment of CaOx-induced renal injury and enabled the identification of the active ingredient (EA) in PN and its core targets (HMGCS1, SQLE, and SCD). Moreover, the experimental results were consistent with the results of network pharmacology mining, increasing the reliability of network pharmacology network prediction.
3-hydroxy-3-methylglutaryl-CoA synthase 1 (HMGCS1) is a metabolic enzyme involved in the formation of 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA), an important substrate in mevalonate pathway (Gruenbacher and Thurnher, 2015). The mevalonate pathway is an enzymatic cascade responsible for synthesizing cholesterol (Thurnher et al., 2013). Squalene epoxidase (SQLE) is one of the rate-limiting enzymes in the biosynthesis of cholesterol. SQLE can further affect the synthesis of cholesterol in mevalonate pathway by affecting the catalysis of squalene (Yu et al., 2020). Stearoyl-CoA desaturase (SCD) is an important regulatory enzyme of de novo lipogenesis, which catalyzes the biosynthesis of unsaturated fatty acids (Dobrzyn and Ntambi, 2004). Lipid has two-sided. An appropriate increase can produce a protective effect and an excessive increase can cause oxidative damage, lead to tissue lipid peroxidation, and finally cause lipotoxicity. Lipid homeostasis is crucial to prevent lipotoxicity. Our in vivo and in vitro experiments showed that SQLE, SCD and HMGCS1 increased significantly in the CaOx-induced renal injury models, suggesting the existence of lipid nephrotoxicity and progressive renal injury.
In addition, more and more evidence supports the lipid metabolism mediated by p53 tumor suppressor. The studies of Lacroix M et al. (Lacroix et al., 2021) suggest the importance of p53-SCD axis in lipid metabolism. The effect of p53 on Mevalonate Pathway was also suggested in the study of Freed-Pastor WA et al. (Freed-Pastor et al., 2012). The results of molecular docking not only suggested that EA might interact with SCD, SQLE, HMGCS1 protein directly, but also suggested that p53 transcription factor might regulate the above three targets. The results of immunoblotting imply the regulatory effect. Therefore, we speculate that EA may not only directly bind to SCD, SQLE, HMGCS1 and inhibit its expression, but also indirectly affect p53 and further affect the three downstream proteins.
In CaOx-induce renal injury, crystals precipitate in renal tubules and interact with renal tubular epithelial cells to induce oxidative stress and inflammation (Khan et al., 2021). Excessive oxidative stress and inflammation will not only increase the deposition and retention of oxalate crystals in tubular cells, but also lead to the development of fibrosis (Khan, 2014). Epithelial mesenchymal transition (EMT) is an important initial link of renal interstitial fibrosis and plays an important role in the repair of renal tissue injury (Kalluri and Neilson, 2003). In renal crystal induced renal injury, EMT occurs in renal tubular epithelial cells in the early stage of renal stone formation or crystal induced renal injury, and then triggers the process of renal fibrosis (Hu et al., 2015). Sun Y et al. (Sun et al., 2020) confirmed that the increase of renal cholesterol caused by abnormal cholesterol metabolism will increase oxidative stress injury. Kong YL et al. (Kong et al., 2020) confirmed that the excessive accumulation of cholesterol in cells may stimulate the increase of NLRP3 and induce inflammatory response. In addition, Accumulation of cholesterol can activate PI3K-Akt signaling pathway (Yue et al., 2014). Activated PI3K-Akt signaling pathway will aggravate renal inflammation and oxidative stress injury (Ang et al., 2015). Si YC et al. (Si et al., 2021) confirmed that inhibiting the activation of PI3K-Akt signaling pathway in oxalate crystallization mouse model can reduce crystalline kidney injury and inhibit the occurrence and development of EMT. In conclusion, we can speculate that abnormal cholesterol metabolism leads to the accumulation of cholesterol, which may increase the damage of oxidative stress, inflammation and fibrosis in the kidney.
EA is an active natural polyphenol ingredient with antibacterial, anti-inflammatory, hepatoprotective, anti-obesity, and anti-tumor effects (Chen et al., 2018). Furthermore, several studies have shown that EA can modulate lipid metabolism, which inhibits lipid accumulation by suppressing early adipogenic events and cell cycle arrest (Okla et al., 2015; Woo et al., 2015). Therefore, synthesize our experimental verification results, the possible mechanism diagram of EA regulating lipid metabolism in CaOx-induced renal injury was shown in Figure 7. Considering the molecular docking results, we speculate that EA may reduce the transformation of cholesterol in damaged HK-2 cells and protect cells in CaOx-induced renal injury by inhibiting the activities of HMGCS1, SCD, and SQLE.
[image: Figure 7]FIGURE 7 | Diagram of the putative regulatory mechanisms of the ellagic acid.
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