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Background: Chronic renal failure (CRF) results in significant dyslipidemia and profound changes in lipid metabolism. Polyporus umbellatus (PPU) has been shown to prevent kidney injury and subsequent kidney fibrosis.
Methods: Lipidomic analysis was performed to explore the intrarenal profile of lipid metabolites and further investigate the effect of PPU and its main bioactive component, ergone, on disorders of lipid metabolism in rats induced by adenine. Univariate and multivariate statistical analyses were performed for choosing intrarenal differential lipid species in CRF rats and the intervening effect of n-hexane extract of PPU and ergone on CRF rats.
Results: Compared with control group, decreased creatinine clearance rate indicated declining kidney function in CRF group. Based on the lipidomics, we identified 65 lipid species that showed significant differences between CRF and control groups. The levels of 12 lipid species, especially fatty acyl lipids including docosahexaenoic acid, docosapentaenoic acid (22n-3), 10,11-Dihydro-12R-hydroxy-leukotriene C4, 3-hydroxydodecanoyl carnitine, eicosapentaenoic acid, hypogeic acid and 3-hydroxypentadecanoic acid had a strong linear correlation with creatinine clearance rate, which indicated these lipid species were associated with impaired renal function. In addition, receiver operating characteristics analysis showed that 12 lipid species had high area under the curve values with high sensitivity and specificity for differentiating CRF group from control group. These changes are related to the perturbation of fatty acyl metabolism. Treatment with PPU and ergone improved the impaired kidney function and mitigated renal fibrosis. Both chemometrics and cluster analyses showed that rats treated by PPU and ergone could be separated from CRF rats by using 12 lipid species. Intriguingly, PPU treatment could restore the levels of 12 lipid species, while treatment with ergone could only reverse the changes of six fatty acids in CRF rats.
Conclusion: Altered intrarenal fatty acyl metabolites were implicated in pathogenesis of renal fibrosis. PPU and ergone administration alleviated renal fibrosis and partially improved fatty acyl metabolism. These findings suggest that PPU exerted its renoprotective effect by regulating fatty acyl metabolism as a potential biochemical mechanism. Therefore, these findings indicated that fatty acyl metabolism played an important role in renal fibrosis and could be considered as an effective therapeutic avenue against renal fibrosis.
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INTRODUCTION
Chronic renal failure (CRF) is an irreversible and progressive disease which results in serious complications and its prevalence has risen worldwide (Ortiz et al., 2014; Bansal et al., 2019). CRF indicates that patients have inevitably reached end-stage renal disease and require replacement therapies such as hemodialysis and renal transplantation (Webster et al., 2017). Renal fibrosis including tubulointerstitial fibrosis and glomerulosclerosis are the main pathological features of CRF and is characterized by an excessive accumulation and deposition of extracellular matrix components (Humphreys, 2018; Tang et al., 2019), which are mediated by I- aberrant cellular activities such as fibroblast activation, epithelial-to-mesenchymal transition and monocyte/macrophage infiltration and II- activation of molecules or pathways such as renin-angiotensin system, aryl hydrocarbon receptor, non-coding RNAs, tryptophan metabolism, lipid metabolism, transforming growth factor ß (TGF-β)/Smad and Wnt/β-catenin signaling (Chen et al., 2017a; Chen et al., 2019; Edeling et al., 2016; Miao et al., 2020; Zhao, 2013). Although few targeted therapies have been used to delay renal fibrosis, the mentioned-above important findings have revealed the fibrotic cellular and molecular mechanisms underlying the CRF (Nastase et al., 2018; Feng Y. L. et al., 2020).
As fundamental components of the biological membrane lipids play important roles in biological system including composing membrane bilayer, mediating signal transduction, providing functional implementations of membrane proteins and their interactions (Zhao et al., 2014b; Zhao et al., 2015a). In the past several decades, only levels of total cholesterol, triglyceride, low-density lipoprotein cholesterol and high-density lipoprotein cholesterol were determined for investigating the effects of many diseases on lipid metabolism. In 2003, novel lipidomics, a branch of metabolomics, is defined as “the full characterization of lipid molecular species and of their biological roles with respect to expression of proteins involved in lipid metabolism and function, including gene regulation” (Han and Gross, 2003). Lipidomics enables us to systematically identify a wide spectrum of lipid species by using new analytical techniques such as ultra-performance liquid chromatography coupled with high-definition mass spectrometry (UPLC-HDMS) (Zhao et al., 2014c). Based on the metabolomics or lipidomics, several important studies have demonstrated the lipid disorders such as fatty acid metabolism, glycerophospholipid metabolism and sphingolipid metabolism was implicated in CRF by using UPLC-HDMS (Chen et al., 2016; Zhao et al., 2015b; Zhao et al., 2015c).
Traditional Chinese medicines (TCM), as a multi-component drug, can hit multiple targets with multiple components (Chen et al., 2018a; Chen et al., 2018b). In agreement with the holistic thinking of TCM, metabolomics and lipidomics have shown potential in evaluation of therapeutic effects and molecular mechanism of TCM against CRF and renal fibrosis (Chao et al., 2020; Chen et al., 2019b; Dou et al., 2018; Feng et al., 2019; Zhang et al., 2016; Zhang et al., 2018). Polyporus umbellatus (PPU) is prepared from the dried sclerotia of Polyporus umbellatus (Pers.) Fries, also known as Grifola umbellata (Pers.) Pilát (Polyporaceae) (He et al., 2016; Li et al., 2019). It is distributed in Asia, Europe and North America, and is used in China and other countries for centuries to treat a variety of chronic diseases, such as edema, scanty urine vaginal discharge, cloudy painful urinary dysfunction, jaundice, diarrhea, etc (Zhao, 2013). Earlier studies demonstrated that PPU possessed diuretic effect and protected against renal fibrotic effect (Yuan et al., 2004; Zhao, 2013). We have previously reported the significant diuretic activity treated by n-hexane extract of PPU as well as ergosta-4,6,8 (14),22-tetraen-3-one (ergone). Ergone is one of the bioactive steroids that has been isolated from n-hexane extract of PPU (Zhao et al., 2009a; Zhao et al., 2010b). Ergone has been proven to prevent kidney injury and the subsequent renal fibrosis (Zhao et al., 2011b).
In the current study, UPLC-HDMS method was first developed for the determination of intrarenal lipid species in CRF rats induced by adenine. Univariate and multivariate statistical analysis were performed for choosing differential lipid species in adenine-induced CRF rats compared with control rats, and the differential lipid species were identified accordingly. We further demonstrated the intervening effect of n-hexane extracts of PPU and ergone on differential lipid species in CRF rats to reveal the biochemical mechanism of PPU against renal fibrosis.
MATERIALS AND METHODS
Chemicals and Reagents
Adenine (batch Number: A8626, Purity 99.0%) and formic acid solution (ref BCBB6918, purity 50%) were purchased from Sigma Chemical Co., Ltd. LC-grade methanol and acetonitrile were purchased from the Baker Company. Ultra high purity water was prepared using a Milli-Q water purification system. Other chemicals were of analytical grade and their purity was above 99.5%.
Preparation of N-hexane Extract and Ergone of Polyporus Umbellatus
PPU (lot nos 079001) was purchased from Shaanxi Best Enterprise Group Co., Ltd. and was identified by Prof. Feng Wei (National Institutes for Food and Drug Control). A voucher specimen (Z150319) was deposited at the Faculty of Life Science and Medicine, Northwest University, Xi’an, Shaanxi. Crushed PPU (2.3 kg) was extracted three times with methanol at room temperature. The combined extracts were concentrated in vacuum to yield 25.65 g of brown crude extract. The methanol extract of sclerotias was dissolved in 80% MeOH and extracted (partitioned) with n-hexane. 15.48 g of the n-hexane extract were obtained.
The dried n-hexane extract (15 g) was chromatographed on a silica gel column (200–300 mesh). Elution was performed using a solvent mixture of n-hexane/chloroform (2000 ml) with increasing amount of chloroform and similar fractions, identified by TLC G254, were combined to yield 5 main fractions [A, B, C, D, E]. Successive fractions were collected and dried under vacuum using a rotary evaporator. The fraction with n-hexane/chloroform B, C, D and E were tested for their biological activity. Fractions B were further purified by column chromatography, and compound ergone was separated and identified (Supplementary Figure S1) based on our previous study (Zhao et al., 2009a). Ergone purity is 99.9% determined by using high performance liquid chromatography as described previously (Zhao et al., 2009a).
Animals and Sample Collection
All procedures involving animals were carried out according to the Guide for the Care and Use of Laboratory Animals of the State Committee of Science and Technology of the People’s Republic of China. The protocol was approved by Northwest University institutional animal care and use committee (Permit Number: SYXK 2010-004). Male Sprague-Dawley (SD) rats were obtained from the Central Animal Breeding House of Xi’an Jiaotong University (Xi’an, China). They were maintained at a constant humidity (ca. 60%) and temperature (ca. 23°C) with a 12 h light/dark cycle.
Male Sprague-Dawley rats (body weight 190–210 g) underwent an adaptation period of several days, during which they were fed a commercial feed. Rats aged 6–7 weeks were divided into 9 groups (n = 8/group) after measuring of body weight: control group, CRF model group, n-hexane extracted PPU-treated CRF group (CRF + PPU), ergone-treated CRF group (CRF + ERG), and uremic clearance granule-treated CRF group (CRF + UCG). Except for the control group, the rest of the groups were given 200 mg/kg body weight of adenine dissolved in 1% (w/v) gum acacia solution by oral gavage once everyday continuously for 3 weeks, which produced experimental renal failure in the animal for 3 weeks. Control group was similarly given with an equal volume of gum acacia solution. During the adenine of gastric gavage after 3 h, the rats in CRF + ERG group were administered ergone of 46, 92, and 184 mg/kg by oral gavage, respectively. CRF + PPU group were administered n-hexane extracts of 5, 10, and 20 mg/kg by oral gavage, respectively. CRF + UCG group were administered uremic clearance granule of 3600 mg/kg by oral gavage. The group of control and CRF were only administered by oral gavage with the 1% (w/v) gum acacia solution. Body weight was measured daily for all rats. Rats were anesthetized with 10% urethane, and blood samples were obtained by carotid artery cannula, and the left kidney was harvested after in situ cardioperfusion. Then, the removed kidneys were immediately washed with physiological saline and stored at −80°C for the following histological and lipidomic study.
Renal Function Evaluation
Serum creatinine was measured by Olympus AU6402 automatic analyzer. Additionally, CCr was calculated to evaluate renal function and the therapeutic effects of PPU and ergone.
Histological Evaluation
A portion of each fresh kidney was immersed in 10% neutral, buffered formaldehyde solution, then dehydrated, embedded in paraffin, cut in 5 µm sections. Hematoxylin–eosin staining (H&E) and Masson’s trichrome staining were performed as described in detail previously (Dou et al., 2018). Briefly, Sections of 5 μm of paraffin-embedded tissues were mounted on glass slides, rehydrated with distilled water, and stained with Masson’s trichrome method according to Bancroft et al. technique to assess the degree of fibrosis. Fibrotic areas were measured using the Motic Med 6.0 CMIAS pathology image analysis system (Motic, Beijing, China). Data can then be exported directly into Microsoft Excel can be calculated. The data are then subjected to the appropriate statistical analyses. Immunohistochemical staining was performed as described in detail previously (Dou et al., 2018).
Lipidomic Analysis
The mass data acquired were imported to Markerlynx XS (Waters Corporation, MA, United States) within the Masslynx software for peak detection and alignment. Data analysis methods were shown in our reported literature (Zhao et al., 2013c). The lipidomic procedure including sample preparation, metabolite separation and detection, data preprocessing and statistical analysis for metabolite identification was performed following previous protocols with minor modifications (Zhang et al., 2016; Dou et al., 2018).
Statistical Analysis
All statistical analyses were accomplished using the software in GraphPad Prism v 6.0 (GraphPad Software, San Diego, CA, United States, RRID: SCR_002798) and SPSS statistical software version 20 (SPSS Inc. IBM, United States). The number of repetitions for each data set was 8, and the results were expressed as mean ± SEM unless otherwise stated.
The acquired raw data from UPLC-HDMS analysis in negative ion modes (Zhao et al., 2013c) were first pre-processed by Markerlynx XS and Progenesis QI (Waters, Manchester, United Kingdom.). Sparse partial least squares-discriminant analysis (sPLS-DA) and principal component analysis (PCA) was performed to discriminate among control, CRF, CRF + PPU, and CRF + ERG groups. A two-tailed unpaired Student's t test is used for the comparison between two groups and statistically significant differences among more than two groups are analyzed using one-way ANOVA followed by Dunnett’s post hoc tests. Variables were selected by one-way analysis of variance (ANOVA) with a threshold of p < 0.05 in SPSS 20 (SPSS Inc. IBM, United States). Fold change (FC) was calculated based on mean ratios for CRF/controls. Variables were further selected by Mann-Whitney U test with a threshold of p < 0.05. The resultant p values from ANOVA were further adjusted by a false discovery rate (FDR) based on the Hochberg-Benjamini method. Significantly altered variables were identified. Differential lipids were visualized using heatmap analysis with MetaboAnalyst software (version 4.0). PLS-DA-based receiver operating characteristics (ROC) analysis was performed for the selection of differential variables, and ROC curves were plotted using SPSS. Significantly variables were identified by comparing MS data, MSE fragments, molecular weights and elemental compositions with the available database and reference chemicals. In addition, linear correlation analysis was performed between relative intensity of lipids and CCr.
RESULTS
Adenine Led to Declining Renal Function
In mammalian metabolism, adenine can be oxidized to 2,8-dihydroxyadenine through xanthine dehydrogenase. The very low solubility o f 2,8-dihydroxyadenine causes precipitation in the tubules of the kidney and blocks the tubules. The CCr was significantly decreased in the CRF group compared with control group, which indicated impaired renal function in rats induced by adenine (Figure 1A).
[image: Figure 1]FIGURE 1 | Adenine led to declining renal function and changed lipid metabolic profiling in CRF rats. (A) CCr in the control and adenine-induced CRF groups. ##p < 0.01 compared with control group. (B) PCA of two components of 2193 variables from control and adenine-induced CRF groups. (C) PCA of two components of 65 lipid species from control and adenine-induced CRF groups. (D) Clustering analysis of 65 lipid species form control and adenine-induced CRF groups. (E) Heatmap of 65 lipid species between control and adenine-induced CRF groups. Red and green indicate increased and decreased levels, respectively.
Adenine Mediated the Changed Lipid Metabolic Profiling in Chronic Renal Failure Rats
The 2193 variables were obtained in the negative ion mode by using UPLC-HDMS. In order to gain an overview of the intrarenal metabolic profiling, PCA was used in the UPLC-HDMS data analysis. Based on 2193 variables, Figure 1B showed the PCA score plot between CRF group and control group. The results showed that CRF group was separated clearly from control group, which indicated that excess adenine led to significantly altered renal metabolism. Therefore, the changes in intrarenal metabolic profiling could reflect the changed renal metabolism.
Adenine Led to Decreasing the Levels of Lipid Species in Chronic Renal Failure Rats
We further identified the altered metabolites. Initially, 243 variables in negative ion mode have a p < 0.05 based on the combination of one way ANOVA and Mann–Whitney U test. Subsequently, 114 out of 243 metabolites were selected based on the combination of Bonferroni-adjusted FDR methods and the ROC curves (AUC >0.800). Further, after excluding xenobiotics and different fragment ions from the same metabolites, 65 lipid species were identified based on our previous studies (Table 1) (Zhao et al., 2013a). These lipid species included 49 fatty acyls, 14 glycerophospholipids, 1 steroids and 1 phospholipid could be considered as differential lipid species in kidney issues to distinguish CRF group from control group. 65 lipid species were significantly altered in kidney tissues of CRF rats. Compared with the control group, 63 lipid species were significantly decreased in kidney tissues of CRF group, while two lipid species were significantly increased in kidney tissues of CRF group. In PCA score plot, CRF and control groups were separated clearly by using 65 lipid species (Figure 1C), which is in line with clustering analysis (Figure 1D). The heatmap presented the relative intensity of 65 identified lipid species showing the relative increase (red) or decrease (green) in CRF rats compared with control rats (Figure 1E). The results indicated that intrarenal lipid metabolic profiling was significantly altered in CRF rats.
TABLE 1 | Identification of differential lipid species in kidney tissues of control and adenine-induced CRF rats.
[image: Table 1]Adenine Affected Fatty Acid Metabolism in Chronic Renal Failure Rats
In order to further understand the functional role of differential lipids, we mapped the pathways overrepresented by the identified lipid species from CRF rats, constructed the identified lipid metabolic networks to determine the set that was most enriched by these lipid species. By analyzing known pathways, the image information outcome presented the biological pathway information associated with CRF. The pathway overrepresentation analysis of lipids showed that lipid metabolism was significantly overrepresented in adenine-induced CRF rats, and was related to fatty acid metabolism, arachidonic acid metabolism, fatty acyl-CoA biosynthesis, phospholipases, fatty acid activity, α-linolenic acid and linolenic acid metabolism, synthesis of prostaglandins and thromboxanes and inflammatory mediator regulation of TRP channels etcetera (Figure 2A). These findings suggested that lipid metabolism was severely perturbed in CRF rats.
[image: Figure 2]FIGURE 2 | Differential lipid species were associated with fatty acid metabolism. (A) Lipid metabolic networks were constructed by using Cytoscape, Reactome, KEGG and NetPath. Adenine-induced CRF were mainly associated with fatty acid metabolism, arachidonic acid metabolism. (B) Lipid metabolite sets enrichment overview including α-linolenic acid and linoleic acid metabolism, arachidonic acid metabolism, glycerolipid metabolism, fatty acid elongation in mitochondria, fatty acid biosynthesis, fatty acid metabolism, steroid biosynthesis and bile acid biosynthesis. The size and color of each circle is based on enrichment ratio and p-values, respectively. Enrichment ratio is computed by hits/expected, where hits indicates observed hits; expected indicates expected hits.
Metabolite sets enrichment overview of the altered lipid species highlights α-linolenic acid and linoleic acid metabolism, arachidonic acid metabolism and glycerolipid metabolism as being significantly enriched in kidney tissues in CRF vs. control group (Figure 2B). Most of the altered lipid species included fatty acid metabolism, indicating that fatty acid metabolism was severely perturbed in CRF rats based on the combination of lipid metabolic networks and metabolite sets enrichment overview.
The Dysregulation of Fatty Acids Correlated With Declining Renal Function in Chronic Renal Failure Rats
To further verify the potential differential lipid species that may be associated with impaired renal function in CRF rats, we carried out the linear correlation analysis between the levels of each lipid species and CCr. Twelve out of 65 lipid species showed strong linear correlation coefficients (R > 0.800). The twelve lipid species which included prostaglandin H3 (PGH3), 10,11-Dihydro-12R-hydroxy-leukotriene C4 (DHLC4), 3-hydroxydecanoyl carnitine, pentadecanoylcarnitine, 3-hydroxydodecanoyl carnitine, undecanoylcarnitine, hypogeic acid, 3-hydroxyhexadecadienoylcarnitine, 3-hydroxypentadecanoic acid, docosahexaenoic acid (DHA), docosapentaenoic acid (22n-3) (DPA) and eicosapentaenoic acid (EPA) were identified as the top-ranked candidates in the regression model. PCA score plot and clustering analysis indicated that twelve differential lipid species could separate CRF group from control group (Figures 3A,C). The heatmap presents the relative intensity of 12 lipid species showing the relative increase (red) or decrease (green) in CRF rats compared with control rats (Figure 3B). The correlation analysis presented the correlation coefficients of twelve lipid species showing the correlation coefficients more than 0.800 that were indicated by using hash sign (Figure 3D).
[image: Figure 3]FIGURE 3 | CCr-associated with 12 lipid species were associated with impaired renal function. (A) PCA of two components of 12 lipid species from control and adenine-induced CRF groups. (B) Heatmap of 12 lipid species between control and adenine-induced CRF groups. Red and green indicate increased and decreased levels, respectively. (C) Clustering analysis of 12 lipid species between control and adenine-induced CRF groups. (D) Correlation of 12 lipid species among control and adenine-induced CRF groups.
To assess the predictive performance of 12 lipid species, ROC analysis was performed. ROC results showed that these lipid species have a high AUC value, sensitivity and specificity, indicating that lipid species were robust in distinguishing CRF group from control group (Figure 4). Taken together, these results indicated the significant changes in lipid metabolic profiling and these specific lipid species could be considered to be associated with CRF caused by adenine.
[image: Figure 4]FIGURE 4 | ROC curve of differential lipid species. Analysis of PLS-DA based ROC curves of 12 lipid species in control and adenine-induced CRF groups. The associated AUC, 95% CI, sensitivity and specificity values were indicated.
Treatment With Polyporus Umbellatus and Ergone Improved Impaired Renal Function
The illumination of the underlying disease mechanisms is necessary to establish novel therapeutic strategy for discovering new drug against renal fibrosis. We next assessed the effects of PPU and ergone on impaired renal function and the dysregulation of 12 lipid species in rats with the adenine-induced CRF. Urinary volume, kidney weight index and serum creatinine levels were significantly increased, while body weight was significantly decreased in the adenine-induced CRF group compared with control group (Figure 5). However, urinary volume, kidney weight index and serum creatinine levels were markedly decreased in the different doses of PPU- and ERG-treated groups compared with CRF group. Body weight was significantly increased in the different doses of PPU- and ERG-treated groups compared with the untreated CRF group (Figure 5). These results indicated that impaired renal function was improved after treatment with PPU and ERG. Furthermore, these data indicated that the intervening effect presented a dose-dependent effects of PPU and ergone treatment. Therefore, the PPU of 184 mg/kg dose was chosen as the optimal dose for next experiments. Similarly, the ergone of 10 mg/kg dose showed a stronger intervening effect compared with ergone of 5 mg/kg dose, whereas the intervening effect of 20 mg/kg dose was similar to the effect of 10 mg/kg dose. Therefore, the ergone of 10 mg/kg dose was used for next experiments.
[image: Figure 5]FIGURE 5 | Treatment with PPU and ergone improved impaired renal function. Body weight, urine volume, kidney weight index and serum creatinine levels in the control, CRF, CRF + PPU and CRF + ERG groups. ##p < 0.01 compared with control group, *p < 0.05, **p < 0.01 compared with CRF group.
Treatment With Polyporus Umbellatus and Ergone Ameliorated Renal Fibrosis
H&E straining showed that CRF rats exhibited severe tubular atrophy and dilation, epithelial denudation, inflammatory cell infiltration, granuloma formation and interstitial fibrosis in the kidney tissues (Figure 6A). Masson’s trichrome staining showed severe tubulointerstitial fibrosis in the kidney tissues of CRF rats (Figure 6B). In contrast, these pathological damages were ameliorated in the PPU and ERG treated CRF groups (Figures 6A,B). Adenine administration resulted in a significant increased intrarenal protein expression of fibronectin, collagen I and α-SMA. Treatment with PPU and ergone reduced deposition of these protein compared with the untreated CRF rats (Figure 6C).
[image: Figure 6]FIGURE 6 | Treatment with PPU and ergone ameliorate renal fibrosis. (A) Representative images of H&E stained kidney sections from control, adenine-induced CRF, CRF + PPU, and CRF + ERG groups. Magnification, ×400. (B) Representative images of Masson’s trichrome stained kidney sections from control, adenine-induced CRF, CRF + PPU, and CRF + ERG groups. Magnification, ×200. (C) Immunohistochemical analyses with anti-α-SMA, collagen I and fibronectin antibodies of rat kidney tissues in the control, adenine-induced CRF, CRF + PPU, and CRF + ERG groups. Magnification, ×400.
Treatment With Polyporus Umbellatus and Ergone Improved Aberrant Fatty Acid Metabolism in Chronic Renal Failure Rats
The sPLS-DA score plot of 12 lipid species showed PPU- and ERG-treated groups were located between untreated CRF and control groups and further PPU-treated groups was much closer to the control group (Figure 7A), which was consistent with the results of the clustering analysis (Figure 7B) and heatmap analysis (Figure 7C). Relative intensity analysis showed that the levels of 12 lipid species were significant decreases in CRF group compared with control group (Figure 7D). Metabolism of the of 12 lipid species were markedly increased in PPU-treated group compared with CRF group, however, only the levels of fatty acyl metabolites were markedly increased in the ERG-treated group compared with CRF group (Figure 7D). These results indicated that distinct clustering among PPU- and ERG-treated groups and CRF group was achieved in the intervention period, which indicated that lipid metabolic pattern significantly changed after the treatment of PPU and ERG in adenine-induced CRF rats. Intriguingly, the n-hexane extract could improve renal function by improve both fatty acids and carnitine-derived lipid species, while ergone could only targeting improve fatty acids.
[image: Figure 7]FIGURE 7 | Treatment with PPU and ergone improved aberrant fatty acid metabolism in CRF rats. (A) sPLS-DA of two components of 12 lipid species from control, CRF, CRF + PPU, and CRF + ERG groups. (B) Clustering analysis of 12 lipid species among control, CRF, CRF + PPU, and CRF + ERG groups. (C) Heatmap of 12 lipid species among control, CRF, CRF + PPU, and CRF + ERG groups. Red and green indicate increased and decreased levels, respectively. (D) Relative intensity analysis of 12 lipid species among the control, CRF, CRF + PPU, and CRF + ERG groups. #p < 0.05, ##p < 0.01 compared with control group; *p < 0.05, **p < 0.01 compared with CRF group.
DISCUSSION
Natural products or TCM have been used as a medical therapy for various diseases, including the prevention and treatment of renal diseases since the beginning of civilization (Chen et al., 2018a; Chen Y. Y. et al., 2019; Feng Z. et al., 2020; Hu et al., 2020; Liu et al., 2019; Newman and Cragg, 2016; Yang et al., 2019). A number of natural products such as Polyporus umbellatus, Poria cocos, and Alisma orientale have shown renoprotective properties (Chen et al., 2020; Chen et al., 2019a; Tian et al., 2014; Wang et al., 2018; Wang et al., 2013; Zhao, 2013). PPU is widely used either alone or in combination with other TCM to treat CRF (Ahn et al., 2012). The extract and isolated compounds have shown a wide spectrum of pharmacological activities including antitumor, diuretic and renoprotective effects (Li et al., 2019; Zhao, 2013; Zhao et al., 2012; Zhao et al., 2011a). Its mechanisms of action were found to be related to its anti-inflammatory effect, suppressive epithelial-mesenchymal transition, reconstructed the balance of matrix metalloproteinases and tissue inhibitor of metalloproteinases, and pro-fibrotic and anti-fibrotic factors (Li et al., 2019; Zhao, 2013).
Adenine is a nitrogen whose final metabolite is uric acid. Normally, adenine is efficiently salvaged by adenine phosphoribosyltransferase and is present at very low levels in blood and urine (Zhao et al., 2013b). When the level of adenine is elevated, it can be oxidized to 2,8-dihydroxyadenine. Adenine and 2,8-dihydroxyadenine are excreted in urine. However, due to its very low solubility of 2,8-dihydroxyadenine can lead to its precipitation in renal tubules (Zhao et al., 2014a). Yokzawa et al. reported a new animal model of CRF induced by an adenine rich diet, which can produce metabolic abnormalities resembling chronic renal insufficiency in humans (Yokozawa et al., 1986). In the present study, CRF model was induced by adenine in rats. Adenine consumption led to CRF by inducing aberrant physiological and biochemical parameters and finally renal fibrosis in CRF rats. UPLC-HDMS-based on lipidomics was used to identify differential lipid species in kidney tissues of adenine-induced rats and investigate the effects of n-hexane extract and ergone on differential lipid species to reveal the biochemical mechanisms of their action. We identified 65 differential lipid species in kidney tissues that could distinguish CRF rats from control rats, which suggested that renal injury in CRF rats was associated with altered lipid profile in the renal tissues. Fatty acid metabolism was mainly perturbed in CRF rats based on the combination of lipid metabolic networks and metabolite sets enrichment overview. CCR is a usually index for the indication of kidney function. Twelve differential lipid species were selected based on the linear correlation analysis by using CCr. After n-hexane extract and ergone administration, renal function and fibrosis were significantly improved. These results showed that declining renal function, renal fibrosis and metabolic disturbance of lipids occurred in kidney tissues of rats with adenine-induced CRF, and n-hexane extract and ergone can improve renal function of CRF rats by alleviating renal fibrosis and regulating lipid metabolism.
These differential lipid species in kidneys were mainly related to the pathway of fatty acid metabolism, which showed that fatty acid metabolism of CRF rats was severely disturbed. The n-hexane extract and ergone interfered in fatty acid metabolism in CRF rats. Lipid metabolism plays a key role in CRF, which has been demonstrated by many studies (Chen et al., 2017b; Chen H. et al., 2017; Kang et al., 2015). Normally, fatty acid uptake, oxidation and synthesis are tightly balanced to avoid intracellular lipid accumulation. Significantly decreased levels of polyunsaturated fatty acids, eicosanoid and acylcarnitine were observed in adenine-induced CRF rats, which is consistent with previous reports (Zipser et al., 1983; Kang et al., 2015; Chen et al., 2016). These changes were restored by treatment with n-hexane extract and ergone.
Untargeted lipidomics has been applied to the lipid disorders of the patients with chronic kidney disease (Afshinnia et al., 2016; Duranton et al., 2019; Afshinnia et al., 2020). Afshinnia et al. found that a distinct panel of lipids may improve prediction of progression of chronic kidney disease beyond estimated glomerular filtration rate and urine protein-to-creatinine ratio (Afshinnia et al., 2016). A relationship between polyunsaturated fatty acids and renal inflammation and fibrosis has been hypothesized (Baggio et al., 2005). Several clinical studies have suggested that ω-3 polyunsaturated fatty acid exhibited beneficial effects on patients with end-stage renal disease (Lok et al., 2012). Polyunsaturated fatty acids including EPA, DPA, and DHA are essential ω-3 fatty acid found in fish oils. The levels of EPA, DPA, and DHA were significantly decreased in adenine-induced CRF rats. The ω-3 fatty acid supplementation prevented these changes in lipid species related to inflammation and metabolic lipid disorders. Lee, H et al. found that ω-3 fatty acid supplementation induced the upregulation of six transmembrane protein of prostate 2 protein expression in 5/6 nephrectomized rats, which was associated with an attenuation of inflammation-related markers (Lee et al., 2018). EPA serves as the precursor for the prostaglandin-3 (which inhibits platelet aggregation), thromboxane-3, and leukotriene-5 groups. A diet rich in EPA lowered serum lipid levels, reduced incidence of cardiovascular disorders, prevented platelet aggregation, and inhibited arachidonic acid conversion into the thromboxane-2 and prostaglandin-2 families. DPA is an intermediary between EPA and DHA. As a precursor of prostanoids which was only formed from DPA (Zhao et al., 2013a). Deficiency of DPA in experimental animals caused damage mainly attributable to faulty cellular membranes. Outcomes include sudden failure of growth, lesions of the skin, kidney, and connective tissue, erythrocyte fragility, impaired fertility, and the uncoupling of oxidation and phosphorylation (Halade et al., 2018). Experiments using tubular epithelial cells indicated that inhibition of fatty acid oxidation causes ATP depletion, cell death, intracellular lipid deposition, and dedifferentiation to pro-fibrotic phenotype (Mori et al., 2009). In contrast, restoration of fatty acid metabolism by pharmacological manipulations protected mice from tubulointerstitial fibrosis (Kang et al., 2015). The ω-3 polyunsaturated fatty acids could reverse endothelial dysfunction in chronic kidney disease by improving endothelial nitric oxide synthase function and ameliorating oxidative stress (Zanetti et al., 2017). The lipid profile in patients with CRF is amenable to favourable modification by ω-3 polyunsaturated fatty acids.
PGH3 can be enzymatically converted by platelets into thromboxane A3. PGH3 and thromboxane A3 increased platelet cyclic AMP in platelet-rich plasma and thereby inhibited aggregation by other agonists and suppressed platelet phospholipase-A2 activity or events leading to its activation. PGH3 could synthesize PGI3 by blood vessel enzyme. PGI3 is effective coronary vasodilators. They could also inhibit the aggregation of platelet rich plasma and increase the activity of platelet adenylate cyclase. Takeshita A et al. study strongly suggests the potential therapeutic efficacy of recombinant thrombomodulin for the treatment of CRF and subsequent organ failure (Takeshita et al., 2020).
Lipid species including 3-hydroxydecanoyl carnitine, 3-hydroxydodecanoyl carnitine, undecanoylcarnitine and 3-hydroxyhexadecadienoylcarnitine belongs to the family of acyl carnitines, which are organic compounds containing a fatty acid with the carboxylic acid attached to carnitine through an ester bond. Acyl carnitines are essential compounds for fatty acid metabolism (Wang et al., 2019). Several steps are involved in the oxidation of long chain fatty acids by mitochondria. First, fatty acid such as palmitoyl in the presence of CoA, ATP and acyl-CoA synthetase penetrated the outer membrane of the mitochondria and reaches the intermediate space as fatty acid CoA (Smogorzewski et al., 1988). This compound in the presence of carnitine and carnitine palmitoyl transferase is converted into fatty acid-carnitine and CoA (Smogorzewski et al., 1988). The fatty acid-carnitine transverses the inner membrane of the mitochondria, a process which is facilitated by acyl carnitine translocate. In the matrix of the mitochondria, fatty acid-carnitine is again converted into fatty acid CoA and carnitine by carnitine palmitoyl transferase. The fatty acid CoA enters the ß-oxidation step. Thus, the inhibition of the oxidation of long-chain fatty acids by n-hexane extract could be interfered by hormone in these steps, while ergone improved the metabolism of fatty acids without affecting the transport of fatty acids to mitochondria. Afshinnia F et al. showed that the increase of saturated C16-C20 free fatty acid levels, damage ß-oxidation of free fatty acid and reverse distribution into complex lipids may be the key mechanism of lipid metabolism changes leading to CKD progression (Afshinnia et al., 2018).
Our current findings have revealed the therapeutic effects and mechanisms of PPU and ergone against renal fibrosis. However, all the experiments evaluating the effects of PPU and ergone were carried out in animal model, which can be seen as a potential limitation. Further interventional effects in patients with CRF should be performed in the future to evaluate the proposed therapeutic effects.
CONCLUSION
A lipidomics approach based on UPLC-HDMS and chemometrics method was applied to study the biochemical mechanism of impaired kidney function and renal fibrosis in adenine-induced CRF rats. A clear separation of adenine-induced CRF and control groups was achieved based on identified differential 65 lipid species in kidney tissues. Furthermore, twelve differential lipid species were correlated with declining renal function. Combined with biochemistry and histopathology results, the significantly changes in lipid species were related to perturbation of fatty acid metabolism. The observed changes were reversed by treatment with n-hexane extract and ergone. These findings demonstrated the association of altered intrarenal lipid metabolism with impaired kidney function and therapeutic mechanism of n-hexane extract and ergone against renal fibrosis. Interestingly, inflammation related metabolic pathways have also changed significantly, which is worthy of further study. In combination with traditional therapies, the application of lipidomic profiling throughout the drug discovery and development process and extending into the clinic is likely to lead to improved pharmacotherapy by supporting individualized drug treatment.
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