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Ganoderic acid A ameliorates renal fibrosis by suppressing the expression of NPC1L1
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Abstract: Objective: The study aimed to explore the protective mechanism of Ganoderic acid A (GAA) in renal fibrosis and to verify that GAA can ameliorate renal fibrosis by regulating the Niemann-pick C1-like 1 (NPC1L1) gene. Methods: Transforming growth factor beta1 (TGF-β1) was used to treat Human Kidney-2 (HK-2) cells to establish a renal fibrosis model. The differentially expressed genes in the control (CTRL) group, TGF-β1 group, and TGF-β1 + GAA group were screened via transcriptome sequencing technology and verified by qPCR and Western blot experiments. The NPC1L1 gene overexpression plasmid was constructed. The expression levels of N-cad, E-cad, and Slug-related proteins in CTRL, TGF-β1, TGF-β1+GAA (25 μg/mL), and TGF-β1+GAA (25 μg/mL) + NPC1L1 Overexpression (OE) groups were detected by qPCR and Western blot analysis. Western blot analysis was used to identify the extracellular matrix-associated proteins Tenascin-C, α-SMA, and fibrosis-related protein Collagen I. Fibrosis marker protein Fibronectin was detected and quantified by immunofluorescence. Results: Transcriptomic sequencing revealed that TGF-β1 stimulation led to 267 differentially regulated genes, with 118 up-regulated and 149 down-regulated, while further modulation of 213 genes, comprising 112 up-regulated and 101 down-regulated genes, was observed in the GAA intervention group. The target gene in these processes was found to be NPC1L1 by investigations using Gene Ontology (GO) and the Kyoto Encyclopedia of Genes and Genomes (KEGG). qPCR and Western blot results confirmed that TGF-β1 increased NPC1L1 expression, which was attenuated by GAA. Additionally, TGF-β1 upregulated N-cad and Slug. However, GAA reversed this effect and NPC1L1 overexpression partially rescued the GAA effect. TGF-β1 also decreased E-cad expression, reversed by GAA, and NPC1L1 overexpression antagonized this reversal. Furthermore, TGF-β1 promoted Collagen I, α-SMA, and Tenascin-C expression, and GAA reduced these levels, effects that were reversed by NPC1L1 overexpression. Immunofluorescence results showed that TGF-β1 increased fibronectin expression, which was decreased by GAA, and increased by NPC1L1 overexpression. Conclusion: GAA ameliorates renal fibrosis by antagonizing NPC1L1 gene expression inhibiting epithelial-mesenchymal transition and reducing extracellular matrix formation.
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Introduction

Chronic kidney disease (CKD) is marked by chronic impairment of renal structure or function, which can be caused by various factors [1]. Its onset is insidious, with a long incubation period, making it challenging to prevent and treat [2]. Consequently, CKD has become a major worldwide public health issue [3]. CKD typically does not show obvious symptoms in the early stages. However, as it progresses to the middle and late stages, patients may experience a series of symptoms related to uremia due to the progressive decline in renal function. At this stage, patients often require expensive renal replacement therapy such as hemodialysis or peritoneal dialysis to stay alive [4]. At present, the global median prevalence of chronic kidney disease is 9.5%, with an interquartile range spanning from 5.9% to 11.7% [5]. End-stage kidney disease (ESKD) represents the terminal, irreversible phase of chronic kidney disease (CKD), during which kidney replacement therapy (KRT) becomes essential for survival. Globally, ESKD presents a significant public health issue and imposes a substantial economic load on healthcare systems.

Renal fibrosis is considered to be the pathway involved in the progression of almost all types of CKD to ESRD [6], characterized by epithelial-to-mesenchymal transition (EMT) and extracellular collagen accumulation [7]. Fibrosis serves as a dynamic biosynthetic reparative mechanism that safeguards tissues from injury [8]. Nevertheless, in cases of a chronic persistent injury, the affected tissue remains deprived of oxygen and blood flow, leading to ongoing inflammation. The onset of inflammation triggers the secretion of a variety of factors that stimulate fibroblast proliferation and amplify the inflammatory process [9]. Additionally, it stimulates the activation of a significant number of immune cells, which further contribute to the deterioration of the renal tissue. Owing to the inherent incapacity to achieve comprehensive tissue repair or regeneration, there occurs a substitution of normal tissue with fibrous tissue, culminating in renal fibrosis and ultimately progressing to renal failure [10]. However, current pharmacotherapeutic interventions aiming to mitigate or reverse renal fibrosis exhibit limited efficacy in curbing or reversing the progressive nature of this pathological process [11,12].

Recent studies have focused on investigating natural substances as potential substitutes for preventing and treating fibrosis [13]. Ganoderma leucocontextum is a newly discovered species within the Ganoderma genus, first identified in Tibet in 2014. It is native to Southwestern China, especially the Tibetan region [14]. The Ganoderma leucocontextum is a distinct variation of Ganoderma leucocontextum found in the Northwest Plateau of China. It is abundant in active substances such as Ganoderma lucidum polypeptides, Ganoderma leucocontextum polysaccharides, triterpenic acids, and alkaloids [15]. Research has demonstrated that the extract derived from Ganoderma leucocontextum shows abundant synergistic properties, including anti-inflammatory, anti-fibrotic, and neuroprotective benefits [16–18]. Ganoderic acid A (GAA), an essential bioactive triterpenoid derived from the Ganoderma leucocontextum, exhibits potent anticancer, antioxidant, anti-inflammatory, hepatoprotective, nephroprotective, and pulmonary protective activities [19]. Studies have shown that the alcohol extract of Ganoderma leucocontextum can significantly enhance the therapy of silicosis by improving pulmonary inflammation and inhibiting the fibrosis process [20]. In terms of anti-liver fibrosis, Ganoderma leucocontextum polysaccharides have been shown to have a wide range of anti-liver fibrotic effects, and the underlying mechanism may be that liver fibrosis is affected by the TGF-β/Smad signaling pathway [21]. Hence, the therapeutic impact of natural substances in reducing fibrosis is well acknowledged. However, the mechanism by which GAA plays a role in influencing renal fibrosis has not been clearly elucidated.

Niemann-Pick C1-like 1 (NPC1L1), a transmembrane entity, is essential for the absorption of cholesterol within the intestinal tract [22]. NPC1L1 gene is highly expressed and functionally localized in the apical membrane of intestinal brush epithelial cells in the proximal jejunum of the small intestine. This localization is crucial for its role in facilitating the absorption of cholesterol from the diet [23]. In addition, the NPC1L1 gene is also expressed on the tubule membrane of human hepatocytes and contributes to sterol reabsorption and enterohepatic circulation [24]. In conclusion, the NPC1L1 gene plays an important role in cholesterol absorption and metabolic pathways. Kidney disease is closely related to the disruption of human cholesterol homeostasis, which is determined by the energy metabolism pathway of renal tubular epithelial cells, which determines their energy supply mainly from fatty acid oxidation [25]. Therefore, metabolic pathways play a key role in the pathogenesis of kidney disease.

Metabolic disturbances, such as disruptions in glucose and lipid metabolism, oxidative stress, and malfunctioning of mitochondria, play a role in the progression of kidney diseases by initiating damage to the tubules, apoptosis, fibrosis, and the formation of scar tissue. Disruption in metabolic pathways, including glucose and lipid metabolism [26]. Studying the intricate connection between immunological and metabolic pathways in renal illnesses has the potential to provide new therapeutic possibilities for preventing and treating kidney disease.

Combined with our research group’s previous findings on the treatment of renal fibrosis by active ingredients in Ganoderma leucocontextum [20], we hypothesized that Ganoderic acid A may improve renal lipid metabolism by down-regulating NPC1L1 gene, thus alleviating the progression of renal fibrosis.

Our research is designed to find out the protective mechanism of GAA intervention against TGF-β1-induced renal fibrosis.

Materials and Methods

Cell culture

Human Kidney-2 (HK-2) cells (Abiowell Biotechnology, AW-CNH063, Changsha, China) (STR identification) were purchased from Changsha Abiwell Biotechnology Co., Ltd. (Changsha, China). All utilized cells were tested for contamination, and were free from mycoplasma contamination. Cells were cultured in Minimum Essential Medium (MEM) (Gibco, 41500034, Shanghai, China) containing 10% Fetal Bovine Serum (Superfine), Uruguay (MedChemExpress, HY-T1000, Shanghai, China) and 1% Penicillin-Streptomycin Solution, 100X (Solarbio, P1400, Beijing, China) at 37°C, 5% CO2 incubator (Rundu Biotech, Herocell 240, Shanghai, China). The current study was structured to encompass three distinct experimental groups. The control group comprised HK-2 cells cultured under standard conditions; TGF-β1 (MedChemExpress, HY-P70543) stimulation group, involved the cultivation of HK-2 cells with the addition of 10 ng/mL of TGF-β1 for a 24-h duration; GAA intervention group, was identical to the TGF-β1 stimulation group, except for the concurrent addition of 25 μg/mL of GAA (Topscience, T6S1141, Shanghai, China) to the culture medium for the same 24-h period.

Cell transfection

The NPC1L1 overexpression plasmid was synthesized and constructed by Suzhou Hongxun Biotechnology Co., Ltd. (Suzhou, China). Cells were cultured until they reached 80% confluence, at which point the existing culture medium was aspirated. The cells were then enumerated and diluted to a concentration of 5 × 105/mL. 1 mL of this cell suspension was put into each well of a 6-well plate, resulting in a density of 5 × 105/mL. The plate was placed at a temperature of 37°C and a carbon dioxide concentration of 5% for a duration of one night, followed by transfection the subsequent day. To prepare the transfection mixture, 5 μL of plasmid DNA at a concentration of 2 μg/mL was combined with 250 μL of serum-free medium and thoroughly mixed. Separately, 5 μL of Lipofectamine™ 2000 (Invitrogen, 11668500, Shanghai, China) was added to another 250 μL of serum-free medium and gently mixed, followed by a 5-min incubation period. Then the diluted plasmid and Lipofectamine™ 2000 were combined and incubated at room temperature for 20 min to facilitate the formation of the plasmid complex. This complex was added to the culture plate wells, which already contained cells in serum-free medium, bringing the total volume to 2 mL per well. Following an incubation period of 4–6 h, the transfection complexes were aspirated, and the cells were refed with a complete medium. The cells were then incubated for an additional 48 h before proceeding with subsequent experimental analyses.

Immunofluorescence assay

Following the experimental manipulation, the culture medium was carefully removed. Subsequently, the crawling fragments were subjected to two thorough washes using sterile phosphate-buffered saline (PBS). The treated cells were taken and removed from the old medium and washed twice with PBS. Thereafter, a neutral general-purpose tissue fixative (Servicebio, G1101, Wuhan, China) was introduced and the mixture was allowed to stand at room temperature for a fixation period of 10 min. Subsequently, the fixative was meticulously decanted, and the specimens were subjected to three rinses with PBS to eliminate any remaining fixative. After the slide is slightly dried, use a histochemistry pen to draw circles in the middle of the coverslip at the position where the cells were uniformly dispersed. Next, 100 μL of the permeabilization solution was added within the marked area and incubated at ambient temperature for a period of 20 min. The cells are then rinsed thrice with PBS, with each wash for 5 min. Blocking is performed using 3% BSA (Servicebio, GC305006) for a duration of 30 min at room temperature. Shake off the blocking solution gently, add the prepared primary antibody Fibronectin Monoclonal antibody, 1:300, (Wuhan Sanying, 66042-1-Ig, Wuhan, China) dropwise to the cell well plate, incubate at 4°C overnight, and then wash 3 times, 5 min each. After adding the secondary antibody, Goat Anti-Mouse IgG (Servicebio, GB25301), diluted at a ratio of 1:500, incubate the solution for 50 min at room temperature. Following the primary staining, the nuclei are counterstained with 4′,6-diamidino-2-phenylindole (DAPI) (Servicebio, G1012). Finally, use an antifluorescence quenching retardant (Servicebio, G1401) as the mountant. Acquire images. The expression level of the corresponding protein is expressed as an integral absorbance value.

Quantitative real-time PCR

After collecting 1 × 106 cells, 1 mL of Triquick Reagent (Trizol Substitute) (Solarbio, R1100) was introduced to the cell suspension and incubated for 5 min to ensure complete lysis. Subsequently, 200 μL of chloroform was added, and the mixture was thoroughly vortexed before being allowed to stand at room temperature for 2 min. The sample was then centrifuged at 4°C and 12,000 g for 10 min. The supernatant was carefully transferred to a fresh tube, an equal volume of isopropanol was added, and the solution was mixed thoroughly before being placed at −20°C for a 10-min incubation period. RNA pellets were collected and subjected to two washes with 75% ethanol, followed by air drying on a clean bench. The dried pellets were then resuspended in 20–60 μL of DEPC-treated water. cDNA was synthesized via reverse transcription, and quantitative PCR (qPCR) was performed using SYBR (Vazyme Biotech, Q712-02, Nanjing, China) under the specified conditions: The relative expression of the target gene was determined by calculating the ratio of the cycle threshold (CT) values of the target gene to those of the internal reference gene, with each sample analyzed in triplicate. The primer sequences for both the target and reference genes are provided in the accompanying Table 1.
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Western blot

We utilized a protein extraction kit (Solarbio, BC3710) to isolate cellular proteins. Protein concentration was determined using the Pierce™ BCA Protein Assay Reagent A (Thermo Scientific, 23228, Shanghai, China), after which Pierce™ BCA Protein Assay Reagent B (Thermo Scientific, 23224) was added. Subsequently, 5 × SDS sample buffer was introduced to the protein mixture, which was then heated to 100°C for a duration of 5 min. Protein was loaded at 50 μg for SDS-PAGE electrophoresis at 150 V for 30–40 min when the bromophenol blue indicator strip was electrophoresis to the bottom of the gel to end the electrophoresis. The eBlot™ L1 Fast Wet Transfer Kit (Genscript, L00686C, Nanjing, China) and the eBlot L1 Transfer Concentration Kit (Genscript, L00726C) were used for transfer. After the transfer process, the Polyvinylidene fluoride (PVDF) membrane (Millipore, IPVH00010, Darmstadt, Germany) was subjected to a 5-min rinse in TBST (Servicebio, G2150-1L). Thereafter, incubated with a TBST solution containing 5% skimmed milk powder for one hour at ambient temperature, followed by three serial washes using TBST, 5 min each. The membrane was subsequently probed with the following primary antibodies: NPC1L1 (Abclonal, A10049, Wuhan, China), diluted at a ratio of 1:3000; N-cadherin antibody (Wuhan Sanying, 22018-1-AP), diluted at a ratio of 1:5000; E-cadherin antibody (Wuhan Sanying, 20874-1-AP), diluted at a ratio of 1:50,000; Slug antibody (Wuhan Sanying, 12129-1-AP), diluted at a ratio of 1:10,000 and GAPDH (Wuhan Sanying, 60004-1-Ig), diluted at a ratio of 1:300,000. Each of these primary antibodies was allowed to bind to the membrane for 1 h at room temperature. Post-incubation, the membrane was subjected to three additional washes of 5 min each to remove any unbound antibodies.

HRP Conjugated AffiniPure Goat Anti-rabbit IgG (Boster Biological Technology, BA1054, Wuhan, China), diluted at a ratio of 1:20,000, or HRP Conjugated AffiniPure Goat Anti-mouse IgG (Boster Biological Technology, BA1051), diluted at a ratio of 1:20,000, was then incubated at room temperature for 40 min. Subsequently, the membrane was subjected to three 7-min washes. Finally, the ultra-sensitive ECL chemiluminescence substrate kit (Biosharp, BL520B, Hefei, China) was used for chemiluminescence, and the automatic chemiluminescence image analysis system was used for imaging. The optical density of the protein bands was quantified using Image-Pro Plus 6.0 software (Media Cybernetics, Rockville, MD, USA).

Transcriptome analysis

The extracted RNA was qualitatively tested, and after the sample was qualified, the eukaryotic mRNA was enriched with magnetic beads with Oligo (dT). The purified mRNA is fragmented and reverse transcribed, and quality control is performed to generate sequencing libraries. Libraries were sequenced on Illumina Novaseq 6000/MGISEQ-T7. The transcriptome sequencing and analysis of this study were commissioned by Shanghai Zhongke New Life Biotechnology Co., Ltd. (China). The raw sequencing data is first evaluated for quality.HISAT2 software was used (http://daehwankimlab.github.io/hisat2/, accessed on 6 February 2020) to sequence align the Clean Reads to the indicated genome.DESeq2 (http://bioconductor.org/packages/release/bioc/html/DESeq2.html, accessed on 26 April 2023) was used for differential expression analysis of genes between groups, and the default screening threshold for differentially expressed genes was: |log2FoldChange| > 1 and p adjusted <0.05. Utilizing the clusterProfiler R package (Bioconductor,4.12.2), we conducted an enrichment analysis of Gene Ontology (GO) functions and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways. Significance in enrichment was determined at a p-value cutoff of <0.05, indicative of substantial enrichment for GO or KEGG functions. The Search Tool for the Retrieval of Interacting Genes (STRING) database (accessed via https://www.string-db.org/, accessed on 26 July 2023) was employed primarily for mapping protein-protein interaction networks corresponding to the genes of interest. In cases where the species was not represented within the STRING database, we initially aligned the target gene set sequences using blastx (with a threshold of e value <1e-10) against the protein sequences of reference species that are included in the database. Subsequently, the protein interaction data from these reference species were utilized to construct the interaction network.

Statistical analysis

Statistical analyses were conducted using Prism (Graphpad software Inc., Graphpad 9.0.0, San Diego, CA, USA). The presented data correspond to the average of three separate experimental replicates and are depicted as mean ± standard deviation (SD). To assess the significance of differences among multiple groups, a one-way analysis of variance (ANOVA) was applied, complemented by Tukey’s post-hoc test. p-value < 0.05 was deemed statistically significant.

Result

Data acquisition differentially expressed genes (DEGs) identification

The volcano plot showed the distribution and up and down-regulation of the two groups of differential genes (Fig. 1A,B). Each data point in these plots corresponds to an individual gene. The genes that exhibit no significant difference are represented by gray dots. The genes that are significantly up-regulated are denoted by red dots, while those that are significantly down-regulated are indicated by blue dots. This classification is based on the statistical criteria of p-value < 0.05 and |log2 FC| >1.0. The differential gene cluster map delineates the variability among genes across the two groups (Fig. 1C,D). Cluster analysis outcomes revealed the differential expression profiles of genes within various samples. In this representation, red signifies genes with elevated expression levels, whereas blue denotes genes with reduced expression levels. The genes with altered expression levels under different treatments, along with their log2FoldChanges are listed in Table 2.
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Figure 1: The volcano plots and heat map show DEGs expression between the TGF-β1 group vs. the control group and the TGF-β1 + GAA group vs. the TGF-β1 group. (A) A volcano plot comparing DEGs expression in the TGF-β1 group relative to the control group. (B) The volcano plot of DEGs expression between the TGF-β1 + GAA group and TGF-β1 group. (C) The heat map of DEGs expression between the TGF-β1 group and control group. (D) The heat map of DEGs expression between the TGF-β1 + GAA group and TGF-β1 group. Criteria: p-value < 0.05 and |log2 FC| > 2.0. DEGs: Differentially expressed genes; TGF-β1: Transforming growth factor beta1; GAA: Ganoderic acid A.
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GO functional enrichment and KEGG indicated the enrichment of lipid metabolism-related pathways

The functional enrichment analysis of differentially expressed genes is categorized into three classes based on GO functional entries: Biological Process (BP), Cellular Component (CC), and Molecular Function (MF). The top 10 functional entries under each of the three major GO categories, sorted by p value, were selected for representation in the form of a bar chart. This accounts for a total of 30 functional entries. Compared to the control group, the upregulated DEGs in the TGF-β1 group primarily involve molecular functions related to temperature−gated cation channel activity, formimidoyltetrahydrofolate cyclodeaminase activity, glutamate formimidoyltransferase activity, cholesterol 25−hydroxylase activity. Biological Process mainly involve leukocyte chemotaxis, acute-phase response, cell chemotaxis, leukocyte migration, etc. Cell components include eukaryotic 48S preinitiation complex, extracellular exosome, high−density lipoprotein particle, etc. (Fig. 2A). The KEGG enrichment scatter plot provides a vivid illustration of the most significantly enriched pathways among the top 20 entries. The graphical representation uses a color gradient to denote the Rich Factor, where a deeper shade of red signifies a higher value, indicating a stronger enrichment. The magnitude of the scatter points is proportional to the number of DEGs associated with each pathway. The KEGG enrichment results revealed that the upregulated DEGs pathways are significantly enriched in pathways such as Glycosaminoglycan biosynthesis-keratan sulfate, primary bile acid biosynthesis, and histidine metabolism (Fig. 2B).
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Figure 2: GO enrichment analysis and KEGG analysis of DEGs between TGF-β1 group and control group. (A) GO enrichment analysis. (B) KEGG enrichment analyses. GO: Gene Ontology; KEGG: Kyoto Encyclopedia of Genes and Genomes.

Similarly, it can be observed that, comparing the TGF-β + GAA intervention group to the TGF-β group, Molecular functions the downregulated DEGs involved are predominantly associated with low-density lipoprotein binding, protein-lipid complex binding, lipoprotein particle binding, and cholesterol 25-hydroxylase. The cellular component primarily involves the glomerular endothelium fenestra (Fig. 3A). KEGG enrichment analyses in Fig. 3B showed that the differential genes are significantly enriched in the primary bile acid biosynthesis pathway (Fig. 3B).

[image: images]

Figure 3: GO enrichment analysis and KEGG analysis of DEGs between TGF-β1 + GAA group and TGF-β1 group. (A) GO enrichment analysis. (B) KEGG enrichment analyses. GO: Gene Ontology; KEGG: Kyoto Encyclopedia of Genes and Genomes.

NPC1L1 was screened as differential gene, qPCR and WB proved that GAA can inhibit renal fibrosis by regulating NPC1L1 gene

To explore the inner relationship between GAA intervention and renal fibrosis, heat map was involved to visualize the expression of genes in different samples (Fig. 4A). In contrast to the control group, the TGF-β stimulation group exhibited differential regulation of 267 genes, with 118 genes upregulated and 149 genes downregulated. Compared with the TGF-β intervention group, TGF-β + GAA intervention group showed 213 genes with altered expression levels, comprising 112 upregulated and 101 downregulated genes. Among them, 28 genes were found to be co-regulated, as depicted in Fig. 4B. To identify hub genes among the 28 co-regulated genes, a protein-protein interaction (PPI) network was constructed using the STRING database, as illustrated in Fig. 4C. In conjunction with prior transcriptomic findings, we identified the differentially expressed gene NPC1L1 for initial validation. Expression of NPC1L1 was measured by qPCR in Human Kidney-2 (HK-2) cells treated with TGF-β1 and GAA. The results indicated a marked upregulation of NPC1L1 expression following TGF-β1 treatment, which was subsequently mitigated by GAA (Fig. 4D). Followed by Western blot validation, the expression of NPC1L1 protein was also increased in TGF-β1 group, while inhibited after GAA intervention (Fig. 4E,F).
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Figure 4: DEGs of GAA targeted in renal fibrosis. (A) Clustering heat map of DEGs in three groups. (B) Venn diagram showing 28 DEGs between TGF-β1 stimulation group and TGF-β1 + GAA group. (C) PPI network related to the hub genes identified. (D) Validation of NPC1L1 expression treated by TGF-β1 and GAA through qPCR assay. (E) Western blot verified TGF-β1 stimulation promoted NPC1L1 expression, and inhibited by GAA. (F) Expression of NPC1L1 protein was measured by Western blot in E. **p < 0.01; ***p < 0.001; ****p < 0.0001.

GAA inhibits EMT by regulating NPC1L1 expression

The results of qPCR and Western blot showed that compared with the control group, TGF-β1 stimulation promoted the expression of N-cadherin and Slug genes while significantly reduced the expression of the E-cadherin gene. Compared with the TGF-β1 group, the expression of the E-cadherin gene was significantly promoted, whereas the expression of N-cadherin and Slug was significantly reduced. After overexpression of NPC1L1, the effects of GAA intervention were significantly reversed (Fig. 5A). Western blot showed that compared to the control group, TGF-β1 stimulation significantly reduced E-cadherin protein expression, while promoted the expression of N-cadherin, α-SMA, and Slug. After GAA intervention, the expression of E-cadherin protein increased, N-cadherin, α-SMA and Slug expression decreased. After overexpression of NPC1L1, the effects of GAA intervention were was reversed again (Fig. 5B,C). The results of Western blot were in line with the qPCR results, which indicates a conclusion that GAA can effectively inhibit EMT by regulating NPC1L1 expression.
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Figure 5: GAA inhibited EMT by regulating NPC1L1 expression. (A) The expression levels of E-cadherin, N-cadherin, Slug genes under different treatments. (B) Western blot analysis of N-cadherin, E-cadherin, α-SMA and Slug proteins under different treatments. (C) The expression levels of N-cadherin, E-cadherin, α-SMA and Slug proteins in different groups. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

GAA affects renal fibrosis by regulating NPC1L1 expression

Western blot analyses revealed that stimulation with TGF-β1 augmented the expression of Collagen I and Tenascin-C proteins, compared to the control group (Fig. 6A,B). Notably, protein expression levels of Collagen I and Tenascin-C were significantly diminished in the TGF-β1 + GAA group. Conversely, following the overexpression of NPC1L1, the TGF-β1 + GAA group exhibited enhanced protein expression of Collagen I and Tenascin-C. We verified the expression levels of Fibronectin in HK-2 cells with CTRL, TGF-β1, TGF-β1 + GAA, TGF-β1 + GAA + OE by immunofluorescence staining (Fig. 6C). The findings demonstrated that GAA intervention led to a reduction in TGF-β1-mediated Fibronectin expression, and Fibronectin expression notably increased after overexpression of NPC1L1 (Fig. 6D).
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Figure 6: GAA affects renal fibrosis by regulating NPC1L1 expression. (A) Western blot results about expression of Tenascin-C and Collagen I proteins. (B) The expression levels of Tenascin-C and Collagen I proteins under different treatments. (C) Immunofluorescence detection of Fibronectin in Human Kidney-2 (HK-2) cells under varying treatments. (D) Quantitative results of immunofluorescence detection of Fibronectin. *p < 0.05, **p < 0.01. Scale bar = 100 μm.

Discussion

Renal fibrosis constitutes a pivotal pathway in the progression of CKD pathophysiology [7]. The overexpression of cytokines and vasoactive chemicals is crucial in the development of renal fibrosis. Due to the synergistic impact of these factors, ECM undergoes degradation and becomes imbalanced, leading to a significant buildup of ECM in the kidneys, ultimately ending in renal fibrosis [27]. GAA, a prominent bioactive compound found in Ganoderma leucocontextum, has demonstrated a diverse range of biological effects. Nevertheless, the potential mechanism in which GAA impacts renal fibrosis remains unclear. Therefore, we performed this experiment to clarify it.

During the process of kidney damage, a sequence of intrinsic healing mechanisms were triggered. Several mechanisms contribute to this process, including the increased production of profibrotic proteins, the growth of myofibroblasts, the excessive accumulation of ECM in the renal interstitium, and tubular epithelial-mesenchymal transition (EMT) [28]. TGF-β1 is recognized as a pivotal mediator in the pathogenesis of renal fibrosis [29]. TGF-β1, renowned as the primary fibrogenic cytokine, is instrumental in both the onset and advancement of renal fibrosis through orchestrating a complex interplay of multiple signaling mechanisms [30], which is also a commonly used stimulator in tissue fibrosis models. Therefore, we established a HK-2 model of renal fibrosis by TGF-β1 induction.

EMT in the tubular structure represents a sophisticated mechanism, in which morphological shift from epithelial to mesenchymal cell constitutes a pivotal transformation [31]. When the kidneys sustain damage, the renal tubular epithelial cells undergo a transformation into activated fibroblasts. These fibroblasts then release a significant quantity of collagen and fibronectin, leading to the deposition of a substantial amount of ECM and ultimately ending in fibrosis [32]. E-cadherin (E-cad) and N-cadherin(N-cad) belong to the same cadherin superfamily [33]. E-cadherin serves as a distinctive marker for renal tubular epithelial cells, playing a crucial role in the linkage of the actin cytoskeleton. It is a pivotal adhesion molecule responsible for upholding the polarity and integrity of tight junctions within these epithelial cells of the renal tubules [34]. Studies have shown that the decrease in E-cad expression is a crucial step in the process of EMT, and this decrease results in a reduction in the adhesion between cells [35–37]. During the process of EMT, there was a decrease in the expression of E-cad, while the level of N-cad, which is a marker for interstitial cells, showed a considerable increase [38]. This finding was also corroborated in our investigation.

α-smooth muscle actin (α-SMA) is a characteristic protein expressed by myofibroblasts, which directly reflects the degree of fibrosis in kidney tissue [39]. Myofibroblasts are cells that can contract and express α-SMA. They play a role in normal wound healing and contribute to the formation of scar tissue by producing collagen [40]. The significant accumulation and transformation of myofibroblasts in the renal interstitium is a crucial mechanism for ECM synthesis in renal fibrosis [32]. Slug is a transcription factor that induces EMT and is also the upstream transcription factor of E-cad [41], which has a recognized role in EMT induction. The expression of Slug is conventionally inversely related to the expression of E-cadherin [6]. We increased the correlation between slug protein and E-cad, N-cad, and α-SMA proteins to indicate EMT. This is also confirmed by our findings. Following TGF-β1 stimulation, there was a marked enhancement in the protein levels of N-cadherin, α-SMA, and Slug, with a corresponding decrease in E-cadherin expression when compared to the control group. Treatment with GAA counteracted this phenomenon by boosting E-cadherin levels and concurrently inhibiting the overexpression of N-cadherin, α-SMA, and Slug.

TenascinC is a group of glycoproteins found in the extracellular matrix. They are created in excess during the process of repairing tissue injury and fibrosis [42]. Collagen I and III are the primary components of the ECM and can serve as marker proteins to indicate the formation of the ECM [43]. Fibronectin is a major component of the ECM in renal fibrosis, and its increased synthesis promotes ECM accumulation [44]. The findings of this study revealed that following GAA intervention, the TGF-β1 + GAA group exhibited a marked reduction in the expression levels of Collagen I and Tenascin-C genes and proteins, as compared to the group subjected to TGF-β1 stimulation alone. Simultaneously, the immunofluorescence findings likewise confirmed the related conclusions. The expression of TGF-β1-induced Fibronectin was decreased following GAA intervention, in comparison to the TGF-β1 stimulation group. The impact of GAA intervention in enhancing renal fibrosis has been initially validated.

NPC1L1 is a pivotal protein involved in the intracellular transport of cholesterol, which plays a critical role in the regulation of dietary cholesterol absorption and the modulation of circulating low-density lipoprotein (LDL) cholesterol levels [45,46]. Cholesterol is a fundamental molecule that integral to the architecture of cellular membranes and provides the foundational material for the biosynthesis of bile acids and steroid hormones. Dysregulation of cholesterol metabolism is associated with a plethora of metabolic disorders. NPC1L1 is a critical regulator of cholesterol and lipid metabolism, functioning pivotal in sustaining the equilibrium of cholesterol homeostasis within the organism [47]. Studies have shown that inhibition of NPC1L1 expression can significantly reduce blood cholesterol levels. Research has demonstrated that suppressing the expression of NPC1L1 can effectively decrease levels of cholesterol in the bloodstream. Some studies [48–50] have found that renal lipid metabolism disorders can promote the progression of renal fibrosis, so regulating renal lipid metabolism disorders can be used as the main target for the treatment of renal fibrosis [51].

Alterations in lipid metabolism have been implicated in a variety of metabolic disorders [52–55]. Although the kidneys are not considered metabolic organs, renal tubular cells have a high baseline energy consumption and primarily rely on fatty acid oxidation for energy [52]. The high energy requirement of renal proximal tubular cells, along with their limited glycolytic capabilities, necessitates the utilization of free fatty acid oxidation as the primary energy source for these cells [25]. When renal trauma happens, the capacity for fatty acid oxidation in renal tubular epithelial cells is compromised, concomitant with an elevation in glycolytic activity. This metabolic shift results in an enhanced generation of reactive oxygen species (ROS) and the upregulation of pro-inflammatory and pro-fibrotic mediators, thereby aggravates renal fibrosis [52–54]. NPC1L1 has the ability to regulate the process of transcription genes that are involved in lipid synthesis [56,57]. Furthermore, it can activate the enzymatic activity of fatty acid synthase, which ultimately leads to an augmentation in the levels of free fatty acids. Subsequent to the overexpression of the NPC1L1 gene, an increment in the expression of fibrosis-associated marker proteins was observed, corroborating our prior findings.

While our study offers valuable insights into the anti-fibrotic impacts and the mechanisms by which GAA operates, there are certain limitations. First, using in vitro HK2 cell models is insufficient to properly replicate the intricate etiology of human renal fibrosis. Secondly, in the mechanism of GAA’s regulation of the NPC1L1 gene on renal fibrosis, we hypothesized that the NPC1L1 gene affects renal fibrosis by regulating lipid synthesis and affecting lipid metabolism pathways. However, we did not test for lipid peroxidation and inflammatory responses. In addition, the pathological mechanism of renal fibrosis is complex, primarily involving cell EMT, deposition of ECM, infiltration of inflammatory cells, and other factors. We examined the fundamental mechanisms of GAA in EMT and ECM deposition pathways, but did not explore the involvement of NPC1L1 in the development of other inflammatory pathways.

To summarize, we initially confirmed the anti-renal fibrosis impact of GAA using qPCR and Western blot analysis. We then investigated how GAA regulates the NPC1L1 gene’s influence on the epithelial-mesenchymal transition and extracellular matrix formation in renal tubular cells by producing an overexpressed NPC1L1. This study revealed how GAA affects the protective impact of TGF-β1-induced renal fibrosis, and established a theoretical foundation for using GAA to ameliorate renal fibrosis.
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TABLE 1

The primer sequences of cytokine genes for quantitative real-time
PCR detection

Primer Sequence from 5’ to 3’ Primer
(Homo length
sapiens)

NPCILI F: GATGGTGGACCCCAAGAAGG 143 bp
R: CCGGGATGACAGATAGCACC

N-cad F: GTGCATGAAGGACAGCCTCT 138 bp
R: TGGAAAGCTTCTCACGGCAT

E-cad F: ATGCTGATGCCCCCAATACC 105 bp
R: TGCCATCGTTGTTCACTGGA

Slug F: AGACCCCCATGCCATTGAAG 79 bp

R: GGCCAGCCCAGAAAAAGTTG
GAPDH F: GACAGTCAGCCGCATCTTCT 196 bp
R: GCGCCCAATACGACCAAATC
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TABLE 2

Gene expression table

Gene ID Symbol GAA vs. TGF-$1 group TGF-B1 vs. Control group
Log2FC p-value Log2FC p-value
ENSG00000015520 NPCILI -1.5076 0.030911 1.4256 0.045019
ENSG00000288460 SMIM42 —-2.0435 0.086254 4.9901 0.93835
ENSG00000287117 - -1.6255 0.028061 1.2304 0.049713
ENSG00000275223 - 2.7956 0.0062991 -2.5024 0.019097
ENSG00000271119 - 1.7692 0.035306 -1.8017 0.019389
ENSG00000268230 - 3.1652 0.43564 4.4465 0.993
ENSG00000261159 - 4.4138 0.011035 —4.0411 0.041462
ENSG00000259562 - —-3.461 0.042229 3.5998 0.028499
ENSG00000258545 RHOXFI-AS1 —4.594 0.024751 4.8769 0.014082
ENSG00000254221 PCDHGBI 4.6555 0.027787 -4.5118 0.030877
ENSG00000251441 RTELIPI 1.199 0.017949 -1.5181 0.00088108
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