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High Glucose Aggravates Cholesterol Accumulation in Glomerular Endothelial Cells Through the LXRs/LncRNAOR13C9/ABCA1 Regulatory Network
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Background: The underlying mechanisms by which diabetes and dyslipidemia contribute to diabetic nephropathy (DN) are not fully understood. In this study, we aimed to investigate the role of high glucose (HG) on intracellular cholesterol accumulation in glomerular endothelial cells (GEnCs) and its potential mechanism.

Methods: Oil red O staining, RT-qPCR, Western blotting, and immunocytofluorescence analyses were used to determine cholesterol accumulation and the expressions of LXRs and ABCA1 in GEnCs under high cholesterol (HC) and/or HG conditions, and the effect of these treatments was compared to that of low glucose without adding cholesterol. LncRNA microarrays were used to identify a long non-coding RNA (LncRNA OR13C9), of which levels increased in cells treated with the LXR agonist, GW3965. Fluorescence in situ hybridization (FISH) was conducted to confirm subcellular localization of LncOR13C9 and a bioinformatics analysis was used to identify competing endogenous RNA (ceRNA) regulatory networks between LncOR13C9 and microRNA-23a-5p (miR-23a-5p). Gain and loss of function, rescue assay approaches, and dual-luciferase reporter assay were conducted to study interactions between LncOR13C9, miR-23a-5p, and ABCA1.

Results: We showed that HG could decrease the response ability of GEnCs to cholesterol load, specifically that HG could downregulate LXRs expression in GEnCs under cholesterol load and that the decrease in LXRs expression suppressed ABCA1 expression and increased cholesterol accumulation. We focused on the targets of LXRs and identified a long non-coding RNA (LncOR13C9) that was downregulated in GEnCs grown in HG and HC conditions, compared with that grown in HC conditions. We speculated that LncRNAOR13C9 was important for LXRs to increase cholesterol efflux via ABCA1 under HC. Furthermore, using gain of function, loss of function, and rescue assay approaches, we showed that LncOR13C9 could regulate ABCA1 by inhibiting the action of miR-23a-5p in the LXR pathway. Furthermore, dual-luciferase reporter assay was conducted to study the interaction of LncOR13C9 with miR-23a-5p.

Conclusion: Overall, our study identified the LXRs/LncOR13C9/miR23A-5p/ABCA1 regulatory network in GEnCs, which may be helpful to better understand the effect of HG on cholesterol accumulation in GEnCs under cholesterol load and to explore new therapeutic tools for the management of DN patients.
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INTRODUCTION

Diabetic nephropathy (DN) is one of the most common and serious microvascular complications of diabetes (Choby, 2017). Epidemiological surveys have found that it is expected that the number of global diabetes patients will reach 642 million by 2020 (Choby, 2017; Zhao et al., 2018). Due to the increase in the number of diabetic patients, DN has become the most common cause of end-stage nephropathy (Zhao et al., 2018). At present, although many theories have been put forward regarding the pathogenesis of DN, its specific mechanism is still unclear. As early as in the 1930s, some scholars discovered the existence of adipose deposition in kidney tissue of DN patients after autopsy (Murea et al., 2010; Shapiro et al., 2011). It indicated that the damage caused by adipose deposition on renal cells played a role in the progression of DN and chronic renal failure. Subsequently, lipotoxicity, a theory in which accumulation of excess lipid in non-adipose tissue leads to cell dysfunction and potential cell death was proposed (Kohlwein and Petschnigg, 2007). Many studies have found that lipotoxicity may be involved in the occurrence and development of non-alcoholic fatty liver disease, atherosclerotic cardiovascular disease, islet cell dysfunction, diabetic macrovascular, and microvascular complications (Gaemers et al., 2011; Plötz et al., 2016; Hennessy et al., 2019). At present, we know that the maintenance of lipid homeostasis is essential for human health and that abnormal lipid metabolism and accumulation, including that of cholesterol and triglycerides, result in disease states. The removal of excess cholesterol from cells and its delivery to the liver are important in protection from pathologic cholesterol accumulation in tissues (Siddiqi et al., 2015). Intracellular cholesterol accumulation in the kidney is a characteristic of high fat-induced kidney damage (Declèves et al., 2014), and an understanding of the regulatory mechanism of cholesterol at the cellular level is necessary.

To our knowledge, liver-X-receptors (LXRs) play a key role in the regulation of genes by controlling the response to excess cholesterol, particularly that of ATP binding box transporter A1 (ABCA1) (Lee and Tontonoz, 2015). ABCA1 is a membrane protein that is highly expressed in the liver, kidneys, other organs, and tissues (Oram and Lawn, 2001; Wellington et al., 2002). It functions as a primary gatekeeper for the elimination of excess free cholesterol from cells to lipid-free apoA-I, resulting in the formation of nascent high-density lipoprotein (HDL) (Attie et al., 2001; Oram and Lawn, 2001). The results of Zhu et al. showed that, compared with macrophages of wild type mice, macrophages of ABCA1 knock-out (KO) mice showed a >95% reduction in ABCA1 protein levels and a significant increase in free cholesterol (FC), and that excess FC accumulation could induce cytotoxicity and apoptosis of macrophages (Zhu et al., 2008). Moreover, Liu and colleagues found that ABCA1 participates in the outflow of cholesterol from renal cells, and its expression is downregulated in HG environments (Liu et al., 2018).

The annotation of sequencing results showed that less than 2% of the human genome is composed of protein-coding genes and that a majority were non-coding genes that produce a large number of non-coding transcripts, including cirRNAs, microRNAs, and LncRNAs (Talkish et al., 2014; Boivin et al., 2018; Lawrie et al., 2018). LncRNAs are more than 200 nucleotides long and they can exert their functions by forming lncRNA-protein, lncRNA-DNA, and lncRNA-RNA interactions. Although it is estimated that the human genome includes >10,000 lncRNAs, fewer than 5% of all lncRNAs have been functionally characterized (Palazzo and Lee, 2015; Schmitz et al., 2016). In addition, recent studies have found that LncRNAs exert regulatory functions involved in the occurrence and development of diabetes and control of cellular cholesterol metabolism (Li D. et al., 2017; Das et al., 2018). For example, several lncRNAs have been found to promote or inhibit the functions of regulatory genes involved in cholesterol synthesis and efflux, including LeXis, MeXis, and CHROME (Sallam et al., 2016, 2018; Hennessy et al., 2019).

DN is a diabetic microvascular complication, and dysfunction of glomerular endothelial cells (GEnCs) is involved in this pathological process (Matsuda et al., 2018). Increasing evidence has shown that GEnCs are an integral part of the glomerular filtration barrier, and that GEnCs injury or dysregulation of cross-talk between GEnCs and podocytes contributes to the development and progression of DN (Broekhuizen et al., 2010; Byron et al., 2014; Herman-Edelstein et al., 2014). The prevention and repair of GEnC injury have shown potential as a promising therapeutic target in DN (Ahotupa, 2017). As with other vascular endothelial cells, GEnCs can be directly affected by circulating substances, such as blood glucose, blood lipids, and inflammatory mediators. Researchers have observed cholesterol accumulation in the GEnCs of patients with DN and the cholesterol accumulation could lead to GEnCs injury accompanied by the production of a wide range of inflammatory cytokines in vitro (Yin et al., 2016).

Taken together, LncRNAs act as a bridge between high glucose (HG) and lipotoxicity induced by cholesterol accumulation in GEnCs, and an understanding of the role of glucolipid metabolism disorders on the expression of ABCA1 and cholesterol accumulation in GEnCs via a regulatory pathway involving LncRNAs may uncover the underlying mechanisms of the pathogenesis of DN.



MATERIALS AND METHODS


Cell Culture

GEnCs (SienCell, United States) were cultured in endothelial cell medium (ECM) (SienCell, United States) supplemented with endothelial cell growth factors (SienCell, United States), 5% FBS, and 1% penicillin/streptomycin. The GEnCs were maintained in a humidified incubator containing 5% CO2 at 37°C and were divided into a Control Group [ECM with low glucose (LG), 5.6 mmol/L], HG Group (ECM with HG, 25 mmol/L), high cholesterol (HC) Group [ECM with HC, 400 μg/ml (carboxymethyl-β-cyclodextrin cholesterol (water-soluble cholesterol) (Sigma, United States)], and HG with HC Group (ECM with HG and HC). GW3965 (MedChemExpress, United States) was used to agitate the LXRs in the GEnCs.



Oil Red O Staining

After treatment with cholesterol or glucose for 24 h, each group was rinsed in PBS, fixed in 4% paraformaldehyde for 30 min, stained in freshly diluted oil red O (Solarbio, Beijing, China) for 15 min, decolorized in 70% ethanol solution for 15 s, re-dyed in hematoxylin (Solarbio, Beijing, China) staining solution for 30 s, and rinsed in PBS twice. Then, the cells were observed and photographed under an inverted microscope. Image J pro plus software was used to calculate the area of oil red O staining.



Quantification of Total Cholesterol

Total cholesterol levels in the GEnCs were measured using enzymatic colorimetric assay. In brief, the cells were collected from six-well plates and then crushed using ultrasonic waves. Subsequently, the total cholesterol levels of the cells were determined using a total cholesterol assay kit (Jiancheng Bioengineering, Nanjing, China) according to the manufacturer’s instructions. Then, the absorbance of the extraction was measured at 510 nm using a microplate reader.



Immunofluorescence

Immunofluorescence staining was performed to detect the expression of ABCA1 in the GEnCs. In brief, the cells were fixed with 4% paraformaldehyde for 30 min and then blocked with 5% goat serum for 30 min. Subsequently, the cells were incubated with an anti-ABCA1 (1:200, Abcam) antibody at 4°C overnight, followed by incubation with FITC goat anti-rat IgG (H+L) secondary antibody (Sungene Biotech, Tianjin, China) in the dark for 1 h. The nuclei were stained with 4’,6-diamidino-2-phenylindole (Beyotime, Shanghai, China) for 5 min. The cells were observed under a fluorescence microscope.



Measurement Using the Cell Counting Kit-8 (CCK-8)

CCK-8 assay (Solarbio, Beijing, China) was used to assess cell viability. The GEnCs were exposed to different concentrations of cholesterol (200, 400, and 600 μg/ml). After the ECM was replaced, 10 μl of CCK-8 reagent was added to a 96-well plate containing the cells, which was incubated in the dark at 37°C for 1–4 h. Absorbance was measured at 450 nm using a microplate reader (Tecan). All experiments were repeated three times.



Cell Transfection

A LncOR13C9-pcDNA3.1 plasmid and control plasmid (GenePharma, Shanghai, China), siRNAs targeting LncOR13C9, and its negative control RNA (si-NC) (GenePharma, Shanghai, China) were generated. The siRNA sequences are shown in Table 1. The GEnCs were transfected using a Lipofectamine 2000 system (Thermo Fisher Scientific) according to the manufacturer’s instructions.


TABLE 1. The primer sequences for qRT-PCR.
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RNA Isolation and Quantitative Real-Time PCR Analyses

Total RNAs were extracted from cells using TRIzol reagent (Invitrogen, Waltham, United States), and cDNA was synthesized from RNA using a Reverse Transcription Kit (Takara, Beijing, China). qRT-PCR reactions were conducted using the SYBR Green Master (Takara, Beijing, China) along with a CFX96 real-time PCR detection system (Bio-Rad, United States). The primer sequences used are shown in Table 1. Fold change difference in gene expression was calculated using the 2–Δ Δ Ct method.



Western Blotting Analysis

The treated cells were washed with PBS and lysed in a RIPA lysis buffer (Beyotime, Shanghai, China) supplemented with a protease inhibitor cocktail (Boster, Wuhan, China) to extract total proteins. The membrane protein was extracted from the cells using a Membrane Protein Extraction Kit (Beyotime, Shanghai, China). Immunoblotting analysis was performed as previously described (Yin et al., 2016) following standard procedures and using the primary antibodies, ABCA1, LDLR (Abcam), LXR (ABclonal), and Anti-β-actin (ProteinTech). In brief, the protein was separated on an 8–10% SDS denatured polyacrylamide gel and then transferred onto a NC membrane. The membranes were blocked with 5% skim milk and were incubated with appropriate antibodies at 4°C overnight. Then, the membranes were washed and incubated with horseradish peroxidase–conjugated secondary antibodies (1:3,000; Sanjian, Tianjin, China). The protein of interest was visualized using an Immobilon Western Chemiluminescent HRP Substrate (Thermo Fisher Scientific).



Fluorescence in situ Hybridization (FISH)

The prepared cell samples were fixed with 5% formaldehyde for 25 min. Then, the cells were incubated with a LncRNAOR13C9 probe (GenePharma, Shanghai, China) at 42°C overnight. After the sample was washed with SSC solution, the nuclei of the cells were stained with DAPI. The stained results were observed using a confocal laser scanning microscope.



Microarray Analysis

Total RNAs were extracted from GEnCs using TRIzol reagent (Invitrogen, Waltham, United States). LncRNA microarray analysis was performed using Affymetrix Arrays (CapitalBio Corporation, Beijing, China). Microarray hybridization was performed based on standard protocols for Affymetrix assay. In brief, all RNA samples were amplified and transcribed, labeled, hybridized, and washed using GeneChip WT Terminal Labeling, Controls Kit, Ambion WT Expression Kit, and GeneChip Hybridization, Wash, and Stain Kit, respectively. The microarray analysis was performed using Affymetrix GeneChip Operating Software and scanned using the GeneChip Scanner 3000 7G.



Luciferase Assay

The wild-type LncOR13C9 untranslated region (UTR) and a mutant LncOR13C9 UTR were cloned into the pmirGLO luciferase reporter plasmid. Luciferase vectors were transfected with the miR-23a-5p mimics or negative control and into HEK-293T cells using a Lipofectamine 2000 system. Forty-eight hours after transfection, the cells were collected and lysed. A Dual Luciferase Reporter Assay kit (Beyotime, Shanghai, China) was used to detect relative luciferase activity. Thereafter, firefly luciferase and renilla luciferase activities of the cell lysates were measured. Renilla luciferase activity was used as a standard for variations in transfection efficiency.



Statistical Analysis

SPSS software was used for all statistical analyses, and t-test was used for data analysis and comparison between two groups. Data on three or more groups were analyzed using one-way ANOVA, and data were presented as [image: image] ± s. A P-value of <0.05 indicated statistical significance.



RESULTS


HG Exacerbates Intracellular Cholesterol Accumulation Under Cholesterol Load

Water-soluble cholesterol was used to establish a suitable HC model in the GEnCs. We determined cell viability under different cholesterol concentrations using CCK-8 assay, and the results showed that the viability of cells grown in HC decreased in a time-dependent and concentration-dependent manner, compared with that of cells grown under normal control condition. Thereafter, we established that 400 μg/ml cholesterol at 24 h was a suitable cholesterol intervention condition to explore lipotoxicity induced by cholesterol accumulation (Figure 1A). Oil red O staining was carried out to observe cholesterol accumulation in GEnCs and the results showed that intracellular cholesterol accumulation in cells grown in HC increased in a concentration-dependent manner (Figure 1B). The results of cholesterol quantification further supported these observations (Figure 1C). To evaluate the effect of HG on cholesterol accumulation in cells, oil red O staining was performed and the results showed that cholesterol accumulation was not remarkable after treatment with HG compared with the normal control, but increased under HC condition, compared with the normal control and HG groups. Intracellular cholesterol accumulation in cells treated with HG and HC was significantly higher than that with HG or HC alone (Figure 1D). These results were further confirmed through cholesterol quantification (Figure 1E). Overall, these results demonstrated that HG may aggravate intracellular cholesterol accumulation under cholesterol load.
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FIGURE 1. HG exacerbates intracellular cholesterol accumulation under cholesterol load. (A) CCK-8 assay was used to evaluate the influence of water-soluble cholesterol on GEnC viability (*P < 0.05 vs. Control; **P < 0.01 vs. Control). (B) Oil red O staining of GEnCs treated with different concentrations of cholesterol (*P < 0.05 vs. Control; **P < 0.01 vs. Control). (C) Cholesterol quantification experiment was conducted to determine the content of intracellular cholesterol (**P < 0.01 vs. Control; ***P < 0.001 vs. Control). (D) Oil red O staining of GEnCs treated with different concentrations of cholesterol and glucose (*P < 0.05 vs. LG; **P < 0.01 vs. LG). (E) Cholesterol quantification experiment was conducted to determine the content of intracellular cholesterol (**P < 0.01 vs. LG; ***P < 0.001 vs. LG; #P < 0.05 vs. HC). CHO, water-soluble cholesterol.




HG Interferes With Cell Responses to Excess Cholesterol by Changing the Expressions of ABCA1 and Low-Density Lipoprotein Receptor (LDLR)

To explore the mechanism by which HG increased GEnCs cholesterol accumulation, the expressions of LDLR and ABCA1 in GEnCs treated with different concentrations of glucose and cholesterol were detected using Western blotting (WB) and RT-qPCR analyses. Compared with the normal control, ABCA1 mRNA and protein levels were downregulated in the HG group and significantly upregulated in the HC group. However, the expression of ABCA1 in the HG and HC groups were downregulated, compared with that in the HC group (Figures 2A–C). Immunofluorescence analysis further supported these results (Figure 2D). Furthermore, the RT-qPCR and WB analyses results showed that the expression of LDLR increased in cells under the HG condition and decreased in cells under the HC condition. Compared with the HC group, the expression of LDLR in cells of the HG and HC groups were significantly elevated (Figures 2E,F).


[image: image]

FIGURE 2. HG interferes with cell responses to excess cholesterol by affecting the expressions of ABCA1 and low-density lipoprotein receptor (LDLR). (A) RT-qPCR analysis to determine ABCA1 mRNA expression (**P < 0.01 vs. LG; ##P < 0.01 vs. HC). (B,C) WB analysis to determine total ABCA1 and surface protein expression (*P < 0.05 vs. LG; #P < 0.05 vs. HC). (D) Immunofluorescence experiment was conducted to determine the expression of ABCA1. (E,F) RT-qPCR and WB analyses were conducted to determine LDLR expression (*P < 0.05 vs. LG; **P < 0.01 vs. LG; #P < 0.05 vs. HC; ##P < 0.01 vs. HC).




HG Affects ABCA1 Upregulation Through LXRs Under Cholesterol Load

To explore the mechanism by which HG affects the expression of ABCA1 under cholesterol load, four ABCA1-associated transcription factors (TFs) (LXRs, RXRs, FXR, and SREBP2) were identified from previous literature reports. LXRs bind to the retinoic X-receptor (RXRα) as obligate heterodimerization partners to direct repeats separated by four nucleotides (DR4-elements) in the promoter of ABCA1. SREBP2, which causes the downregulation of ABCA1, binds directly to the E-box of the ABCA1 promoter (Song et al., 1994; Edwards et al., 2002; Zeng et al., 2004; Lee and Tontonoz, 2015). The RT-qPCR results showed that expressions of LXRs and RXRs were downregulated in cells of the HG group, compared with the normal control. mRNA expression levels of these TFs significantly increased in cells of the HC group, compared with that of the normal control. However, compared with the HC group, the expressions of TFs in cells of the HG and HC groups were significantly downregulated. The expression of FXR mRNA increased in HC cells, compared with that of normal control cells. Compared with the HC group, no significant decrease was observed in FXR mRNA expression levels under HG and HC combined treatment conditions. Additionally, the expression of SREBP2 in cells grown in HC was significantly lower than that of the normal control. Compared with the HC group, cells of the HG and HC groups showed increased SREBP2 expression (Figures 3A,B). These findings suggested that LXRs and RXRs may be positive regulators of ABCA1 that cause the upregulation of ABCA1. Inversely, SREBP2 may cause the downregulation of ABCA1. Potentially involved LXRs were identified for further experimentation. The LXR agonist, GW3965, was used to determine whether LXRs could regulate the transcription of ABCA1 in GEnCs, and the results showed that the activation of LXRs by GW3965 significantly upregulated the expression of ABCA1 (Figures 3C,D). We further explored whether GW3965 could alter the expression of ABCA1 in cells under HG and HC combine treatment. The results showed that the expression of ABCA1 in cells under HG and HC treatment with GW3965 increased, compared to that without GW3965 (Figure 3E). In addition, the results of the cholesterol quantification proved that the downregulation of ABCA1 under HG and HC conditions enhanced cholesterol accumulation, but that activation of LXRs partially reversed cholesterol accumulation in GEnCs (Figure 3F).
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FIGURE 3. HG affects ABCA1 upregulation by LXRs under cholesterol load. (A,B) RT-qPCR analysis was conducted to determine the expression of transcription factors (*P < 0.05 vs. LG; **P < 0.01 vs. LG; ***P < 0.001 vs. LG; #P < 0.05 vs. HC; ##P < 0.01 vs. HC). (C,D) RT-qPCR and WB analyses to determine ABCA1 expression at different concentrations of GW3965 (*P < 0.05 vs. LG; **P < 0.01 vs. LG; ***P < 0.001 vs. LG). (E) RT-qPCR analysis to determine the expression of ABCA1 in cells at HG and HC with GW3965 (**P < 0.01 vs. LG; ##P < 0.01 vs. HC; &P < 0.05 vs. HG+HC). (F) Cholesterol quantification analysis to determine cholesterol accumulation in cells exposed to HG and HC conditions, along with GW3965 (**P < 0.01 vs. LG; #P < 0.05 vs. HC; &P < 0.05 vs. HG+HC).




Analysis and Verification of LncRNA Microarray Results

LncRNA microarray analysis results showed that compared with the control group, the GW3965 treatment group contained 2,116 mRNAs with a fold change value (FC value) of >1.5, and that among them, 1767 were upregulated and 349 were downregulated. Additionally, 2501 LncRNAs, including 1101 that were upregulated and 1400 that were downregulated, showed an FC value of >1.5 (Figures 4A,B). The increased expression of ABCA1 in cells grown with the LXR agonist indicated that LXRs could promote the transcription of ABCA1 in GEnCs. Previous studies have found that LncRNAs can function as molecular miRNA sponges involved in the regulation of target genes (Jia et al., 2016; Hennessy et al., 2019). Thus, we aimed to further explore whether any LncRNAs were involved in the process of ABCA1 regulation. Based on the FC values of the LncRNAs, five candidate LncRNAs (NONHSAT132788, NONHSAT133801, NONHSAT134718, NONHSAT135720, and LINC00092) were identified from among the upregulated LncRNAs to be used in further experiments. The RT-qPCR analysis results showed that NONHSAT133801 (LncRNAOR13C9) in the GW3965 treatment group was significantly upregulated (Figure 4C). However, even without the binding sites in the LncOR13C9 promoter, GW3965 could provoke LncOR13C9 expression. Using FISH, we found that LncRNAOR13C9 (LncOR13C9) was distributed in both the nucleus and the cytoplasm (Figure 4D). The localization of LncOR13C9 in the cytoplasm indicated the possibility that it may contain a translated open reading frame. However, we searched the long non-coding RNA database1 and found that LncOR13C9 did not perform a protein-coding function (Table 2). Therefore, the potential biological role of LncOR13C9 in GEnCs needs to be further explored.


[image: image]

FIGURE 4. Analysis and verification of LncRNA microarray results. (A,B) The heatmap for the differential expression of mRNAs and LncRNAs under the influence of GW3965. (C) RT-qPCR analysis to determine the expression of five candidate LncRNAs (***P < 0.001 vs. NC). (D) The FISH for the location of LncRNAOR13C9 in GEnCs (magnification, 400×).



TABLE 2. The protein coding potential of LncRNAOR13C9.
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LncOR13C9 Is Involved in the Regulation of ABCA1

We explored the role of LncOR13C9 in the LXR pathway that regulates cellular responses to excess cholesterol through ABCA1. To test the effect of LncOR13C9 on GEnCs, siRNAs targeting LncOR13C9, as well as LncRNAOR13C9 plasmids and empty vectors, were constructed and transfected into the cells. RT-qPCR analysis was conducted and the results showed that the expression of LncOR13C9 in cells transfected with siRNA-2,3,4 was lower than that with NC-si (Figure 5A). The knockdown of LncOR13C9 using siRNAs or combined with the LXRs agonist (GW3965) showed that the activation of LXRs could significantly increase the expression of ABCA1, but that the upregulation of ABCA1 significantly decreased the effect of GW3965 when LncOR13C9 was knocked down (Figure 5B). Furthermore, we found that the downregulation of LncOR13C9 could increase LDLR expression but did not alter SREBP2 expression (Figure 5C). We hypothesized that LncOR13C9 may be involved in the regulation of LDLR. We also showed that knockdown of LncOR13C9 in cells exposed to HG and HC conditions could decrease ABCA1 expression and aggravate cholesterol accumulation (Figure 5D). However, opposing effects were observed in cells in which LncOR13C9 was overexpressed (Figure 5E).
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FIGURE 5. LncOR13C9 is involved in the regulation of ABCA1. (A) RT-qPCR and WB analyses to determine the knockdown efficiency of LncRNAOR13C9 and RT-qPCR and WB analyses to determine the expression of ABCA1 in cells transfected with siRNA-2,3,4 (*P < 0.05 vs. si-NC). (B) RT-qPCR analysis to determine ABCA1 expression in GEnCs treated with LncRNAOR13C9 siRNA and GW3965 (***P < 0.001 vs. LG; ##P < 0.05 vs. GW3965+si-NC). (C) RT-qPCR analysis to determine the LDLR and SREBP2 expressions in GEnCs treated with LncRNAOR13C9 siRNA (**P < 0.01 vs. si-NC; ***P < 0.001 vs. si-NC). (D) RT-qPCR and WB analyses to determine the expression of ABCA1 and cholesterol quantification analysis to determine cholesterol accumulation in cells grown under HG and HC conditions, along with LncRNAOR13C9 knockdown (*P < 0.05 vs. HG+HC si-NC; **P < 0.01 vs. HG+HC si-NC; ***P < 0.001 vs. HG+HC si-NC). (E) RT-qPCR analysis to determine the overexpression efficiency of LncRNAOR13C9 (*P < 0.05 vs. LncRNAOR13C9 vector; **P < 0.01 vs. LncRNAOR13C9 vector; ***P < 0.001 vs. LncRNAOR13C9 vector); RT-qPCR and WB analyses to determine the expression of ABCA1 in cells transfected with the LncOR13C9-pcDNA3.1 plasmid (*P < 0.05 vs. the LncRNAOR13C9 vector); and cholesterol quantification analysis to determine cholesterol accumulation in cells grown under HG and HC conditions, along with LncRNAOR13C9 overexpression.




The LncOR13C9 Regulates ABCA1 Expression by Regulating miR-23a-5p

The cytoplasmic localization of LncRNAOR13C9 indicated the possibility that it may interact with cytosolic miRNAs known to post-transcriptionally regulate ABCA1 expression. Recently, miRNAs, such as miR-33, miR-23a-5p, miR-27b, miR-33a, miR-33b, and miR-128, have emerged as potent regulators of cholesterol homeostasis that act through their ability to repress the expression of ABCA1. The bioinformatics analysis (RegRNA 2.0) showed that LncOR3C9 was a potential ceRNA of miR-23a-5p. To explore this potential mechanism, plasmids expressing LncOR3C9 or empty plasmids were transfected into GEnCs. The qPCR results showed that the overexpression of LncOR3C9 downregulated miR-23a-5p expression, compared with empty vector transfected cells. Conversely, knockdown of LncOR3C9 using siRNA increased miR-23a-5p expression (Figure 6A). We further verified that transfection with miR-23a-5p mimics downregulated ABCA1 expression (Figure 6B), which was also reported by Yang et al., who demonstrated that miR-23a-5p repressed 3’ UTR activity of ABCA1 (Yang et al., 2018). To investigate whether LncOR3C9 was a functional target of miR-23a-5p, dual-luciferase gene reporter assays were performed. We found that the luciferase activity in the LncOR3C9-3’ UTR-WT+miR-23a-5p mimics group was significantly lower, compared with the LncOR3C9-3’-WT+miR-23a-5p-NC group. No significant difference was observed in luciferase activity between the LncOR3C9-3’UTR-WT+miR-23a-5p mimics group and LncOR3C9-3’ UTR-WT+miR-23a-5p mimics group (Figure 6C). These results suggested that LncOR3C9 was a target of miR-23a-5p. To elucidate the regulatory effect of LncOR3C9/miR-23a-5p on ABCA1 expression in GEnCs, rescue assays were designed and performed. The results showed that LncOR3C9 overexpression abrogated the miR-23a-5p-mediated repressive effects of ABCA1 (Figure 6D).
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FIGURE 6. LncOR13C9 regulates ABCA1 expression through miR-23a-5p. (A) RT-qPCR analysis to determine miR-23a-5p expression with the overexpression and knockdown of LncOR13C9. (B) RT-qPCR analysis to determine the overexpression efficiency of miR-23a-5p and the expression of ABCA1 in cells transfected with the miR-23a-5p mimic. (C) Luciferase reporter assay on GEnCs co-transfected with LncOR13C9-3’UTR-WT or LncOR13C9-3’UTR-MUT and miR-23a-5p mimics or NC (***P < 0.001 vs. LncOR13C9-WT+NC group). (D) Rescue experiments to determine the regulatory effect of LncOR3C9/miR-23a-5p/ABCA1 in GEnCs (*P < 0.05 vs. mimic NC; #P < 0.05 vs. miR-23a-5p mimic with LncOR13C9 vector).




DISCUSSION

This study investigated the role of HG on cholesterol accumulation in GEnCs. We found that HG downregulated LXRs expression in GEnCs under cholesterol load and that the decrease in LXRs expression suppressed ABCA1 expression and increased cholesterol accumulation. Furthermore, the downregulation of LXRs decreased LncOR13C9 expression, and knockdown of LncOR13C9 downregulated ABCA1 expression. Bioinformatics analysis and luciferase reporter assay found that LncOR13C9 mediated these effects via binding to miR-23a-5p.

The stability of cholesterol metabolism plays a crucial role in maintaining the functions of organisms. However, excessive cholesterol accumulation can impair cellular functions by inducing the release of inflammatory factors, oxidative stress, and apoptosis. Previous studies have found that cholesterol can cause the death of foam cells derived from macrophages, indicating that cholesterol can cause apoptosis by activating the mitochondrial apoptosis pathway and the endoplasmic reticulum apoptosis pathway (Bao et al., 2007). In our study, CCK-8 assay also showed that cholesterol could damage GEnCs at certain levels. The ability of cells to effectively respond to a changing environment provides protection from cholesterol overload. When cholesterol load exceeds the threshold at which cells are able to respond, excessive cholesterol cannot be metabolized and flow out from cells, but accumulates in cells, thereby causing the dysfunction of cells. Furthermore, we found that the ability to respond to cholesterol load was somewhat diluted by the addition of HG, resulting in an increase of cholesterol accumulation in GEnCs. To our knowledge, ABCA1 is a membrane protein that is associated with regulatory genes involved in response to excess cholesterol (Zhang et al., 2011; Li C. H. et al., 2017). Yin et al. (2016) found that the expression level of ABCA1 in apoE–/– mice with diabetes was lower than that in apoE–/– mice without diabetes and that the downregulation of ABCA1 in the kidneys of diabetic mice could lead to cholesterol accumulation, excessive production of cytoinflammatory cytokines and renal dysfunction, suggesting that ABCA1 dysregulation was closely associated with DN. In this study, we found that HG could decrease mRNA and protein levels of ABCA1 in GEnCs under HC, but this observation is controversial since some studies have reported conflicting results. Tsujita et al. (2017) concluded that ABCA1 protein expression was upregulated in the liver of diabetic animals without an apparent increase of its mRNA. Most others studies have found the mRNA and protein levels of ABCA1 decreased in the liver of diabetic mice, as well as in HepG2 or RAW264 cells exposed to HG (Tu and Albers, 2001; Uehara et al., 2002), a conclusion that is consistent with our results. However, no rational interpretation has been proposed for these discrepancies. Furthermore, we examined the effects of HG and HC on LDLR, a protein that mediates cholesterol flow into cells. The results showed that LDLR expression increased in cells treated with HG and HC, compared with that treated with HC alone. This was probably due to the downregulation of LDLR to prevent excessive cholesterol from entering the cells in response to cholesterol overload. However, HG interfered with the ability of the cells to respond to a changing environment, allowing more cholesterol to flow into cells and aggravate intracellular cholesterol accumulation.

At transcriptional level, LXRs are important for the regulation of genes that control the response to excess cholesterol (Lee and Tontonoz, 2015). Our results showed that the activation of LXRs could upregulate the expression of ABCA1 and partially reverse the decrease in ABCA1 expression caused by HG in cells treated with HC. Moreover, HG can aggravate intracellular cholesterol accumulation in cells grown in HC. This indicated that the regulatory pathway of LXRs/ABCA1 is involved in the process through which HG exacerbates cholesterol accumulation in GEnCs under conditions of excess HC.

Recent studies have shown that LncRNAs are involved in cholesterol metabolism (Sallam et al., 2016, 2018; Yan et al., 2016). However, the regulatory role of LncRNAs in the occurrence and development of DN and whether LncRNAs participate in cholesterol accumulation in GEnCs due to HG and HC are not clear. Five LncRNAs were selected from the gene microarray and identified through RT-qPCR analysis. The results showed that GEnCs cultured with the LXR agonist showed increased LncOR13C9 expression, compared with the vehicle treatment. Although we did not identify the direct binding sites of LXRs on the LncOR13C9 promoter, the LXR agonist, GW3965, could stimulate LncOR13C9 expression, indicating that LncOR13C9 plays a role in the transcription of LXRs. Moreover, our results showed that HC could upregulate LncOR13C9 expression, which was downregulated by HG. Knockdown of LncOR13C9 decreased ABCA1 expression and aggravated cholesterol accumulation in GEnCs treated with HG and HC. Reverse effects were observed in GEnCs with LncOR13C9 overexpression.

LncRNAs modulate biological processes, including chromatin remodeling, transcription, and post-transcription, via regulating gene expression (Edwards and Ferguson-Smith, 2007; Wan and Bartolomei, 2008; Lee, 2011; Shi et al., 2013). LncRNAs may act as molecular miRNA sponges that negatively modulate the expression of miRNAs to regulate post-transcription (Jia et al., 2016). Therefore, we hypothesized that LncOR13C9 may act as a miRNA sponge that binds to miRNAs in GEnCs to regulate ABCA1. In this study, through a bioinformatics analysis, we found that miR-23a-5p may act as a bridge between LncOR13C9 and ABCA1. Dual luciferase reporter assay demonstrated that miR-23a-5p could bind to LncOR13C9 in a sequence-specific manner. Recent studies have shown that miR-23a-5p repressed the activity of the 3’UTR of ABCA1 (Yang et al., 2018). Moreover, we illustrated that the overexpression of LncOR13C9 downregulated miR-23a-5p and upregulated the expression of ABCA1. We also found that LncOR13C9 overexpression could partially increase ABCA1 expression, even if miR-23a-5p was overexpressed, suggesting that LncOR13C9 regulated ABCA1 expression through miR-23a-5p. These results suggested that LncOR13C9 positively regulated the post-transcriptional expression of ABCA1 by sponging miR-23a-5p in GEnCs. However, HG suppressed the expression of LncOR13C9 by decreasing LXRs expression to promote cholesterol accumulation through the upregulation of miR-23a-5p and subsequent inhibition of ABCA1 expression. Therefore, we speculated that high blood glucose caused by DM could damage GEnCs by disrupting cholesterol metabolism. This indicated that GEnCs damage caused by cholesterol accumulation aggravated by HG under cholesterol load could be associated with the development and progression of DN.

There are certain limitations of this study. First, we did not explore the specific effect of cholesterol accumulation on GEnCs. Second, we were not able to find suitable literature that could help us explore other pathways, such as the SREBP2 and LDLR pathways, to obtain a complete understanding of the combined effects of HG and HC. Therefore, further studies are needed to address these issues and to confirm our findings.



CONCLUSION

In conclusion, we determined the expression of LncOR13C9 in GEnCs and described its regulatory function in glucose and cholesterol metabolism. We also inferred that the impact of HG on cholesterol accumulation in GEnCs under cholesterol load may be mediated via LXRs/LncOR13C9/miR-23a-5p. The determination of LncOR13C9 expression not only indicated the importance of identifying new regulatory mechanisms to enhance our understanding of glucose and cholesterol metabolic disorders involved in GEnCs damage, but may also enable the identification of new therapeutic strategies and targets for the prevention and treatment of DN.
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