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Extracellular Vesicles From High Glucose-Treated Podocytes Induce Apoptosis of Proximal Tubular Epithelial Cells
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Diabetic kidney disease (DKD) is a serious and common complication of diabetes. Extracellular vesicles (EVs) have emerged as crucial vectors in cell-to-cell communication during the development of DKD. EVs may mediate intercellular communication between podocytes and proximal tubules. In this study, EVs were isolated from podocyte culture supernatants under high glucose (HG), normal glucose (NG), and iso-osmolality conditions, and then co-cultured with proximal tubular epithelial cells (PTECs). MicroRNAs (miRNA) sequencing was conducted to identify differentially expressed miRNAs of podocyte EVs and bioinformatics analysis was performed to explore their potential functions. The results showed that EVs secreted from HG-treated podocytes induced apoptosis of PTECs. Moreover, five differentially expressed miRNAs in response to HG condition were identified. Functional enrichment analysis revealed that these five miRNAs are likely involved in biological processes and pathways related to the pathogenesis of DKD. Overall, these findings demonstrate the pro-apoptotic effects of EVs from HG-treated podocytes on PTECs and provide new insights into the pathologic mechanisms underlying DKD.
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INTRODUCTION

Diabetic kidney disease (DKD) is a serious and common microvascular complication of diabetes mellitus (DM) and a primary cause of end-stage renal disease (ESRD; Tuttle et al., 2014). Although current clinical therapies and interventions can attenuate the severity of DKD, at present, there is no curative treatment as the mechanisms underlying DKD have not yet been fully described.

Podocyte injury is considered an early and crucial event in the onset and development of DKD (Li et al., 2007). Podocytes are highly differentiated cells lining the outer surface of the glomerular basement membrane that are important for the maintenance of the structure, function, and integrity of the glomerular filtration barrier. Previous studies conducted by our team and others have shown dysfunction and depletion of podocytes under diabetic pathogenic conditions, such as hyperglycemia, increased production of glycation end-products, oxidative stress, and inflammation (Dai et al., 2017; Li et al., 2018; Zhao et al., 2018). The dysfunction and depletion of podocytes causes proteinuria (Mundel and Shankland, 2002), which is an intensive instigator of tubulointerstitial inflammation and fibrosis (Wang et al., 2000; Abbate et al., 2006; Gorriz and Martinez-Castelao, 2012). Filtered proteins induce the production of cytokines and chemokines by proximal tubular epithelial cells (PTECs), which subsequently leads to the infiltration of inflammatory cells and, ultimately, to tubulointerstitial fibrogenesis and progression to ESRD. Tubulointerstitial fibrosis is reportedly closely related to declining renal function (Nath, 1992; Taft et al., 1994). However, a number of diabetic patients progress to ESRD in the absence of proteinuria (Piscitelli et al., 2017; Viazzi et al., 2017). In addition, kidney biopsies of some DKD patients with normal albuminuria/microalbuminuria, but elevated serum creatinine, revealed severe tubular interstitial lesions with mild glomerular lesions. Therefore, apart from proteinuria, there may exist other mechanisms that mediate the crosstalk between podocytes and the proximal tubules.

Extracellular vesicles (EVs) are small membranous vesicles that released into the extracellular space by various cell types under both physiological and pathological conditions. EVs include two major categories: exosomes ranging in diameter from 30 to 150 nm and microparticles ranging in diameter from 50 to 1,000 nm (Tkach and Théry, 2016; van Niel et al., 2018). EVs have emerged as novel and crucial vectors in cell-to-cell communication via the delivery of bioactive molecules, which include proteins, lipids, mRNA, and MicroRNAs (miRNA), originating from parental cells (EL Andaloussi et al., 2013). Increasing evidence has revealed that EV-mediated intercellular communication plays important roles in the development of DKD. Exosomes derived from high glucose (HG)-treated glomerular endothelial cells (Wu et al., 2016, 2017), glomerular mesangial cells (Wang et al., 2018), and macrophages (Zhu et al., 2019) transfer injury information to neighboring cells, which accelerates the development of DKD. Structurally, podocytes are located on the outer surface of the glomerular capillary loops adjacent to the proximal tubules. Therefore, the proximal tubule is a likely site for the interactions of podocyte EVs (Lv et al., 2019). Also, studies have showed that EVs from podocytes can interact with PTECs and induce pro-fibrotic or apoptotic responses (Munkonda et al., 2018; Jeon et al., 2020). Thus, we proposed that under HG condition, EVs from podocytes can be internalized and exert harmful effects on PTECs.

miRNAs are small and non-coding RNAs that regulate gene expression through the repression of translation or degradation of mRNAs (Bartel, 2004). Previous evidence has demonstrated the key role of miRNA in DKD pathogenesis (Kato and Natarajan, 2015; Lu et al., 2017). EV miRNAs are emerging as critical factors involved in the pathogenesis of many diseases (Valadi et al., 2007; Zhang et al., 2015), suggesting that EV miRNAs may be novel molecular mediators of the development of DKD. The aim of the present study was to determine whether EVs derived from podocytes can be internalized and induce apoptosis of PTECs in vitro. Also, miRNA sequencing was performed to identify differentially expressed miRNAs in podocytes EVs in response to HG condition. In addition, bioinformatics analysis was conducted in order to explore the potential biological functions of EVs from HG-treated podocytes.



MATERIALS AND METHODS


Cell Culture and Treatment

Conditionally immortalized mouse podocytes and immortalized mouse PTECs were cultured as described previously (Li et al., 2018; Zhang et al., 2019). Podocytes were grown in Roswell Park Memorial Institute 1640 medium (Gibco BRL) supplemented with 10% fetal bovine serum (FBS; Gibco BRL) and 50 U/ml of interferon-γ (ProSpec) under an atmosphere of 5% CO2/95% air at 33°C. Once confluence reached 70–80%, the podocytes were subcultured at 37°C in Dulbecco’s modified Eagle’s medium (DMEM; Gibco BRL) supplemented with 5% FBS on collagen-coated dishes for 10 days in the absence of interferon-γ to promote differentiation. Following differentiation, the podocytes were grown in serum-free DMEM for 24 h to induce quiescence. Afterward, the podocytes were cultured in DMEM supplemented with 2% exosome-depleted FBS (System Biosciences) and divided into three groups: a normal glucose group (NG-podo, 5.3 mM glucose), high-glucose group (HG-podo, 30 mM glucose), and mannitol group (MA-podo, 5.3 mM glucose + 24.7 mM mannitol; osmolality control). After 48 h of continuous treatment, the cell culture supernatants were collected for EV isolation. Mouse PTECs were cultured in DMEM/F12 (Gibco BRL) supplemented with 10% FBS under an atmosphere of 5% CO2/95% air at 37°C and passaged every 3 days. PTECs were cultured in serum-free DMEM/F12 for 12 h to induce quiescence before being dividing into two groups: a normal glucose group (NG-PTECs) and high-glucose group (HG-PTECs). Each group was treated with podocyte EVs for 48 h.



EV Isolation

EVs from the supernatants of podocyte cultures were isolated using ExoQuick-TC Exosome Precipitation Solution (System Biosciences) in accordance with the manufacturer’s recommendations. In brief, cell culture supernatants were centrifuged at 3000 × g for 15 min to remove cells and cellular debris. Then, the resulting supernatants were collected. Following the addition of a 20% volume of ExoQuick-TC precipitation solution, the supernatants were incubated overnight at 4°C and then centrifuged at 1500 × g for 30 min to pellet the EVs. The EVs were resuspended in 1× sterile phosphate-buffered saline (PBS) and stored at −80°C until use.



Transmission Electron Microscopy

Following negative staining, transmission electron microscopy (TEM) was used to reveal the morphology of the isolated EVs. The samples were dropped onto a formvar/carbon-coated copper grid for 5 min and then stained with 4% uranyl acetate for 10 min. After drying at room temperature, EVs on the grid were imaged under a transmission electron microscope (JEM-1400 PLUS; JEOL).



Nanoparticle Tracking Analysis

Nanoparticle tracking analysis (NTA) was performed to evaluate the size distribution of the isolated EVs with the use of a NanoSight NS300 instrument (Malvern Panalytical) and the corresponding analytical software NTA version 3.3. The EVs suspension was diluted in 1 × PBS and the movement of vesicles was measured three times for a duration of 30 s each.



Western Blot Analysis

Western blot analysis was performed to detect the positive protein markers of EVs. EVs from the same cell number were used for western blotting quantification. EV samples were lysed with radioimmunoprecipitation assay buffer (Beyotime). EV proteins were separated by 9% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and then transferred onto polyvinylidene fluoride membranes (EMD Millipore). After blocking with 5% non-fat milk for 1 h at room temperature, the membranes were incubated overnight at 4°C with the following primary antibodies:anti-CD63 (ab217345; dilution, 1:1,000; rabbit immunoglobulin [Ig]G; Abcam), anti-CD9 (ab92726; dilution, 1:1,000; rabbit IgG; Abcam), anti-Alix (92880; dilution, 1:1,000; rabbit IgG; Cell Signaling Technology), and anti-calnexin (ab22595; dilution, 1:1,000; rabbit IgG; Abcam). Afterward, the membranes were incubated with horseradish peroxidase-conjugated goat anti-rabbit IgG (7074; dilution, 1:3,000; Cell Signaling Technology) for 1 h at room temperature. Finally, the protein signals were detected by enhanced chemiluminescence (EMD Millipore) and visualized with an ImageQuant LAS500 instrument (GE Healthcare Bio-Sciences).



EV Uptake Experiment

EVs were labeled using the PKH67 Green Fluorescent Cell Linker Kit (Sigma-Aldrich) in accordance with the manufacturer’s instructions. After incubation for 48 h with the labeled EVs, the PTECs were fixed with 4% paraformaldehyde for 30 min, then permeabilized with 0.5% Triton X-100 for 10 min, and finally stained with 4′,6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich) for 10 min. The resulting fluorescent signals were observed under a confocal laser microscope (TCS-SP5; Leica Microsystems GmbH).



Flow Cytometry

Apoptotic PTECs were examined by flow cytometry using an Annexin V-FITC/propidium iodide (PI) apoptosis detection kit (Nanjing KeyGEN), as previously described (Zhang et al., 2019). Briefly, after treatment, PTECs were collected, resuspended in 500 μl of 1×binding buffer, and then stained with 5 μl of Annexin V-FITC and 5 μl of PI. Cell fluorescence was then analyzed using a BD FACSVerse™ flow cytometer (BD Biosciences).



TUNEL Staining

TUNEL staining was performed using a One-step TUNEL cell apoptosis detection kit (Nanjing KeyGEN) following the manufacturer’s instructions. Cells were fixed with 4% paraformaldehyde for 30 min and permeabilized with 1% Triton X-100 for 5 min. Cell samples were then incubated with terminal deoxy-nucleotidyl transferase (TdT) enzyme reaction mixture at 37°C for 1 h, followed by incubated with streptavidin-fluorescein labeling buffer at 37°C for 30 min. Nuclei were stained with DAPI for 5 min at room temperature. The number of TUNEL-positive cells was counted under a confocal laser microscope (Nikon C2; Nikon Corporation).



miRNA Extraction and Sequencing

Total RNA of EVs from the NG-podo, MA-podo, and HG-podo groups (three replicates/group) were extracted using MagZol reagent (Magen). Library preparation, deep sequencing, and data analysis were conducted by RiboBio Co., Ltd. (Guangzhou, China). Briefly, total RNA was fractionated by gel electrophoresis and small RNAs ranging in length from approximately 18 to 40 nucleotides was used for library preparation. Sequencing was performed using an Illumina HiSeqTM 2500 instrument (Illumina). miRNA read counts were normalized using the trimmed mean of M-values normalization method and differential expression analysis was performed using edgeR package. Differentially expressed miRNAs between two groups were identified via |log2(fold change)| > 1 and probability p < 0.05. Profiling of miRNA expression among samples was conducted by bidirectional hierarchical cluster analysis.



Validation of miRNAs by Quantitative Reverse Transcription-Polymerase Chain Reaction

The differentially expressed miRNAs were validated by quantitative reverse transcription-PCR (RT-qPCR). EV samples were spiked with 1 pmol cel-miR-39-3p (RiboBio Co., Ltd.) after being fully lysed by MagZol. RNA were reverse transcribed for cDNA synthesis using Evo M-MLV RT Kit for qPCR (Accurate Biotechnology). qPCR was performed using SYBR Green Premix Pro Taq HS qPCR Kit (Accurate Biotechnology) on a CFX96 Real-Time PCR System (Bio-Rad). The relative expression of miRNAs was calculated by 2−ΔΔCt method with cel-miR-39-3p as an external reference. All the bulge-loop miRNAs RT primers and qPCR primers were purchased from RiboBio Co., Ltd. (Guangzhou, China).



Target Gene Prediction and Functional/Pathway Enrichment Analysis

The online databases TargetScan,1 miRDB,2 and miRWalk3 were used to predict differentially expressed miRNAs. To improve the accuracy of prediction, only genes that were predicted in all three databases were selected as target genes for further analysis. The common genes were visualized using the online tool Draw Venn Diagram.4 Then, the online database DAVID (Database for Annotation Visualization and Integrated Discovery) was used for Gene Ontology (GO) enrichment analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis based on predicted target genes.5 A value of p < 0.05 was considered statistically significant.



Statistical Analysis

The results are presented as the mean ± standard error of the mean. Statistical analysis was performed using IBM SPSS Statistics for Windows, version 22.0 (IBM). The Student’s t-test was used for comparisons between two groups. One-way analysis of variance and the least significant difference test were used for multiple comparisons among the groups. A value of p < 0.05 was considered statistically significant.




RESULTS


EV Characterization

TEM, NTA, and western blot analysis were used to confirm the presence of EVs (Théry et al., 2018). EVs were extracted from the cell culture supernatants of approximately 3.6 × 106 podocytes that treated with NG, MA, and HG stimulation. The TEM images presented in Figure 1A show that the membrane-bound vesicles were round with typical sizes ranging from 50 to 200 nm. As shown in Figure 1B, the results of NTA revealed a broad distribution of vesicle sizes with a mean diameter of approximately 150 nm. Moreover, western blot analysis confirmed the presence of the EV markers Alix, CD9, and CD63, as well as the absence of Calnexin, which is a protein marker related to the endoplasmic reticulum (Figure 1C). The results of western blotting indicated that podocytes secret more EVs when exposed to HG stimulation, as compared to MA and NG treatment. The above results revealed the typical morphology, size distribution, and protein markers of EVs, demonstrating that EVs were successfully extracted from the podocyte culture supernatants.
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FIGURE 1. Characterization of EVs isolated from podocytes after NG, MA, and HG treatment. (A) EVs were observed by TEM. Magnification, ×100,000. Scale bar, 100 nm. (B) The size distribution of EVs was determined by NTA. (C) Western blot analysis of Alix, CD9, and CD63, and the EV negative marker Calnexin. HG, high glucose; MA, mannitol; NG, normal glucose; podo, podocytes; NTA, nanoparticle tracking analysis; TEM, transmission electron microscopy.




Podocytes EVs Were Taken up by PTECs

EVs derived from the same number of podocytes were labeled with the green lipophilic fluorescent dye PKH67 and co-cultured with PTECs to determine whether PTECs could take-up EVs from podocytes. PTECs were treated with normal glucose (NG-PTECs) or high glucose (HG-PTECs). After 48 h of incubation, the cells were fixed and then observed under a confocal laser microscope. As shown in Figure 2, green signals in the cytoplasm of the NG-PTECs and HG-PTECs, indicated that PKH67-labeled EVs were taken up. Moreover, the PTECs internalized more fluorescent EVs when co-cultured with EVs from HG-treated podocytes.

[image: Figure 2]

FIGURE 2. EVs derived from NG/MA/HG-treated podocytes were internalized by cultured PTECs. EVs were labeled with PKH67. Scale bar, 25 μm. (A) EVs from podocytes were added to NG-treated PTECs. (B) EVs from podocytes were added to HG-treated PTECs. HG, high glucose; MA, mannitol; NG, normal glucose; podo, podocytes; PTECs, proximal tubular epithelial cells.




EVs From HG-Treated Podocytes Induced Apoptosis of PTECs

To determine whether EVs from HG-treated podocytes play a pro-apoptotic role in PTECs, cultured PTECs were treated with 30 μg/ml EVs. EVs derived from NG/MA/HG-treated podocytes were added to the cultured NG-PTECs and HG-PTECs. After 48 h of continuous treatment, flow cytometry was performed to measure the proportions of apoptotic PTECs. As shown in Figures 3A,B, the number of apoptotic NG-PTECs (Annexin V-FITC positive) was increased by treatment with EVs from HG-treated podocytes (14.11 ± 0.71%) as compared to NG-PTECs treated with PBS (14.11 ± 0.71% vs. 7.73 ± 0.50%, respectively, p < 0.001) and NG-PTECs treated with EVs from NG-treated podocytes (14.11 ± 0.71% vs. 8.62 ± 0.43%, respectively, p < 0.001) or MA-treated podocytes (14.11 ± 0.71% vs. 8.87 ± 0.58%, respectively, p < 0.001). Similarly, the number of apoptotic HG-PTECs was also increased in the HG-podo-EVs group (20.92 ± 1.27%) as compared to the PBS group (20.92 ± 1.27% vs. 13.56 ± 0.96%, respectively, p < 0.05), NG-podo-EVs group (20.92 ± 1.27% vs. 14.08 ± 0.44%, respectively, p < 0.05), and MA-podo-EVs group (20.92 ± 1.27% vs. 13.19 ± 1.06%, respectively, p < 0.05; Figures 3A,B).

[image: Figure 3]

FIGURE 3. EVs from HG-treated podocytes induced apoptosis of PTECs. Podocytes EVs were incubated with NG/HG-treated PTECs, and the proportion of apoptotic cells was determined by flow cytometry and TUNEL staining. (A) Apoptosis was examined using flow cytometry. (B) Quantification of Annexin V-FITC positive cells (n = 4). (C) Apoptosis was detected using TUNEL staining. (D) Quantification of TUNEL positive cells. *p < 0.05 vs. HG-podo-EVs group; ***p < 0.001 vs. HG-podo-EVs group. HG, high glucose; MA, mannitol; NG, normal glucose; podo, podocytes; PTECs, proximal tubular epithelial cells.


Apoptosis was further confirmed by TUNEL assays. Representative images showed that TUNEL positive cells (recognized as apoptotic cells) were increased after treatment with EVs from HG-treated podocytes (Figure 3C). The percentage of TUNEL positive PTECs were higher in HG-podo-EVs group as compared to other groups (Figure 3D). Taken together, these findings indicate that EVs from HG-treated podocytes exert a pro-apoptotic effect in PTECs cultured under NG or HG conditions.



Differential Expression of EV miRNA

The transfer of EV miRNA is reported to play pathogenic roles in many diseases. To explore the miRNA signature of podocytes EVs and identify differentially expressed miRNAs in response to HG condition, sequencing small RNAs of EVs was performed. The results of bidirectional hierarchical clustering of the samples are presented in Figure 4. A total of 1,915 known miRNAs were identified from all samples after sequencing. A comparison of the HG and NG groups showed that 11 miRNAs were differentially expressed (Table 1), while a comparison of the HG and MA groups showed that 18 miRNAs were differentially expressed (Table 2). To identify unique miRNAs that were differentially expressed in response to HG stimulation, miRNAs that exhibited differential expression in the HG group, as compared to both the MA and NG groups, were selected. The results showed that there were no differences in the expression patterns of the selected miRNAs between the MA and NG groups. Of the five miRNAs selected, the expression levels of mmu-miR-1981-3p, mmu-miR-3474, mmu-miR-7224-3p, and mmu-miR-6538 were downregulated, while that of mmu-let-7f-2-3p was upregulated (Table 3). In addition, to validate the findings obtained from miRNA sequencing, RT-qPCR was performed on the five miRNAs. As the results showed in Figure 5, the expression levels of the five miRNAs in EVs were significantly changed in HG-podo group compared to that of the NG-podo and MA-podo groups. The RT-qPCR results showed similar expression trends and therefore confirmed the sequencing data.

[image: Figure 4]

FIGURE 4. Bidirectional hierarchical cluster result of the differentially expressed miRNAs in EVs derived from NG/MA/HG-treated podocytes (n = 3 per group). High expression of miRNAs is shown in red and low expression in blue. A, NG-podo-EVs; B, MA-podo-EVs; C, HG-podo-EVs; HG, high glucose; MA, mannitol; NG, normal glucose.




TABLE 1. Differentially expressed miRNAs in EVs from HG-podo group compared to NG-podo group.
[image: Table1]



TABLE 2. Differentially expressed miRNAs in EVs from HG-podo group compared to MA-podo group.
[image: Table2]



TABLE 3. Differentially expressed miRNAs in podocytes EVs in response to HG.
[image: Table3]
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FIGURE 5. Quantitative reverse transcription-PCR (qRT-PCR) validation of the five miRNAs in podocytes EVs (n = 4). *p < 0.05; **p < 0.01; ***p < 0.001. HG, high glucose; MA, mannitol; NG, normal glucose; podo, podocytes.




Target Gene Prediction

To investigate the targets of these five differentially expressed miRNAs, target gene prediction for each miRNA was conducted using the online databases TargetScan, miRDB, and miRWalk. Genes identified in all three databases were selected as potential target genes. As shown in Figure 6, 152, 378, 373, 21, and 368 potential target genes of mmu-miR-1981-3p, mmu-miR-3474, mmu-miR-7224-3p, mmu-miR-6538, and mmu-let-7f-2-3p, respectively, were identified.

[image: Figure 6]

FIGURE 6. Prediction of target genes of the five miRNAs. Target gene prediction was performed using the online databases TargetScan (blue), miRWalk (red), and miRDB (green). Genes predicted in all three databases (overlapping genes) were selected for further bioinformatics analysis.




Functional and Pathway Enrichment Analysis

To explore the potential functions and signaling pathways of the differentially expressed miRNAs, GO enrichment analysis and KEGG pathway enrichment analyses were performed for the differentially expressed miRNAs based on the predicted target genes. GO analysis consisted of three categories: biological process, molecular function, and cellular component. The top five significant GO terms of the three categories are shown in Figure 7. For the downregulated miRNAs, GO analysis was most enriched in “positive regulation of transcription from RNA polymerase II promoter” in the biological process category, “protein binding” in the molecular function category, and “membrane” in the cellular component category (Figure 7A). For the upregulated miRNA (i.e., mmu-let-7f-2-3p), GO analysis was most enriched in “transcription, DNA-templated,” “protein binding,” and “nucleus” in the biological process, molecular function, and cellular component categories, respectively (Figure 7B). The results of KEGG pathway enrichment analysis revealed some known signaling pathways associated with DKD, which included the ErbB, MAPK, Hippo, Wnt, Ras, and PI3K-Akt signaling pathways from the analysis of downregulated miRNAs. KEGG analysis of the upregulated miRNA also identified some DKD-related pathways, including type II diabetes mellitus and the AMPK and HIF-1 signaling pathways. The DKD-related pathways are displayed in Table 4.

[image: Figure 7]

FIGURE 7. GO analysis of the miRNAs based on the predicted target genes. (A) Top five significant GO terms of each category for the downregulated miRNAs. (B) Top five significant GO terms of each category for the upregulated miRNA. GO, Gene Ontology.




TABLE 4. DKD-related pathways from KEGG pathway analysis.
[image: Table4]

The results of the above experiments showed that EVs derived from HG-treated podocytes induced apoptosis of PTECs, indicating that EVs from HG-treated podocytes could transfer injury information to PTECs. Therefore, based on the enrichment analysis, especially the biological process category (GO analysis), the biological processes and related genes that exert pro-apoptosis effects were identified. The related terms are listed in Table 5. For the downregulated miRNAs (target genes were upregulated), the biological processes associated with promoting apoptosis or injury including “positive regulation of apoptotic process,” “positive regulation of neuron apoptotic process,” and “positive regulation of apoptotic signaling pathway.” For the upregulated miRNA (i.e., mmu-let-7f-2-3p), the target genes were downregulated and the biological processes associated with promoting apoptosis included “negative regulation of extrinsic apoptotic signaling pathway,” and “negative regulation of neuron apoptotic process.” These biological processes and the related genes may provide informative insights for future explorations of the molecular mechanism of tubule apoptosis and injury in DKD.



TABLE 5. Pro-apoptosis related biological processes from GO analysis.
[image: Table5]




DISCUSSION

DKD is a serious and common complication of DM and has become one of the most important health concerns worldwide (Tuttle et al., 2014). Glomerular sclerosis and tubulointerstitial fibrosis are major pathologic characteristics of DKD (Tervaert et al., 2010). Proteinuria is a well-known factor that links podocyte damage to tubulointerstitial injury, which triggers tubulointerstitial inflammation and fibrogenesis, and accelerates the decline of renal function (Wang et al., 2000; Abbate et al., 2006; Gorriz and Martinez-Castelao, 2012). However, EVs might be an alternative mechanism that mediate the crosstalk between podocytes and the proximal tubules. Podocytes are located adjacent to the proximal tubules, which represent a likely site for the interactions of podocytes EVs (Lv et al., 2019). Also, EVs serve as excellent carriers of bioactive molecules, since the membrane-bound structure can protect EV contents from degradation during delivery. Thus, EVs from podocytes may travel through the urinary tract and exert various biological effects on PTECs. In the present study, EVs isolated from podocytes culture supernatants were incorporated by HG‐ and NG-treated PTECs. Also, EVs from HG-treated podocytes induced apoptosis of PTECs.

Internephron crosstalk and interactions between the resident cells play important roles in the development of DKD (Qian et al., 2008; Maezawa et al., 2015; Lv et al., 2019). EVs have emerged as vectors for intercellular communication by transferring information between resident cells and participate in the progression of DKD (Wu et al., 2016, 2017; Wang et al., 2018; Zhu et al., 2019). EVs are membrane-bound vesicles that are continuously secreted by cells and facilitate cellular communication by transferring functional cargo consisting of proteins, lipids, DNA, and RNA (EL Andaloussi et al., 2013). The cargo of EVs also plays indispensable roles in many physiological processes, especially the immune response (Bobrie et al., 2011) and tissue regeneration (Krämer-Albers et al., 2007). However, under pathological conditions, such as hypoxia (King et al., 2012), irradiation (Pineda et al., 2019), oxidative stress (Atienzar-Aroca et al., 2016), and infection (Ståhl et al., 2015), the parental cells produce different EVs. The altered quantity and components of the secreted EVs can subsequently mediate abnormal interactions between cells and promote disease progression. In fact, the results of the present study demonstrated that HG conditions induced podocytes to release more EVs as compared to NG and iso-osmolality environments. Considering the important roles of miRNA in the pathogenesis of DKD (Kato and Natarajan, 2015; Lu et al., 2017), miRNA sequencing of podocytes EVs was performed. The results identified 11 differentially expressed miRNAs in response to HG conditions as compared to NG conditions and 18 differentially expressed miRNAs in response to HG conditions as compared to iso-osmolality conditions. In addition, five miRNAs were specifically altered in response to HG stimulation, among which, mmu-miR-1981-3p, mmu-miR-3474, mmu-miR-7224-3p, and mmu-miR-6538 were downregulated, and mmu-let-7f-2-3p was upregulated. These data indicate that podocytes can secret more EVs with altered components under HG conditions and promote apoptosis of PTECs.

In order to determine the biological functions of these five miRNAs, GO and KEGG pathway analyses of the downregulated and upregulated miRNAs were performed based on the predicted target genes. The results of GO and KEGG pathway analyses identified biological processes and signaling pathways that are involved in the development of DKD, including ErbB, MAPK, Hippo, Wnt, Ras, and PI3K-Akt signaling pathways, as determined by analysis of the downregulated miRNAs, and type II diabetes mellitus, and the AMPK and HIF-1 signaling pathways by analysis of the upregulated miRNA (Ni et al., 2015; Chen and Harris, 2016; Persson and Palm, 2017). The GO results also identified enriched biological processes related to apoptosis regulation for both the downregulated and upregulated miRNAs, consistent with our finding that EVs secreted from HG-treated podocytes induce apoptosis of PTECs. The results of bioinformatics analysis provide useful information for future exploration of the molecular mechanisms underlying tubule apoptosis and injury in DKD. However, whether these pro-apoptosis effects are mediated by EV miRNA was not demonstrated in this study, thus further experiments are needed to confirm these findings. Moreover, due to the diversity and complexity of EV components, other bioactive molecules, such as proteins and non-coding RNAs, should also be considered in the investigation of EV-mediated crosstalk between podocytes and PTECs.

To the best of our knowledge, this is the first study to investigate the effects of HG-treated podocytes EVs on PTECs and the first to examine miRNA profiles in EVs from HG-treated podocytes. However, there were some limitations to this study. First, the sample sizes of the groups for miRNA sequencing were relatively small. Thus, larger samples sizes are necessary to confirm the sequencing results. Second, the findings of bioinformatics analysis were based on in silico analysis. Therefore, the bioinformatics findings must be further validated. Finally, further experiments are essential to elucidate the role of EV miRNA from HG-treated podocytes in the induction of apoptosis of PTECs.

In conclusion, the results of the present study demonstrated that EVs derived from HG-treated podocytes can induce apoptosis of PTECs. Here, five differentially expressed miRNAs in EVs from HG-treated podocytes were identified. These findings provide new insights into the pathogenesis of DKD.



DATA AVAILABILITY STATEMENT

Publicly available datasets were analyzed in this study. This data can be found here: the NCBI Gene Expression Omnibus (GSE154284).



AUTHOR CONTRIBUTIONS

YH, RL, XY, and XL designed the study and wrote the manuscript. LZ, YC, WD, and XZ performed the experiments. HY, SZ, ZX, and ZY performed the bioinformatics analysis. WW, CL, ZL, and SL analyzed and interpreted the data. ZD revised the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

This research was funded by National Natural Science Foundation of China, grant number 81770667; Scientific research project of Guangdong Provincial People’s Hospital-Summit plan, grant number KJ012019440; and Guangdong-Hong Kong Joint Laboratory for immune and genetic kidney disease, grant number 2019B121205005.


FOOTNOTES

1http://www.targetscan.org/

2http://www.mirdb.org/

3http://mirwalk.umm.uni-heidelberg.de/

4http://bioinformatics.psb.ugent.be/webtools/Venn/

5https://david.ncifcrf.gov/



REFERENCES

 Abbate, M., Zoja, C., and Remuzzi, G. (2006). How does proteinuria cause progressive renal damage? J. Am. Soc. Nephrol. 17, 2974–2984. doi: 10.1681/ASN.2006040377

 Atienzar-Aroca, S., Flores-Bellver, M., Serrano-Heras, G., Martinez-Gil, N., Barcia, J. M., Aparicio, S., et al. (2016). Oxidative stress in retinal pigment epithelium cells increases exosome secretion and promotes angiogenesis in endothelial cells. J. Cell. Mol. Med. 20, 1457–1466. doi: 10.1111/jcmm.12834

 Bartel, D. P. (2004). MicroRNAs: genomics, biogenesis, mechanism, and function. Cell 116, 281–297. doi: 10.1016/s0092-8674(04)00045-5

 Bobrie, A., Colombo, M., Raposo, G., and Théry, C. (2011). Exosome secretion: molecular mechanisms and roles in immune responses. Traffic 12, 1659–1668. doi: 10.1111/j.1600-0854.2011.01225.x

 Chen, J., and Harris, R. C. (2016). Interaction of the EGF receptor and the hippo pathway in the diabetic kidney. J. Am. Soc. Nephrol. 27, 1689–1700. doi: 10.1681/ASN.2015040415

 Dai, H., Liu, Q., and Liu, B. (2017). Research progress on mechanism of podocyte depletion in diabetic nephropathy. J. Diabetes Res. 2017:2615286. doi: 10.1155/2017/2615286

 EL Andaloussi, S., Mäger, I., Breakefield, X. O., and Wood, M. J. (2013). Extracellular vesicles: biology and emerging therapeutic opportunities. Nat. Rev. Drug Discov. 12, 347–357. doi: 10.1038/nrd3978

 Gorriz, J. L., and Martinez-Castelao, A. (2012). Proteinuria: detection and role in native renal disease progression. Transplant. Rev. 26, 3–13. doi: 10.1016/j.trre.2011.10.002

 Jeon, J. S., Kim, E., Bae, Y. U., Yang, W. M., Lee, H., Kim, H., et al. (2020). microRNA in extracellular vesicles released by damaged podocytes promote apoptosis of renal tubular epithelial cells. Cells 9:1409. doi: 10.3390/cells9061409

 Kato, M., and Natarajan, R. (2015). MicroRNAs in diabetic nephropathy: functions, biomarkers, and therapeutic targets. Ann. N. Y. Acad. Sci. 1353, 72–88. doi: 10.1111/nyas.12758

 King, H. W., Michael, M. Z., and Gleadle, J. M. (2012). Hypoxic enhancement of exosome release by breast cancer cells. BMC Cancer 12:421. doi: 10.1186/1471-2407-12-421

 Krämer-Albers, E. M., Bretz, N., Tenzer, S., Winterstein, C., Möbius, W., Berger, H., et al. (2007). Oligodendrocytes secrete exosomes containing major myelin and stress-protective proteins: trophic support for axons? Proteomics Clin. Appl. 1, 1446–1461. doi: 10.1002/prca.200700522

 Li, R., Dong, W., Zhang, S., Yang, H., Zhang, L., Ye, Z., et al. (2018). Septin 7 mediates high glucose-induced podocyte apoptosis. Biochem. Biophys. Res. Commun. 506, 522–528. doi: 10.1016/j.bbrc.2018.10.081

 Li, J. J., Kwak, S. J., Jung, D. S., Kim, J. J., Yoo, T. H., Ryu, D. R., et al. (2007). Podocyte biology in diabetic nephropathy. Kidney Int. Suppl. 72, S36–S42. doi: 10.1038/sj.ki.5002384

 Lu, Z., Liu, N., and Wang, F. (2017). Epigenetic regulations in diabetic nephropathy. J. Diabetes Res. 2017:7805058. doi: 10.1155/2017/7805058

 Lv, L. L., Feng, Y., Tang, T. T., and Liu, B. C. (2019). New insight into the role of extracellular vesicles in kidney disease. J. Cell. Mol. Med. 23, 731–739. doi: 10.1111/jcmm.14101

 Maezawa, Y., Takemoto, M., and Yokote, K. (2015). Cell biology of diabetic nephropathy: roles of endothelial cells, tubulointerstitial cells and podocytes. J. Diabetes Investig. 6, 3–15. doi: 10.1111/jdi.12255

 Mundel, P., and Shankland, S. J. (2002). Podocyte biology and response to injury. J. Am. Soc. Nephrol. 13, 3005–3015. doi: 10.1097/01.asn.0000039661.06947.fd

 Munkonda, M. N., Akbari, S., Landry, C., Sun, S., Xiao, F., Turner, M., et al. (2018). Podocyte-derived microparticles promote proximal tubule fibrotic signaling via p38 MAPK and CD36. J. Extracell. Vesicles 7:1432206. doi: 10.1080/20013078.2018.1432206

 Nath, K. A. (1992). Tubulointerstitial changes as a major determinant in the progression of renal damage. Am. J. Kidney Dis. 20, 1–17. doi: 10.1016/s0272-6386(12)80312-x

 Ni, W. J., Tang, L. Q., and Wei, W. (2015). Research progress in signalling pathway in diabetic nephropathy. Diabetes Metab. Res. Rev. 31, 221–233. doi: 10.1002/dmrr.2568

 Persson, P., and Palm, F. (2017). Hypoxia-inducible factor activation in diabetic kidney disease. Curr. Opin. Nephrol. Hypertens. 26, 345–350. doi: 10.1097/MNH.0000000000000341

 Pineda, B., Sánchez, G. F., Olascoaga, N. K., Pérez, D. L. C. V., Salazar, A., Moreno-Jiménez, S., et al. (2019). Malignant glioma therapy by vaccination with irradiated C6 cell-derived microvesicles promotes an Antitumoral immune response. Mol. Ther. 27, 1612–1620. doi: 10.1016/j.ymthe.2019.05.016

 Piscitelli, P., Viazzi, F., Fioretto, P., Giorda, C., Ceriello, A., Genovese, S., et al. (2017). Predictors of chronic kidney disease in type 1 diabetes: a longitudinal study from the AMD Annals initiative. Sci. Rep. 7:3313. doi: 10.1038/s41598-017-03551-w

 Qian, Y., Feldman, E., Pennathur, S., Kretzler, M., and Brosius, F. R. (2008). From fibrosis to sclerosis: mechanisms of glomerulosclerosis in diabetic nephropathy. Diabetes 57, 1439–1445. doi: 10.2337/db08-0061

 Ståhl, A. L., Arvidsson, I., Johansson, K. E., Chromek, M., Rebetz, J., Loos, S., et al. (2015). A novel mechanism of bacterial toxin transfer within host blood cell-derived microvesicles. PLoS Pathog. 11:e1004619. doi: 10.1371/journal.ppat.1004619

 Taft, J. L., Nolan, C. J., Yeung, S. P., Hewitson, T. D., and Martin, F. I. (1994). Clinical and histological correlations of decline in renal function in diabetic patients with proteinuria. Diabetes 43, 1046–1051. doi: 10.2337/diab.43.8.1046

 Tervaert, T. W., Mooyaart, A. L., Amann, K., Cohen, A. H., Cook, H. T., Drachenberg, C. B., et al. (2010). Pathologic classification of diabetic nephropathy. J. Am. Soc. Nephrol. 21, 556–563. doi: 10.1681/ASN.2010010010

 Théry, C., Witwer, K. W., Aikawa, E., Alcaraz, M. J., Anderson, J. D., Andriantsitohaina, R., et al. (2018). Minimal information for studies of extracellular vesicles 2018 (MISEV2018): a position statement of the International Society for Extracellular Vesicles and update of the MISEV2014 guidelines. J. Extracell. Vesicles 7:1535750. doi: 10.1080/20013078.2018.1535750

 Tkach, M., and Théry, C. (2016). Communication by extracellular vesicles: where we are and where we need to go. Cell 164, 1226–1232. doi: 10.1016/j.cell.2016.01.043

 Tuttle, K. R., Bakris, G. L., Bilous, R. W., Chiang, J. L., de Boer, I. H., Goldstein-Fuchs, J., et al. (2014). Diabetic kidney disease: a report from an ADA Consensus Conference. Diabetes Care 37, 2864–2883. doi: 10.2337/dc14-1296

 Valadi, H., Ekström, K., Bossios, A., Sjöstrand, M., Lee, J. J., and Lötvall, J. O. (2007). Exosome-mediated transfer of mRNAs and microRNAs is a novel mechanism of genetic exchange between cells. Nat. Cell Biol. 9, 654–659. doi: 10.1038/ncb1596

 van Niel, G., D’Angelo, G., and Raposo, G. (2018). Shedding light on the cell biology of extracellular vesicles. Nat. Rev. Mol. Cell Biol. 19, 213–228. doi: 10.1038/nrm.2017.125

 Viazzi, F., Piscitelli, P., Giorda, C., Ceriello, A., Genovese, S., Russo, G. T., et al. (2017). Association of kidney disease measures with risk of renal function worsening in patients with hypertension and type 2 diabetes. J. Diabetes Complicat. 31, 419–426. doi: 10.1016/j.jdiacomp.2016.10.030

 Wang, S. N., LaPage, J., and Hirschberg, R. (2000). Role of glomerular ultrafiltration of growth factors in progressive interstitial fibrosis in diabetic nephropathy. Kidney Int. 57, 1002–1014. doi: 10.1046/j.1523-1755.2000.00928.x

 Wang, Y. Y., Tang, L. Q., and Wei, W. (2018). Berberine attenuates podocytes injury caused by exosomes derived from high glucose-induced mesangial cells through TGFβ1-PI3K/AKT pathway. Eur. J. Pharmacol. 824, 185–192. doi: 10.1016/j.ejphar.2018.01.034

 Wu, X. M., Gao, Y. B., Cui, F. Q., and Zhang, N. (2016). Exosomes from high glucose-treated glomerular endothelial cells activate mesangial cells to promote renal fibrosis. Biol. Open 5, 484–491. doi: 10.1242/bio.015990

 Wu, X., Gao, Y., Xu, L., Dang, W., Yan, H., Zou, D., et al. (2017). Exosomes from high glucose-treated glomerular endothelial cells trigger the epithelial-mesenchymal transition and dysfunction of podocytes. Sci. Rep. 7:9371. doi: 10.1038/s41598-017-09907-6

 Zhang, S., Li, R., Dong, W., Yang, H., Zhang, L., Chen, Y., et al. (2019). RIPK3 mediates renal tubular epithelial cell apoptosis in endotoxin-induced acute kidney injury. Mol. Med. Rep. 20, 1613–1620. doi: 10.3892/mmr.2019.10416

 Zhang, J., Li, S., Li, L., Li, M., Guo, C., Yao, J., et al. (2015). Exosome and exosomal microRNA: trafficking, sorting, and function. Genomics Proteomics Bioinformatics 13, 17–24. doi: 10.1016/j.gpb.2015.02.001

 Zhao, X., Chen, Y., Tan, X., Zhang, L., Zhang, H., Li, Z., et al. (2018). Advanced glycation end-products suppress autophagic flux in podocytes by activating mammalian target of rapamycin and inhibiting nuclear translocation of transcription factor EB. J. Pathol. 245, 235–248. doi: 10.1002/path.5077

 Zhu, Q. J., Zhu, M., Xu, X. X., Meng, X. M., and Wu, Y. G. (2019). Exosomes from high glucose-treated macrophages activate glomerular mesangial cells via TGF-β1/Smad3 pathway in vivo and in vitro. FASEB J. 33, 9279–9290. doi: 10.1096/fj.201802427RRR


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Huang, Li, Zhang, Chen, Dong, Zhao, Yang, Zhang, Xie, Ye, Wang, Li, Li, Liu, Dong, Yu and Liang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fphys-11-579296-g005.jpg
& 2

mmumiR-3474

lative oxpression

Lt
1o
os
o

gy

e 722439

elative expression

iR 8538
_relvempression






OPS/images/fphys-11-579296-g006.jpg
mmu-miR-1981-3p. mmu-miR-3474 mmu-miR-7224-3p mmu-miR-6538 mmu-let-7f-2-3p
Targes i e miAvak  Tager i s Targe ik

‘A0S mADE





OPS/images/fphys-11-579296-g003.jpg
NG-PTECs

Pas NG pado s e HopotoEvs
I I T e
8 8 . o
|

E I 8 'k

Annexin V-FITC

HG-PTECs

ras Jr— [—— [r—

fwwwn e 0w [owE] | fomex w6

Anne>

NG-podo-EVs

g
H

HG-podo-EVs

TUNEL

NG-PTECs
DAPI

NG-podo-EVs.

MA-podo-EVs

HG-podo-EVs

2 o=
g
0815 I
£ 10
é 5
.
< NG-PTECs  HG-PTECs
Lao
8 30.
4
§20 e ¥
210fx x x
g
2o
NGPTECs © HGFTECS
HG-PTECs






OPS/images/fphys-11-579296-g004.jpg
m
:"Emﬁ u a M: m mm i i = : m ww M?zmma % m E M

WEE R !Eéﬁi






OPS/images/fphys-11-579296-t002.jpg
miRNA ID

mmu-miR-6538
mmu-miR-7224-8p
mmu-let-71-2-3p
mmu-miR-1981-3p
mmu-miR-7661-8p
mmu-miR-1947-5p
mmu-miR-3095-3p
mmu-miR-547-3p
mmu-miR-704
mmu-miR-7648-8p
mmu-miR-6967-3p
mmu-miR-324-5p
mmu-miR-1a-3p
mmu-miR-6960-5p
mmu-miR-3064-5p
mmu-miR-3474
mmu-miR-696
-204-3p

mmu-mi

Log;(fold change)

<0.001
<001
<0.05
<0.05
<0.05
<005
<0.05
<0.05
<0.05
<0.05
<0.05
<0.05
<0.05
<0.05
<0.05
<0.05
<0.05
<0.05





OPS/images/fphys-11-579296-g007.jpg
e oo, cnscriion, DN -ttt | IR
canscripion, DNA-temied | IR ssition of snsrpion, DN Atempes | I
‘sition o nssiption, DNA-tanpicd | N st of cosrpon DN et N
o reulation of wancrpeion, DNA-terplacd — N e ]

o e A —

H [ — - H o s | —

38 metaljon bindiog ~ NI o DNA bind { NI | Catery.
onamaer pros il resa s speitic o = I Wbioioicl prosess Sy DA i | W o e
e e o i |

P ki - E— ueleus - E—
suleopesn | fe——
s v J i

syopse | ol {m
seurona it b | P oy fi
0 s

HE R o
~Logl0(P value) ~Logl0(P value)





OPS/images/fphys-11-579296-t001.jpg
miRNA ID Logg{fold change) p

mmu-miR-3969 5.7669 <001
mmu-miR-3970 56343 <001
mmu-miR-25-5p -5.7129 <001
mmu-miR-7224-3p <001
mmu-miR-1981-3p <0.01
mmu-miR-292a-5p <005
mmu-let-71-2-3p <005
mmu-miR-1191b-5p <0.05
mmu-miR-669n <005
mmu-miR-3474 <005

mmu-miR-6538

<0.05






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Extracellular Vesicles From High Glucose-Treated Podocytes Induce Apoptosis of Proximal Tubular Epithelial Cells



		Introduction



		Materials and Methods



		Cell Culture and Treatment



		EV Isolation



		Transmission Electron Microscopy



		Nanoparticle Tracking Analysis



		Western Blot Analysis



		EV Uptake Experiment



		Flow Cytometry



		TUNEL Staining



		miRNA Extraction and Sequencing



		Validation of miRNAs by Quantitative Reverse Transcription-Polymerase Chain Reaction



		Target Gene Prediction and Functional/Pathway Enrichment Analysis



		Statistical Analysis









		Results



		EV Characterization



		Podocytes EVs Were Taken up by PTECs



		EVs From HG-Treated Podocytes Induced Apoptosis of PTECs



		Differential Expression of EV miRNA



		Target Gene Prediction



		Functional and Pathway Enrichment Analysis









		Discussion



		Data Availability Statement



		Author Contributions



		Funding



		Footnotes



		References



















OPS/images/fphys-11-579296-t005.jpg
Downregulated/
upregulated miRNAs

Downregulated miRNAs

Upregulated miRNA

Go D

0043065

0043525

2001235

2001237

0043524

Term Count

Positive regulation of 28
apoptotic process

Positive regulation of 10
neuron apoptotic

process

Positive regulation of 7
apoptotic signaling

pathway

Negative regulation of 5
extrinsic apoptotic

signaling pathway

Negative regulation of 8
neuron apoptotic

process

<001

<001

<001

<001

<0.05

Genes

INGS, ERBB4, WT1, TGFB2, PYCARD, IL18, TRP53INP1, UNC5C,
PHLDA1, NET1, KCNMA1, EEF1A2, STK4, ATF6, TRIM3S,
TNFSF10, ITGAG, RPSBKA2, RIPK1, GSK3B, CASP12, SMPD1,
LRPG, MAPK8, TRP73, ABL1, BIN1, and SLC9AT

KCNMAT, NCF2, GRIK2, GSK38, IL1B, TFAP2A, MAPKS, ABL1,
TGFB2, and ATF2

INGS, TRP63, TRPS3INP1, MAPKS, CAMK2B, CTSC, and TRP73

SH3RF1, ITGAB, RBICC1, TCF7L2, and ACVR1

HIF1A, SET, KDM2B, FYN, GABRB2, MECP2, PPT1, and SIX4





OPS/images/fphys-11-579296-g001.jpg
D63 | - i .

canen ]

" MApodoEVs

e o o
§iF
& & <
<~ Ry N
1N Mean: 136554 £ Mean: 1486 +5.30m Mean: 1601 £ 6.70m
i~ £
g .
g |
) 8
e s i T T S

St o)

NG-podo-EVs HG-podo-EVs MA-podo-EVs





OPS/images/fphys-11-579296-g002.jpg
NG-PTECs HG-PTECs
PKHE7 DAPI






OPS/images/fphys-11-579296-t004.jpg
Downregulated/upregulated
miRNAs

Downregulated miRNAs

Upregulated miRNA

KEGG ID

mmu04012
mmu04010
mmu04390
mmu04310
mmu04014
mmu04151
mmu04930
mmu04152
mmu04066

Pathway

ErbB signaling pathway
MAPK signaling pathway
Hippo signaling pathway
Wt signaling pathway

Ras signaling pathway
PI3K-Akt signaling pathway
Type Il diabetes melitus
AMPK signaling pathway
HIF-1 signaling pathway

Count

<0001
<0.01
<0.01
<0.01
<0.01
<0.05
<0001
<0.05
<0.05





OPS/images/fphys-11-579296-t003.jpg
miRNA ID

mmu-miR-1981-3p
mmu-miR-3474
mmu-miR-7224-3p
mmu-miR-6538
mmu-let-76-2-3p

Upregulated/downregulated

Down
Down
Down
Down
Up





OPS/images/cover.jpg
? frontiers
in Physiology

Extracellular Vesicles From High
Glucose-Treated Podocytes Induce
Apoptosis of Proximal Tubular
Epithelial Cells









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
’ frontiers
in Physiology





