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Abstract
BACKGROUND
Dysregulated microRNA (miRNA) is crucial in the progression of diabetic nephropathy (DN).

AIM
To investigate the potential molecular mechanism of Icariin (ICA) in regulating endoplasmic reticulum (ER) stress-mediated apoptosis in high glucose (HG)-induced primary rat kidney cells (PRKs), with emphasis on the role of miR-503 and sirtuin 4 (SIRT4) in this process.

METHODS
Single intraperitoneal injection of streptozotocin (65 mg/kg) in Sprague-Dawley rats induce DN in the in vivo hyperglycemic model. Glucose-treated PRKs were used as an in vitro HG model. An immunofluorescence assay identified isolated PRKs. Cell Counting Kit-8 and flow cytometry analyzed the effect of ICA treatment on cell viability and apoptosis, respectively. Real-time quantitative polymerase chain reaction and western blot analyzed the levels of ER stress-related proteins. Dual luciferase analysis of miR-503 binding to downstream SIRT4 was performed.

RESULTS
ICA treatment alleviated the upregulated miR-503 expression in vivo (DN) and in vitro (HG). Mechanistically, ICA reduced HG-induced miR-503 overexpression, thereby counteracting its function in downregulating SIRT4 levels. ICA regulated the miR-503/SIRT4 axis and subsequent ER stress to alleviate HG-induced PRKs injury.

CONCLUSION
ICA reduced HG-mediated inhibition of cell viability, promotion of apoptosis, and ER stress in PRKs. These effects involved regulation of the miR-503/SIRT4 axis. These findings indicate the potential of ICA to treat DN, and implicate miR-503 as a viable target for therapeutic interventions in DN.
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Core Tip: Icariin (ICA) has shown promise as a potential therapeutic agent for diabetes mellitus (DM) by regulating the miR-503-5p/sirtuin 4 (SIRT4) axis and subsequent endoplasmic reticulum (ER) stress. This study found that ICA treatment reduced high glucose-induced inhibition of cell viability, promotion of apoptosis, and ER stress in primary rat kidney cells. Mechanistically, ICA inhibited the upregulation of miR-503-5p and subsequently restored SIRT4 levels, thereby alleviating high glucose-induced injury in cells. These findings implicate ICA as a candidate drug for the treatment of DM and miR-503-5p as a potential therapeutic target for this disease.

INTRODUCTION
Elevated blood glucose levels are a defining feature of diabetes mellitus (DM), one of the most prevalent chronic illnesses[1]. Over the last few decades, the incidence of diabetic nephropathy (DN) due to DM has risen in tandem with the growing number of individuals diagnosed with diabetes[2,3]. DN has become a threat to public health security[4,5]. However, the pathogenesis of DN is still unclear. Some studies have reported that endoplasmic reticulum (ER) stress may be a major factor in the development of DN[6]. The reason is that many properties of DN, such as hyperglycemia, proteinuria, advanced glycosylation end products, and increased free fatty acids, can trigger unfolded protein responses in kidney cells[7].
Traditional Chinese medicine (TCM) and its bioactive ingredients have been used in cancer treatment, with multi-target pharmacological effects and few side effects[8]. As a traditional TCM, Icariin (ICA) has been proven by many recent studies to have a good therapeutic effect on DN. For example, Ding et al[9] showed that ICA can protect podocytes from streptozotocin (STZ)-induced damage by inhibiting the inflammasome[9]. Zang et al[10] described that ICA mitigates the adverse impact of hyperglycemia on renal tubular epithelial cells by regulating the miR-122-5p/forkhead box P2 axis[10].
As an important member of the non-coding RNA family, microRNAs (miRNAs) play important roles in various biological processes, and their multiple regulatory mechanisms in DN have attracted increasing attention[11,12]. As two examples, the enhanced expression of miR-133b can attenuate the degree of renal fibrosis, thereby inhibiting the development of DN[13], and the inhibition of miR-503 expression can improve the renal tissue injury caused by DN[14]. By binding to the 3′ untranslated region (UTR) of downstream targets and suppressing their transcriptional activity and translation, miRNAs contribute to the regulation of cellular functions and can disrupt the onset and progression of DN[15,16]. Studies have shown that miR-503 targeting E2F transcription factor 3 causes podocyte injury[17], and miR-195 targeting Toll-like receptor 4 alleviates symptoms in DN rats[18].
The current investigation established a DM cell model induced by elevated glucose [high glucose (HG)] to investigate the mechanism and impact of ICA on DM, with a focus on regulating the miR-503/sirtuin 4 (SIRT4) axis.

MATERIALS AND METHODS
Animals
Twelve specific pathogen-free, 10-week-old, female Sprague-Dawley rats weighing 180-200 g were procured from the Laboratory Animal Center at Guangzhou University of Chinese Medicine (Guangzhou, China). The rats were randomly divided into two groups: Control (n = 6) and DM (n = 6). The DM group of rats were fasted for 12 h and then each received a single intraperitoneal injection of STZ (55 mg/kg). Blood samples were collected from the tail vein 72 h later, and a fasting blood glucose level of > 16.7 mmol/L for 3 consecutive days confirmed the establishment of DM. The STZ-induced hyperglycemic rats were observed for an additional 4 wk to allow the development of DN-related changes. All rats were kept in a polystyrene cage with ad libitum access to standard rat food and water, in a room with a 12-h light/dark cycle and humidity maintained at 50% ± 5%. At the end of the experiment, the rats were euthanized with an intraperitoneal injection of sodium pentobarbital (200 mg/kg body weight). The animal experiments were approved by the Animal Care and Use Committee of Guangzhou University of TCM (approval No. GZTCMF1-2022053) and were performed in accordance with the National Institutes of Health guidelines. 

High-throughput sequencing
Rat kidney tissue was harvested under aseptic conditions, ground into powder under liquid nitrogen and dissolved in TRIZOL reagent (Invitrogen, Thermo Fisher Scientific, Inc., Waltham, MA, United States). The initial total RNA was quantified with Qubit RNA Assay Kit (Invitrogen). The Epicentre Ribo-Zero™ Magnetic Kit (Illumina, San Diego, CA, United States) was used to separate and remove ribosomal RNA from total RNA, to ensure extraction with an RNA integrity number ≥ 7 and a ratio of 28 s to 18 s RNA ≥ 1.5:1. First and second strand cDNAs were synthesized, and 45 μL AMPure XP Beads were used for polymerase chain reaction (PCR) amplification. The final complete transcriptome library was prepared and computer-tested by Beijing Boao JingDian Biotechnology Co., Ltd. (Beijing, China). The sequencing results were analyzed, and differentially expressed genes were identified based on a |log2(fold-change, FC) | ≥ 1.0 and a P value ≤ 0.05.

Isolation and culture of primary rat kidney cells
The isolation and culture of primary rat kidney cells (PRKs) were performed carried out following an established protocol[19]. Kidneys were obtained from additional 10-week-old healthy Sprague-Dawley rats (n = 3). The renal cortex of the extracted tissue was sectioned into tissue fragments of approximately 1 mm3 and digested with collagenase type I (Gibco, Thermo Fisher Scientific, Inc., Waltham, MA, United States). Cells were isolated by density gradient centrifugation using Ficoll (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) and incubated in 37 °C. The collected PRKs were cultured in DMEM/F-12 supplemented with 10% fetal bovine serum, antibiotics, and growth factors in a humidified incubator at 37 °C in an atmosphere of 5% CO2. The culture medium was changed every other day, and the cells were passaged when they reached approximately 80% confluence. The PRKs used in this study were not used beyond the third passage to maintain their primary cell characteristics.

Immunofluorescence identification of PRKs
As previously described[20], PRKs were incubated with antibodies to α-smooth muscle actin (α-SMA; 1:250 dilution; ab124964, Abcam, Cambridge United Kingdom) and vimentin (1:300 dilution; ab45939, Abcam) for 12 h at 4 °C, followed by a 1 h treatment at 37 °C with antibodies labeled with Alexa Fluor® 488 (1:250 dilution; ab150077, Abcam) or 647 (1:150 dilution; 150075, Abcam). Finally, PRKs were stained for 5 min at 20 °C with 4',6-diamidino-2-phenylindole (0.5 μg/mL; Beyotime, Shanghai, China). Images were captured (magnification × 400) using a model BX53 fluorescence microscope (Olympus, Tokyo, Japan). 

Cell transfection and HG and ICA treatments
MiR-503 mimics/inhibitors and overexpression (ov) SIRT4 plasmids were transfected into PRKs for 4 h using Lipofectamine® 3000 (Invitrogen). GenePharma Biotechnology Co., Ltd. (Shanghai, China) synthesized the aforementioned RNAs. The sequences of miR-503 mimics/inhibitors are listed in Table 1. For HG treatment, PRKs were exposed to 5.5 mmol/L glucose (Sigma-Aldrich) as the control or 25 mmol/L glucose (HG) for 24 h to simulate cell growth in either normal or DM conditions, respectively, as previously described[21,22]. According to previous studies, ICA was used in HG treatment at doses of 10 μΜ (low, L), 25 μΜ (medium, M), and 50 μΜ (high, H)[23,24]. Treatment of PRKs with HG or ICA was performed 48 h after cell transfection.

Cell viability assay
PRKs were cultured for 24 h at a density of 5 × 103 cells/well in 96 well plates. The cell viability rate was evaluated using Cell Counting Kit-8 reagent (Beyotime, Shanghai, China) at 37 °C for 1 h. The reagent was added at 0 and 24 h as per the manufacturer's instructions. The determinations were done by measuring absorbance at 450 nm.

Real-time quantitative PCR assay 
Total RNA was extracted from kidney tissues or PRKs using TRIzol reagent. After centrifugation at 12000 ×g at 4 °C for 10 min in a model JIDI-17RS high speed refrigerated centrifuge (Guangzhou JiDi Instrument Co., Ltd., Guangzhou, China), RNA were reverse-transcribed to cDNA and analysis using One Step SYBR Green real-time quantitative PCR (RT-qPCR) Kit (Biomarker, Beijing, China). The conditions used were 95 °C for 1 min followed by 40 cycles of 95 °C for 5 s and 62 °C for 30 s. Sequences of the primer pairs used for amplification are shown in Table 2. SIRT4 or miR-503 levels were normalized to β-actin or U6, and determined using the 2−ΔΔCt method[25].

Flow cytometry analysis of apoptosis
Annexin V-fluorescein isothiocyanate (BD Biosciences, Santa Clara, CA, United States) and propidium iodide (BD) were incubated with PRKs (5 × 104 cells/mL) in the dark for 12 min at 25 °C, then analyzed with FACSAria™ Fusion using FACSDiva software (BD).

Western blotting
Denatured proteins extracted from PRKs were resolved by 10% SDS-PAGE (Beyotime). The resolved protein bands were subsequently transferred onto PVDF membranes. The membranes were incubated for 12 h at 4 °C with primary antibodies to SIRT4 (1:800 dilution; ab231137, Abcam), caspase 12 (1:800 dilution; ab62484, Abcam), C/EBP-homologous protein (CHOP; 1:1200 dilution, #5554; Cell Signaling Technology, Beverly, MA, United States), glucose regulated protein 78 (GRP78; 1:1000 dilution; ab108615, Abcam), and glyceraldehyde 3-phosphate dehydrogenase (GAPDH, 1:2000 dilution; ab8245, Abcam). The membranes were then incubated with goat anti-rabbit antibody (1:12000 dilution; ab205718, Abcam) for 2 h at 25 °C. Immunoreactive bands were detected using an ECL system (Millipore, Temecula, CA, United States).

Dual luciferase assay
The 3’-UTR fragments of SIRT4 were amplified and cloned into the psi-CHECK-2 Luciferase reporter vector (Promega Corporation, Madison, WI, United States). PRKs were then transfected with miR-503 mimic/mimic NC and the psi-CHECK-2 containing either the wild type or mutant (Mut) of SIRT4 using Lipofectamine® 2000 (Invitrogen) as per the manufacturer’s instructions. After 48 h, luciferase activity was measured using the Dual-Luciferase Reporter Assay System (Promega Corporation).

Statistical analyses
The data are expressed as mean ± SD of triplicate measurements. Statistical analysis was conducted by one-way analysis of variance followed by Bonferroni post hoc tests. Independent two-group comparisons were analyzed using the Student's t-test. The significance level was set at P < 0.05.

RESULTS
Differentially expressed miRNAs that affect DM progression
Sequencing of kidney tissues from normal and DM model rats revealed that 754 miRNAs were expressed. Among them, 12 miRNAs were differentially expressed (Figure 1A and Table 3). RT-qPCR results revealed that compared with normal rats, miR-106b-5p, miR-122-5p and miR-503 were significantly upregulated, miR-151-3p, miR-19b-3p, miR-30e-5p, miR-29a/c-3p, miR-497-5p and miR-671 were significantly downregulated, and miR-101a-3p and miR-741-3p was not significantly different in DM rats (Figure 1B-M).

Effect of ICA treatment on HG treatment
Isolated PRKs were subjected to immunofluorescence (IF) staining for vimentin and α-SMA. Fluorescence microscopy of these samples revealed the high expression of both vimentin and α-SMA in the PRKs (Figure 2A), indicating that the PRKs used in this study were effective. In vitro, the expression of miRNAs in the HG-induced cell model was consistent with the in vivo results (Figure 2B). Among the miRNAs, miR-503 had the highest expression in vivo and in vitro, and was explored as a potential therapeutic target for DM. Furthermore, the expression (Figure 2C) and protein levels (Figure 2D) of ER stress associated factors caspase 12, CHOP, and GRP78 were significantly upregulated in HG-induced PRKs. The expression of miR-503 upregulated by HG was decreased in PRKs after the addition of ICA; the effect of high doses of ICA was most obvious (Figure 2E). In addition, the high expression and protein levels of HG-induced caspase 12, CHOP, and GRP78 progressively decreased in the low, medium, and high doses of ICA (Figure 2F and G). Thus, miR-503 may be a therapeutic target for DM. The effects of HG-induced reduction in PRKs cell viability (Figure 2H) and increased apoptosis (Figure 2I) were reversed by ICA. Notably, low, medium, and high doses of ICA did not significantly change the activity of normal PRKs (Figure 2J). Therefore, ICA at a dose of 50 μM was used as the therapeutic dose in subsequent molecular mechanism experiments.

ICA ameliorates HG-induced cell injury by reducing miR-503
The synthesized miR-503 mimic/inhibitor was transfected into PRKs. The results showed that miR-503 was upregulated in the miR-503 mimic transfection group and downregulated in the miR-503 inhibitor transfection group (Figure 3A). These results confirmed the efficacy of the synthesized miR-503 mimic/inhibitor. The effect of HG-induced promotion of miR-503 expression was enhanced by mimic and reversed by inhibitor. However, ICA treatment inhibited the effect of HG-mediated promotion of miR-503 expression, which was reversed by mimic and enhanced by inhibitor (Figure 3B). These results confirmed that miR-503 may be a key pathway for ICA to improve HG-induced cell injury. The mechanism of miR-503 is still unclear.

miR-503 negatively regulates SIRT4
The sequencing results showed that 329 mRNAs could potentially bind to miR-503. Joint analysis of the sequencing results with the miRDB database (Figure 3C) revealed the intersection of 23 mRNAs (Table 4). Among them, prior results have suggested that SIRT4 can prevent glucose-induced apoptosis and cell damage[26,27]. We observed that SIRT4 expression and protein levels were downregulated in DM renal tissue or HG-induced PRKs (Figure 3D-G). The HG-induced downregulations were gradually recovered after low, medium, and high doses of ICA treatment (Figure 3H and I). The inhibitory effect of HG treatment on SIRT4 expression was enhanced by mimic and reversed by inhibitor. The inhibitory effect of ICA treatment on HG-induced SIRT4 expression was reversed by mimic and enhanced by inhibitor (Figure 3J). Therefore, the expression of miR-503 is negatively correlated with SIRT4.

SIRT4 is a direct target of miR-503
Typically, miRNAs bind to the 3’-UTR of downstream targets and inhibit transcriptional activity and translational levels, thereby affecting DN progression[28,29]. We constructed a SIRT4 overexpressing plasmid and transfected it into PRKs cells. The resulting expression and protein level of SIRT4 were upregulated in the ov-SIRT4 group (Figure 4A and B), confirming the successful ov-SIRT4. Sequencing results showed that miR-503 had a potential binding site with SIRT4 (Figure 4C), Dual luciferase results revealed that SIRT4 is a direct target of miR-503 (Figure 4D). The inhibition of SIRT4 expression by miR-503 mimic was reversed after transfection with ov-SIRT4 (Figure 4E and F). The findings indicate that miR-503 directly interacts with the 3'-UTR of SIRT4, inhibiting its transcriptional activity. Furthermore, our results suggest that the mechanism by which ICA restores viability and inhibits apoptosis of HG-induced PRKs cells is related to the miR-503/SIRT4 axis.

ICA regulates miR-503/SIRT4 axis to improve HG-induced cell injury and ER stress
To investigate the role of miR-503/SIRT4 axis in ICA treatment of HG-induced injury in PRKs, miR-503 mimic and ov-SIRT4 were co-transfected into PRKs. In PRKs co-treated with HG and ICA, miR-503 mimic promoted the expression/protein levels of ER stress associated factors caspase 12, CHOP, and GRP78 (Figure 5A-C) and inhibited the expression/protein levels of SIRT4 (Figure 5D). However, after co-transfection with ov-SIRT4, the effect of miR-503 mimic was reversed. In addition, in PRKs co-treated with HG and ICA, the inhibition of cell viability (Figure 5E) and promotion of apoptosis (Figure 5F) by miR-503 mimic were reversed after co-transfection with ov-SIRT4.

DISCUSSION
Recent research has suggested that improving protein folding may attenuate renal injury and that pharmacological treatment of ER stress is a promising therapeutic approach to prevent or halt the progression of kidney disease[6,30]. Studies have suggested that TCM is a safer treatment[31,32]. The use of TCM as combination therapy has been increasingly reported[33,34]. ICA is a flavonol glycoside isolated from Epimedium[35]. Long-term administration of ICA significantly improves behavioral performance[36], reduces neuronal apoptosis, and inhibits ER stress signaling[37]. Protein misfolding and ER stress are evident in various kidney diseases, including DN and chronic kidney disease[38,39]. Therefore, studying the effects of ICA on HG-treated PRKs may help uncover its potential cellular mechanisms, which could further the understanding of the potential effectiveness and reliability of ICA. The findings could suggest new avenues for potential therapeutic interventions relevant to DN.
We demonstrated HG-induced inhibition of proliferation, promotion of apoptosis, and ER stress in PRKs, suggesting that HG can induce renal cell damage, which may contribute to mechanisms relevant to DN[40]. These results are similar to previous results of ICA for ER stress in renal cells[41]. Since the overexpression of miR-503 may be the cause of the pathogenesis of DN[14], miR-503 was selected as a potential therapeutic target for DN from miRNA sequencing results. The expression of miR-503 increased after HG treatment, but was reversed under the action of ICA. Therefore, miR-503 may play an essential role in processes relevant to DN. To investigate the role of miR-503 in the pathology of HG-induced PRKs injury, we overexpressed and inhibited miR-503, and measured the levels of ER stress markers. The results demonstrated that the miR-503 mimic can accelerate HG-induced ER stress, while miR-503 inhibitor can reduce HG-induced ER stress.
It is well known that miRNAs function via targeting to the 3’-UTR of downstream targets[42]. Here, we report the first evidence of miR-503 directly targeting SIRT4. Through this mechanism, miR-503 regulates SIRT4-mediated growth of PRKs and ER stress. SIRT4 downregulation blocks the improvement and protection of renal function by forkhead box M1 in mice[26]. SIRT4 overexpression increases podocyte proliferation and inhibits apoptosis[27]. This could be attributed to the fact that SIRT4 induced by stresses and contributes to cell survival after stress[43]. In the present study, we observed HG-induced downregulation of SIRT4 expression and protein level in PRKs, which was increased after ICA treatment. Moreover, overexpression of SIRT4 reversed ER stress induced by miR-503 mimic. The dual luciferase assay revealed that SIRT4 is a direct target of miR-503. Therefore, HG-mediated upregulation of miR-503 inhibits the transcriptional activity and translation level of downstream target SIRT4, which damages PRKs and produces ER stress. However, ICA treatment blocked HG treatment, promoted the change of miR-503/SIRT4 axis in cells, and protected PRKs from HG-induced cell damage and ER stress.
We present novel evidence supporting the role of the ICA/miR-503/SIRT4 axis in the pathogenesis of HG-induced PRKs. Our findings expand the current understanding of HG-induced pathogenesis and suggest new potential molecular targets that could be explored in future therapeutic interventions related to conditions such as DN.
The study has several limitations. Firstly, while our results show a correlation between ICA, miR-503, and mechanisms related to DN, the causative role of miR-503 in the pathology of DN remains to be established. Secondly, although ICA treatment has shown promising effects in our in vitro study, the lack of clinical data supporting the therapeutic efficacy of ICA or miR-503 in conditions like DN is a clear limitation. Finally, while we have demonstrated an interplay between ICA and the miR-503-SIRT4 axis, validation in PRKs only does not provide broader insights. Subsequent studies are needed to expand the experimental scope in different cell types associated with diabetes (e.g., podocytes or β-cells).

CONCLUSION
The in vivo and in vitro data demonstrate that ICA has the ability to safeguard PRKs against damage caused by HG-induced injury and ER stress. This protective effect is attributed to the ability of ICA to increase the proliferation of PRKs, while simultaneously inhibiting apoptosis. This is achieved by regulating the miR-503-SIRT4 axis. Moreover, the study findings provide an understanding of the molecular mechanisms potentially underlying the development of DN, specifically the role of miRNAs and their downstream targets. Based on these findings, ICA should be further explored in animal models to test whether it can still protect the kidney from diabetes as a reliable and efficient candidate for the treatment of DN.

ARTICLE HIGHLIGHTS
Research background
The study focuses on the effects of high glucose (HG) levels in diabetes and its implications on kidney function. It builds upon existing literature indicating that protein misfolding and endoplasmic reticulum (ER) stress are prevalent in kidney diseases, including diabetic nephropathy (DN) and chronic kidney disease. In addition, the flavonol glycoside Icariin (ICA), a traditional Chinese medicine (TCM), has shown potential in attenuating ER stress, which may potentially prevent or halt the progression of kidney diseases.

Research motivation
The research aimed to explore the potential of ICA as a treatment for HG-induced cellular damage, focusing on its interaction with specific microRNAs and proteins that contribute to renal cell damage. Given the increasing interest in the use of TCM as a safer and efficient alternative therapy, understanding the cellular mechanisms of ICA could provide valuable insights for potential therapeutic interventions in DN.

Research objectives
The primary goal was to investigate the effects of ICA on HG-treated kidney cells, with a particular emphasis on the role of miR-503 and sirtuin 4 (SIRT4) in the pathogenesis of HG-induced kidney injury. The study's findings could further the understanding of the mechanisms of ICA, paving the way for future research into its effectiveness and reliability as a treatment for DN.

Research methods
The research used in vitro experiments to study the effects of ICA on HG-induced cell injury and ER stress in renal cells. The methods adopted included overexpression and inhibition of miR-503 and measuring levels of ER stress markers. The study also conducted a dual luciferase assay to determine whether SIRT4 is a direct target of miR-503.

Research results
The study identified that ICA ameliorates HG-induced cell injury by reducing the expression of miR-503. This research also discovered that miR-503 directly targets SIRT4, a novel finding in the field. However, some problems remain, such as establishing the causative role of miR-503 in DN and validating the results in other cell types associated with diabetes.

Research conclusions
This study proposes a new theory suggesting the role of the ICA/miR-503/SIRT4 axis in the pathogenesis of HG-induced renal cell injury. Additionally, it presents a new method of using ICA treatment to regulate the miR-503/SIRT4 axis, thereby protecting cells from HG-induced cell damage and ER stress.

Research perspectives
Future research should focus on validating these findings in animal models and different diabetic-associated cell types like podocytes or β-cells. Further studies should also explore the therapeutic efficacy of Icariin or miR-503 in clinical settings for conditions like DN, ultimately advancing our understanding of the ICA/miR-503/SIRT4 axis's role in managing diabetes.
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Figure Legends
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Figure 1 Differentially expressed miRNAs that affect diabetic nephropathy progression. A: High-throughput sequencing analysis of the differences between the diabetes mellitus rats and normal rats concerning expressed miRNAs. In the heatmap, green squares indicate low expression and red squares indicate high expression; B-M: Real-time quantitative polymerase chain reaction verification of differentially expressed miR-151-3p, miR-19b-3p (B), miR-106b-5p (C), miR-30e-5p (D), miR-122-5p (E), miR-29a-3p (F), miR-29c-3p (G), miR-497-5p (H), miR-101a-3p (I), miR-741-3p (J), miR-503 (K), miR-671 (L), obtained by high-throughput sequencing (M). aP < 0.05 vs the control group. DM: Diabetes mellitus; miR: microRNA; RT-qPCR: Real-time quantitative polymerase chain reaction.
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Figure 2 Effect of Icariin on high glucose treatment. A: Immunofluorescence analysis of vimentin/α-smooth muscle actin (α-SMA) expression in primary rat kidney (PRKs). Blue denotes 4',6-diamidino-2-phenylindole staining, green denotes vimentin expression, and red denotes α-SMA expression; B: Real-time quantitative polymerase chain reaction (RT-qPCR) analysis of the effect of high glucose (HG) treatment on the expression of miR-151-3p, miR-19b-3p, miR-106b-5p, miR-30e-5p, miR-122-5p, miR-29a-3p, miR-29c-3p, miR-497-5p, miR-101a-3p, miR-741-3p, miR-503, and miR-671; C: RT-qPCR analysis of the effect of HG treatment on the expression of Caspase 12, C/EBP-homologous protein (CHOP), and glucose regulated protein 78 (GRP78); D: Western blot analysis of the effect of HG treatment on the protein levels of Caspase 12, CHOP, and GRP78; E: RT-qPCR analysis of the effect of Icariin (ICA) treatment on HG treatment of miR-503 expression; F: RT-qPCR analysis of the effect of ICA treatment on HG-induced expression of endoplasmic reticulum stress-related factors Caspase 12, CHOP, and GRP78 expression; G: Western blot analysis of the effect of ICA treatment on HG-induced protein levels of Caspase 12, CHOP, and GRP78; H: Cell Counting Kit 8 (CCK8) analysis of the effect of ICA treatment on HG-induced cell viability of PRKs; I: flow cytometry analysis of the effect of ICA treatment on HG-induced apoptosis of PRKs; J: CCK8 analysis of the effect of low, medium, and high doses of ICA on cell viability of PRKs. aP < 0.05 vs the control group; bP < 0.05 vs the HG group. DAPI: 4',6-diamidino-2-phenylindole; α-SMA: α-smooth muscle actin; HG: High glucose; miR: MicroRNA; CHOP: C/EBP-homologous protein; GRP78: Glucose regulated protein 78; ICA: Icariin; L: Low; M: Medium; H: High; FITC: Fluorescein isothiocyanate; PI: Propidium iodide.
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Figure 3 miR-503 negatively regulates sirtuin 4. A: Real-time quantitative polymerase chain reaction (RT-qPCR) verification of the effectiveness of miR-503 mimic/inhibitor; B: RT-qPCR analysis of the effect of Icariin (ICA) treatment on high glucose (HG)-induced miR-503 expression; C: High-throughput sequencing results combined with the miRDB database to screen for the putative target gene of miR-503; D: RT-qPCR analysis of sirtuin 4 (SIRT4) expression in normal and diabetic nephropathy (DN) rat kidney tissue; E: Western blot analysis of SIRT4 protein level in normal and DN rat kidney tissue; F: RT-qPCR analysis of the effect of HG on SIRT4 expression; G: Western blot analysis of the effect of HG on SIRT4 protein level; H: RT-qPCR analysis of the effects of low, medium, and high doses of ICA in the treatment of HG-induced SIRT4 expression; I: Western blot analysis of the effects of low, medium, and high doses of ICA in the treatment of HG-induced SIRT4 protein level; J: RT-qPCR analysis of the effect of ICA treatment on HG-induced SIRT4 expression. aP < 0.05 vs the mimic negative control (NC) group; bP < 0.05 vs the inhibitor NC group; cP < 0.05 vs the control group; dP < 0.05 vs the HG group; eP < 0.05 vs the control group. DN: Diabetic nephropathy; HG: High glucose; miR: microRNA; NC: Negative control; RT-qPCR: Real-time quantitative polymerase chain reaction; ICA: Icariin; L: Low; M: Medium; H: High; SIRT4: Sirtuin 4.

[image: ]
Figure 4 Sirtuin 4 is a direct target of miR-503. A: Real-time quantitative polymerase chain reaction (RT-qPCR) verification of the validity of the ov-sirtuin 4 (SIRT4) plasmid; B: Western blot verification of the validity of the ov-SIRT4 plasmid; C: Potential binding sites of miR-503 to SIRT4; D: Dual luciferase analysis of the binding of miR-503 and SIRT4; E: RT-qPCR analysis of the effect of miR-503 mimic and ov-SIRT4 co-transfection on miR-503 expression; F: RT-qPCR analysis of the effect of miR-503 mimic and ov-SIRT4 co-transfection on SIRT4 expression. aP < 0.05 vs the ov-negative control (NC) group; bP < 0.05 vs the mimic NC group; cP < 0.05 vs the mimic group; dP < 0.05 vs the mimic + ov-NC group. miR: microRNA; NC: Negative control; RT-qPCR: Real-time quantitative polymerase chain reaction; ov: Overexpression; SIRT4: Sirtuin 4; WT: Wild type; mut: Mutant.


[image: ] Figure 5 Icariin regulates miR-503/sirtuin 4 axis to improve high glucose-induced cell injury and endoplasmic reticulum stress. A-C: Real-time quantitative polymerase chain reaction analysis of the effect of miR-503 mimic and ov-sirtuin 4 (SIRT4) co-transfection on Caspase 12 (A), C/EBP-homologous protein (CHOP) (B), and glucose regulated protein 78 (GRP78) (C) expression in primary rat kidney (PRKs) co-treated with high glucose (HG) and Icariin (ICA); D: Western blot analysis of the effect of miR-503 mimic and ov-SIRT4 co-transfection on Caspase 12, CHOP, and GRP78 protein levels in PRKs co-treated with HG and ICA; E: Cell Counting Kit 8 analysis of the effect of miR-503 mimic and ov-SIRT4 co-transfection on cell viability of PRKs; F: Flow cytometry analysis of the effect of miR-503 mimic and ov-SIRT4 co-transfection on apoptosis of PRKs. aP < 0.05 vs the mimic negative control (NC) group; bP < 0.05 vs the mimic + ov-NC group. HG: High glucose; miR: microRNA; NC: Negative control; RT-qPCR: Real-time quantitative polymerase chain reaction; CHOP: C/EBP-homologous protein; GRP78: Glucose regulated protein 78; SIRT4: Sirtuin 4; ICA: Icariin; FITC: Fluorescein isothiocyanate; PI: Propidium iodide; FCM: Flow cytometry; CCK8: Cell Counting Kit 8; ER: Endoplasmic reticulum.

Table 1 Sequences of miR-503 mimic/inhibitor
	miRNA 
	Sequence (5’-3’)

	miR-503 mimic
	TAGCAGCGGGAACAGTACTGCAG

	miR-503 mimic NC
	GACAGAGACACGAGCGGCTGTAT

	miR-503 inhibitor
	CTGCAGTACTGTTCCCGCTGCTA

	miR-503 inhibitor NC
	TAGTAACCGTCTTTCCCCTGGGC


miRNA/miR: microRNA.

Table 2 Reverse transcription-quantitative polymerase chain reaction primers
	Primer
	Sequence (5’-3’)

	miR-151-3p-F
	ACACTCCAGCTGGGCUAGACUGAGGCUCC

	miR-151-3p-R
	CTCAACTGGTGTCGTGGA

	miR-19b-3p-F
	ACACTCCAGCTGGGUGUGCAAAUCCAUGCAA

	miR-19b-3p-R
	CTCAACTGGTGTCGTGGA

	miR-106b-5p-F
	ACACTCCAGCTGGGUAAAGUGCUGACAGU

	miR-106b-5p-R
	CTCAACTGGTGTCGTGGA

	miR-30e-5p-F
	ACACTCCAGCTGGGUGUAAACAUCCUUGAC

	miR-30e-5p-R
	CTCAACTGGTGTCGTGGA

	miR-122-5p-F
	ACACTCCAGCTGGGUGGAGUGUGACAAUGG

	miR-122-5p-R
	CTCAACTGGTGTCGTGGA

	miR-29a-3p-F
	ACACTCCAGCTGGGUAGCACCAUCUGAAAU

	miR-29a-3p-R
	CTCAACTGGTGTCGTGGA

	miR-29c-3p-F
	ACACTCCAGCTGGGUAGCACCAUUUGAAAU

	miR-29c-3p-R
	CTCAACTGGTGTCGTGGA

	miR-497-5p-F
	ACACTCCAGCTGGGCAGCAGCACACUGUGG

	miR-497-5p-R
	CTCAACTGGTGTCGTGGA

	miR-101a-3p-F
	ACACTCCAGCTGGGUACAGUACUGUGAUA

	miR-101a-3p-R
	CTCAACTGGTGTCGTGGA

	miR-741-3p-F
	ACACTCCAGCTGGGAAAGAUGCCACGCUAU

	miR-741-3p-R
	CTCAACTGGTGTCGTGGA

	miR-503-F
	ACACTCCAGCTGGGTAGCAGCGGGAACAGTA

	miR-503-R
	CTCAACTGGTGTCGTGGA

	miR-671-F
	ACACTCCAGCTGGGUCCGGUUCUCAGGGC

	miR-671-R
	CTCAACTGGTGTCGTGGA

	U6-F
	CTCGCTTCGGCAGCACA

	U6-R
	AACGCTTCACGAATTTGCGT

	SIRT4-F
	TCCTGGGAGTGGACAGAATGA

	SIRT4-R
	CTGTGGATCCATGGGAACGC

	Caspase 12-F
	TGCCAATTCCGACAAACAGC

	Caspase 12-R
	CTGGATTCCCTGAGGAACTGT

	GRP78-F
	AACCCAGATGAGGCTGTAGCA

	GRP78-R
	ACATCAAGCAGAACCAGGTCAC

	CHOP-F
	CCAGCAGAGGTCACAAGCAC

	CHOP-R
	CGCACTGACCACTCTGTTTC

	β-actin-F
	CACCCGCGAGTACAACCTTC

	β-actin-R
	CCCATACCCACCATCACACC


F: Forward; R: Reverse; miRNA/miR: microRNA; SIRT4: Sirtuin 4; CHOP: C/EBP-homologous protein; GRP78: Glucose regulated protein 78.

Table 3 Detection of 12 differentially expressed miRNAs between diabetes mellitus rats and normal rats by miRNA sequencing
	miRNA_id 
	Log2 FC
	P value

	[bookmark: OLE_LINK1]rno-miR-151-3p
	> 1.0
	< 0.001

	rno-miR-19b-3p
	< -1.0
	< 0.001

	rno-miR-106b-5p
	< -1.0
	< 0.001

	rno-miR-30e-5p
	< -1.0
	< 0.001

	rno-miR-122-5p
	> 1.0
	< 0.001

	rno-miR-29a-3p
	< -1.0
	< 0.001

	rno-miR-29c-3p
	< -1.0
	< 0.001

	rno-miR-497-5p
	< -1.0
	< 0.001

	rno-miR-101a-3p
	< -1.0
	< 0.001

	rno-miR-741-3p
	> 1.0
	< 0.001

	rno-miR-503
	< -1.0
	< 0.001

	rno-miR-671
	> 1.0
	< 0.001


miRNA/miR: microRNA; FC: Fold-change.

Table 4 Identification of mRNAs that may bind to miR-503 by sequencing results combined with the miRDB database
	No.
	Gene_id 

	1
	SLC12A1

	2
	SIRT4

	3
	MLYCD

	4
	FBXL22

	5
	CCND1

	6
	MAP2K1

	7
	PCP4

	8
	RPS6KA3

	9
	EMC6

	10
	PPFIA3

	11
	TTC17

	12
	RAB11FIP1

	13
	GALNT2

	14
	NCS1

	15
	APLN

	16
	CEP85L

	17
	CLSTN1

	18
	KIF1C

	19
	PIGQ

	20
	BTRC

	21
	LOC691995

	22
	EGLN3

	23
	NABP1
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