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A novel class of non-coding RNA transcripts called circular RNAs (circRNAs) have been the subject of significant recent studies. Accumulating evidence points that circRNAs play an important role in the cellular processes, inflammatory expression, and immune responses through sponging miRNA, binding, or translating in proteins. Studies have found that circRNAs are involved in the physiologic and pathologic processes of diabetes. There has been an increased focus on the relevance of between abnormal circRNA expression and the development and progression of various types of diabetes and diabetes-related diseases. These circRNAs not only serve as promising diagnostic and prognostic molecular biomarkers, but also have important biological roles in islet cells, diabetes, and its complications. In addition, many circRNA signaling pathways have been found to regulate the occurrence and development of diabetes. Here we comprehensively review and discuss recent advances in our understanding of the physiologic function and regulatory mechanisms of circRNAs on pancreatic islet cells, different subtypes in diabetes, and diabetic complications.
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INTRODUCTION
Diabetes is a major disease that threatens global health. It is spiraling out of control and 537 million adults aged 20–79 years are living with diabetes around the world in 2021 according to the International Diabetes Federation Diabetes Atlas 10th edition. This represented 9.8% of the world’s population in this age group (International Diabetes Federation, 2019). It is responsible for 6.7 million deaths and has become a major global public health problem. Diabetes can be classified into the following general categories: type 1 diabetes (T1D), type 2 diabetes (T2D), gestational diabetes mellitus (GDM), and diabetes due to other causes (American Diabetes Association, 2020). Poor glycemic control, late diagnosis of diabetes, and alterations of inflammatory cytokines are key pathologic processes that cause impaired cellular and organ functions, contributing to a series of chronic complications that include diabetic retinopathy (DR), diabetic nephropathy (DN), diabetic neuropathy (DNP), diabetic cardiomyopathy (DCM) and hyperglycemia- related endothelial dysfunction and wound healing. These cause a high rate of disability and mortality, and represent a heavy economic burden on society and families. A complete cure for diabetes and its complications has not yet been found because of complicated pathogenesis, which means that patients need to receive treatment for the rest of their lives.
Although great efforts have been made to reveal the mechanisms underlying the pathogenesis of diabetes and its complications, its exact mechanisms remain largely unclear. The main pathophysiologic change in diabetics is β cell dysfunction and failure, which is closely related to the expression of encoded proteins and non-coding transcript changes. Mounting evidence suggests that different types of non-coding RNA, including microRNAs (miRNAs) and circRNAs, are key players in the regulation of β cell function and diabetes (Latreille et al., 2014; Wong et al., 2018).
CircRNAs are a new class of non-coding RNAs that differ from traditional linear RNAs. Thousands of human circRNAs were recently identified using molecular biology strategies coupled with new bioinformatics approaches. Existing studies have shown that circRNAs play a very important role in several human diseases, including tumors (Lu et al., 2017; Zhang et al., 2018), neurologic diseases (Kumar et al., 2017; Salta and De Strooper, 2017), immune diseases (Li et al., 2016; Iparraguirre et al., 2017), and cardiovascular diseases (Vausort et al., 2016; Wang et al., 2016), and accumulate during aging (Westholm et al., 2014; Cortes-Lopez et al., 2018). An increasing number of studies have attempted to identify new circRNAs and their potential biologic functions in diabetes and its related complications. CircRNAs not only are the molecular markers of disease diagnosis, but also are key regulators of the occurrence and development of diseases that affect disease prognosis and outcome (Salzman, 2016; Han et al., 2017). This paper comprehensively reviews and discusses recent advances in our understanding of the physiologic function and regulatory mechanisms of circRNAs in different subtypes of diabetes and its complications.
CHARACTERISTICS AND BIOLOGICAL FUNCTIONS OF CIRCRNAS
CircRNAs are produced by a non-canonical splicing event called back splicing and are widely present in eukaryotic cells (Kristensen et al., 2019). CircRNAs can be classified into three types by their production by different regions of genes: exonic circRNAs, intronic circRNAs, and exon-intron circRNAs (Ghasemi et al., 2019). Exonic circRNAs are the most common form of circRNAs that involve approximately 80% of the total circRNAs and are mainly located in the cytoplasm (Salzman et al., 2012; Memczak et al., 2013). They are expressed from known protein-coding genes and consist of one or more exons (Guo et al., 2014), whose 5′ and 3′ ends are covalently linked to form a ‘head-to-tail’ splice junction (Meng et al., 2017). The expression levels of circRNAs and their corresponding linear mRNAs do not always correlate with each other (Salzman et al., 2013).
CircRNAs have some conserved sequences. For instance, 457 of the 2121 circRNAs in humans were found to have circular orthologues in mice (Memczak et al., 2013), and approximately 4% of humans and mice orthologous genes can generate circRNAs (Salzman et al., 2013). CircRNAs exhibit high stability compared with linear RNAs (Jeck et al., 2013; Memczak et al., 2013). This high stability is because their covalently closed ring structure protects these molecules from exonuclease-mediated degradation (Jeck et al., 2013). CircRNAs are expressed across the eukaryotic tree of life, and comprise >10% of all transcripts in human cells (Salzman et al., 2012). The expression levels of circRNAs vary greatly, with time-space specificity and tissue-cell specificity.
The unique characteristics of circRNAs give them diverse biological functions and broad application prospects in medicine and the life sciences (Liu and Chen, 2022) (Figure 1). Most important is that circRNAs can regulate gene expression by acting as effective miRNA sponges (Memczak et al., 2013), which are more effective than linear RNAs in miRNA sponging (Ebert et al., 2007; Tay et al., 2015). In other words, circRNA can act as a stable and efficient miRNA inhibitor. As a classic example, the native circRNA CDR1as acts as a “sponge” for miR-7a/b in human and mouse brains (Hansen et al., 2013a). CDR1as contains 74 miR-7 binding sites and negatively regulates miR-7 (Hansen et al., 2013b). When CDR1as is overexpressed, it can bind to miR-7 in a large amount and lead to an increased expression level of the miR-7 target gene. While it is inhibited, the expression level of the miR-7 target gene is decreased (Salmena et al., 2011). Thus, the regulation mechanism of miRNA sponges in circRNA significantly affects the body’s biological function. As far as we know, the miRNA sponge regulation mechanism is the primary motivator for the study of the mechanism of circRNA action as it is of great significance for the diagnosis and treatment of diseases and potential drug development.
[image: Figure 1]FIGURE 1 | The biological functions of circRNAs. Both intronic circRNAs and exon-circRNAs play a role in the nucleus, while exonic circRNAs exhibit several roles in the cytoplasm. (A) Acting as a miRNA sponge: by adsorbing miRNA, some exonic circRNAs can regulate the function of miRNA-target mRNAs. (B) Serving as a protein sponge: several exonic circRNAs can interact with RNA-binding proteins (RBP) and mediate their action. (C) Translating protein: some exonic circRNAs modified with an internal ribosome entry site can encode protein.
CircRNAs can act as protein sponges and stably regulate the activity of RNA-binding protein (RBP) (Ashwal-Fluss et al., 2014). They can be used as biological markers for disease detection (Iparraguirre et al., 2017; Zhang et al., 2018), and act as therapeutic agents and targets (Holdt et al., 2018). Finally, in a limited number of cases circRNAs can also be translated (Legnini et al., 2017; Yang et al., 2017; Yang et al., 2018; Lei et al., 2020). Further understanding of the biology of circRNAs offers great promise for the targeting of novel strategies against a wide spectrum of disease entities.
SPECIFICALLY EXPRESSED CIRCRNAS IN PANCREATIC ISLET CELLS
Deranged islet cell function is a key cause of both T1D and T2D. Recent studies have identified α- and β-cell-selective transcriptomic signatures in human islets (Dorrell et al., 2011; Ackermann et al., 2016). Specific regulatory elements such as non-coding RNAs have been identified as essential components for the maintenance of β-cell activity and function (Arnes et al., 2016; Mirza et al., 2017). Recent work found that circRNA, as a new member of the non-coding RNA family, might play similar roles in the maintenance of the β-cell identity and function. Stoll et al. (Stoll et al., 2018) detected ≈3,000 circRNAs in human islets using a microarray-based approach that covered only a fraction of the previously annotated circRNAs. Kaur and his colleagues detected ≈10,000 circRNAs in human α-, β-, and exocrine cells using published high-depth RNA-seq datasets (Kaur et al., 2018a). The most highly expressed circRNAs host genes were MAN1A2 and HIPK3, which both exhibit alternate circular isoforms in the three cell-types. In their analysis, 33 α cell-selective and 35 β cell-selective circRNAs were identified as highly and selectively expressed, including circTGFBR3, which is highly β cell-selective, and FAP, SYTL5, PTPRT, STK32B, and BVES, which are highly α cell-selective transcripts (Kaur et al., 2018a). Furthermore, differential expression analysis identified 14 downregulated and 22 upregulated circRNAs in β-cells compared with α-cells. The highly upregulated circRNAs in β-cells included circTGFBR3 and circHDAC9, while the highly downregulated circRNAs included circFAP and circGLS (Kaur et al., 2018a). These newly identified cell-selective circRNAs in human islets offer new avenues for exploring their functional significance in the maintenance of β-cell function. In Figure 2, we have listed several most representative circRNAs in pancreatic islet β cells. These circRNAs not only regulated the proliferation and apoptosis of islet β cells, but also were involved in the progression of different subtypes of diabetes and its complications. In the next sections, we specifically described and discussed the roles and effects of these circRNAs.
[image: Figure 2]FIGURE 2 | The roles and effects of circRNAs on pancreatic islet β cells. CircHIPK3, CDR1as, circTulp4, circGlis3, and ci-Ins2, are the most representative circRNAs in pancreatic islet β cells. CircHIPK3, CDR1as, and circTulp4 are miRNA sponges that affect cell proliferation, apoptosis, and insulin secretion. CircGlis3 suppresses the proliferation of islet β cells, inhibits insulin secretion, and promotes cell apoptosis by interacting with the RNA-binding protein glucocorticoid modulatory element-binding protein 1 (GMEB1). Ci-Ins2 can promote insulin secretion by interaction with the RNA-binding protein TAR DNA-binding protein 43 kDa (TDP43).
CIRCRNAS AND DIFFERENT TYPES OF DIABETES
Thus far, multiple studies have reported the abnormal expression of circRNAs in almost all diabetes types (Figure 3). Several works have also found that circRNAs regulate cellular dysfunction, immune inflammation, and autophagy. The following sections will discuss the latest research on circRNAs in different types of diabetes.
[image: Figure 3]FIGURE 3 | The known roles and regulatory pathways of circRNAs involved in type 1 diabetes (T1D), type 2 diabetes (T2D), and gestational diabetes mellitus (GDM).
Type 1 diabetes
T1D, also known as insulin-dependent diabetes, is a chronic autoimmune disease that is characterized by β-cell dysfunction and destruction, an absolute lack of insulin, and elevated blood glucose levels (Dayan et al., 2021). Substantial evidence has been published that describes the function of circRNAs in autoimmune disorders, which is in part due to the evaluation of autoimmune diseases in T1D research.
Biomarker circRNAs
A total of 61 upregulated and 7 downregulated circRNAs have been found in the plasma of patients with new-onset T1D, of which four circRNAs (hsa_circRNA_101062, hsa_circRNA_100332, hsa_circRNA_085129, and hsa_circRNA_103845) have been successfully validated with quantitative real-time reverse transcription-PCR (Li et al., 2020a). At the same time, 93 differentially expressed circular transcripts were identified in the peripheral blood of T1D patients compared with controls, of which 30 and 63 were up- and downregulated, respectively. GO and KEGG analysis suggest that these circRNAs may take part in the development of T1D via different pathways. Another, hsa_circ_0072697 was identified as a potential endogenous miRNA sponge for regulating β-cell function (Luo et al., 2020). These aberrantly expressed circRNAs might be biomarkers for T1D, and longitudinal studies are warranted to validate them.
Therapeutic circRNAs
CircRNAs are involved in inflammation response in the process of T1D and maybe provide a novel therapeutic target for T1D. Emerging evidence has suggested that circPPM1F was predominantly expressed in monocytes and promoted the activation of M1 macrophages through the circPPM1F-HuR-PPM1F-NF-κB pathway. Overexpression of circPPM1F could contribute to pancreatic islet injury (Zhang et al., 2020a). Macrophages, inflammatory mediators of the immune response, play a prominent function in insulitis and promote inflammatory cell infiltration by supporting autoimmune T cells in the development of T1D (Cnop et al., 2005). Yang and coworkers found that has_circ_0060450 was upregulated in patients with T1D, and acted as a sponge that targets adsorbed miR-199a-5p to suppress macrophage-mediated inflammation by inhibiting the JAK-STAT signaling pathway (Yang et al., 2020). Additionally, 1922 markedly expression circRNAs were found in mouse islet β-cells induced by various cytokines, such as interleukin-1β (IL-1β), interferon-γ(INF-γ), and tumor necrosis factor-α (TNF-α) (Wang et al., 2021a). In order to clarify the role of circRNA in T1D, Yi et al. (Yi and Cheng, 2021) established the circRNA-lncRNA-miRNA-mRNA ceRNA regulatory network for T1D using computational and bioinformatic approaches. However, studies on therapeutic circRNAs in T1D are limited, it needs to be proven by a large amount of data in the future.
Type 2 diabetes
The prevalence of T2D is rising due to increased living standards and altered diet structure, thereby creating a huge health burden for both patients and society. Recent studies have focused on exploring the effects of circRNAs on the pathogenesis and progression of T2D, reporting that circRNAs may be candidates for diagnostic biomarkers and therapeutic targets of diabetic patients.
Biomarker circRNAs
Serum hsa_circ_0054633 could diagnose pre-diabetes and T2D patients in a cohort comprising 60 control subjects, 63 pre-diabetes subjects and 64 T2D subjects (Zhao et al., 2017). What’s more, serum hsa_circ_0054633 levels in T2D patients were correlated with fasting blood glucose, hemoglobin A1c, and low-density lipoprotein (Liang et al., 2021a). Another, the combination of has_circ_0063425 and hsa_circ_0056891 could discriminate T2D and impaired fasting glucose patients from healthy controls in a cohort of 313 subjects. The areas under the curves (AUCs) were 0.837 and 0.719, respectively (Lu et al., 2021). More importantly, the study found has_circ_0063425 and hsa_circ_0056891 play a significant role in the insulin phosphatidylinositol 3-kinase/protein kinase B signaling pathway via sponging miR-19a-3p and miR-1-3p, respectively (Lu et al., 2021). Additionally, circHIPK3 and CDR1as were upregulated in T2D patients (Rezaeinejad et al., 2022). CircHIPK3, also named hsa_circ_0000284, is one of the most abundant circRNAs in pancreatic islets. It originates from exon 2 of HIPK3, which is very conserved between human cells and mice (Kaur et al., 2018a). It was verified that circHIPK3 contributes to hyperglycemia and insulin resistance by sponging miR-192-5p and up-regulating the expression levels of FOXO1 (Cai et al., 2020). Additionally, it has been reported that circHIPK3 is decreased in DB/DB islets. Depletion of circHIPK3 results in increased β-cell apoptosis and decreased glucose-stimulated insulin secretion. CircHIPK3 appears to have a vital effect on islet cells partly through the miRNA sponging of miR-124-3p, miR-29-3p, miR-338-3p, and miR-30 via regulation of the expression of key β-cell genes such as Slc2a2, Akt1, and Mtpn (Stoll et al., 2018). There is sufficient evidence that all these miRNAs have a significant role in β-cell development, proliferation, survival, or function (Baroukh et al., 2007; Joglekar et al., 2009; Bagge et al., 2012; Jacovetti et al., 2015). CircHIPK3 could distinguish T2D patients from healthy control subjects with a sensitivity of 50.0% and a specificity of 88.4% (Rezaeinejad et al., 2022). CDR1as originally described in brain tissue (Hansen et al., 2013a), is also enriched in pancreatic β-cells. CDR1as can regulate insulin transcription and secretion in islet cells via inhibition of miR-7 function by modulating the expression of the endogenous targeted genes Myrip and Pax6 (Xu et al., 2015). The level of CDR1as was decreased in both OB/OB and DB/DB mice, which is consistent with its involvement in diabetes pathogenesis. Over-expression of CDR1as upregulates islet cell insulin secretion and insulin content (Xu et al., 2015), and loss of CDR1as abrogates the beneficial effects of CDR1as upregulation on islet cells and decreases the prolactin-induced proliferation of MIN6B cells in isolated rat islets (Stoll et al., 2018). Study showed that CDR1as can identify prediabetic patients from healthy control subjects (AUC = 0.605) (Rezaeinejad et al., 2022).
Therapeutic circRNAs
Circ-Tulp4 might be a potential therapeutic intervention for T2D (Wu et al., 2020). In vitro experiments indicated that circTulp4 can regulate the proliferation of the MIN6 cell line. Moreover, upregulation of circTulp4 promoted the expression of SOAT1, resulting in increased cyclin D1 expression, thereby reinforcing cell cycle progression and reducing β-cell dysfunction via miR-7222-3p inhibition (Wu et al., 2020). CircGlis3, a β cell-derived exosomal circRNA was found to be elevated in the serum of diabetic mice and participants with T2D and it could be transferred to islet endothelial cells as a therapeutic target (Xiong et al., 2022). CircGlis3 is involved in lipotoxicity-induced β cell disorder and the development of diabetes by suppressing insulin secretion and cell proliferation. Mechanistically, circGlis3 reduces the viability and migration of islet endothelial cells and is delivered to target cells via exosomes. Importantly, intronic circRNAs generated from insulin genes also play a critical role in the development of T2D. For example, circular intronic-Ins2 (ci-Ins2) could regulate β-cell function (Das et al., 2020). Evidence indicated that circRNA containing the lariat sequence of the second intron of the insulin gene can regulate insulin secretion in rodent diabetes models and patients with T2D, possibly explaining their impaired secretory capacity (Stoll et al., 2020). There is an association between circANKRD36 and chronic inflammatory cytokines in T2D. Further functional experiments found that circANKRD36 levels are positively correlated with those of blood glucose and IL-6 (Fang et al., 2018). Additionally, in T2D rats, dysregulated expression circRNAs has been linked to the autophagy of pancreatic β-cells. It might be caused by rno_circRNA_008565 through interaction with miRNAs (Bai et al., 2019). All together, circRNAs may associate with insulin resistance, inflammatory response, and β-cell failure in T2D and serve as therapeutic targets for T2D in the future.
GESTATIONAL DIABETES MELLITUS
Biomarker circRNAs
CircRNAs play key roles in predicting multiple adverse events in patients with GDM. CircVEGFC a novel regulator of glucose metabolism, is increased in pregnant women with GDM. High levels of circVEGF are associated with fetal malformations and hypertension (She et al., 2021). Pregnant women with high levels of circACTR2 expression are more likely to suffer from GDM. Zhu et al. (Zhu et al., 2021a) showed that abnormal circACTR2 expression is correlated with fetal malformations, premature delivery intrauterine infection, and miscarriage. These findings suggest that circRNAs can potentially serve as biomarkers for predicting the risk of complications in GDM patients. However, the clinical application of circRNAs and their underlying mechanisms require further study.
Therapeutic circRNAs
GDM is a common complication of pregnancy that poses a serious threat to the health of both the mother and child. The roles of therapeutic circRNAs in GDM have also been reported. For instance, the expression profiles of the placental villous circRNAs of in women with GDM have been described. These deregulated circRNAs might be associated with GDM (Yan et al., 2018; Tang et al., 2020a). Chen et al. (Chen et al., 2021) reported that circ_0008285 is highly expressed in GDM patients. Loss of circ_0008285 could suppress cell proliferation, invasion, and migration. In addition, hsa_circ_0005243 was implicated in reducing cell proliferation and migration, as well as increasing the secretion of TNF-α and IL-6 in GDM by targeting the β-catenin/NF-κB axis (Wang et al., 2020). Another, circPNPT1 is increased in the placental tissues of GDM and high glucose (HG)-induced trophoblast cells (Zhang et al., 2021a). Mechanistically, circPNPT1 can regulate trophoblast cell dysfunction by sponging miR-889-3p and activating the expression of p21-activated kinase 1. More importantly, circPNPT can also be packaged into exosomes and transferred to other cells (Zhang et al., 2021a).
THE ROLE OF CIRCRNAS IN DIABETIC COMPLICATIONS
Persistent hyperglycemia leads to the development of diabetic complications, such as DR, DN, DNP, DCM, and high glucose-related endothelial dysfunction and wound healing. These complications pose a serious threat to human life. Numerous studies have demonstrated the importance of circRNAs in the development of diabetic complications. CircRNAs with confirmed roles in diabetes-related diseases are summarized (Figure 4). Table 1 describes in detail the roles of circRNAs in diabetic complications.
[image: Figure 4]FIGURE 4 | Aberrantly expressed circRNAs in diabetes-related diseases. Red font = decreased circRNAs; black font = increased circRNAs.
TABLE 1 | The expression and roles of circRNAs in diabetic complications.
[image: Table 1]Diabetic retinopathy
DR is divided into non-proliferative DR and proliferative DR according to severity (Kollias and Ulbig, 2010). DR is a common microvascular complication of diabetes and is the leading cause of blindness in working-aged people (Cheung et al., 2010). It involves changes in pericytes and endothelial cells and is featured by capillary occlusion and vascular leakage (Cheung et al., 2010). CircRNA dysregulation has been implicated in the progression of DR, giving them the potential to act as important biomarkers and rational therapeutics molecules in the future.
Biomarker circRNAs
In terms of proliferative DR, circRNA could serve as a diagnostic biomarker. Zhang et al. (Wu et al., 2021a) reported that hsa_circ_0001953 levels were increased in the blood of proliferative DR patients compared with healthy participants and non-proliferative DR patients. However, it needs to verify in a large population. In two diabetic human retinas, it has been found a total of 529 circRNAs were aberrantly expressed. Of these, has_circ_0005015 was verified to be upregulated in the plasma, vitreous sample, and fibrovascular membranes of DR patients, and facilitated retinal endothelial angiogenic function by regulating endothelial cell proliferation, migration, and tube formation. Has_circ_0005015 might be a putative biomarker of DR diagnosis. Further functional experiments found that has_circ_0005015 acts as a miR-519d-3p sponge to inhibit miR-519d-3p activity, leading to increased MMP-2, XIAP, and STAT3 expression (Zhang et al., 2017). The latest research indicated that hsa_circ_0095008 and hsa_circ_0001883, as diagnostic biomarkers for the early diagnosis of DR patients, presented a diagnostic capability with AUCs of 0.671 and 0.607, respectively (He et al., 2022).
Therapeutic circRNAs
CircHIPK3 expression was up in diabetic retinas and retinal endothelial cells. It increased vascular endothelial growth factor-C, FZD4, and WNT2 expression by blocking miR-30a-3p, which led to the endothelial proliferation and vascular dysfunction (Shan et al., 2017). Moreover, studies found that circDNMT3B, circFTO, circ_001209, circCOL1A2, circ-UBAP2, circSLC16A12 and exosomal circFndc3 can also regulate diabetic retinal vascular function (Zou et al., 2020; Guo et al., 2021; Jiewei et al., 2021; Li et al., 2021; Wang et al., 2022a). All of these are potential targets to control DR. CircDNMT3B downregulation exacerbated visual damage and circDNMT3B overexpression contributed to the alleviation of retinal vascular dysfunction, while circ_001209 upregulation aggravated the retinal injury by sponging miR-15b-5p in diabetic rats (Zhu et al., 2019; Wang and Zhang, 2021). In addition, circRNAs can regulate DR by influencing the crosstalk between pericytes and endothelial cells (Liu et al., 2019; Ye et al., 2021). A novel DR-associated circRNA cPWWP2A acted as a competing endogenous RNA by interacting with miR-579 to promote retinal vascular dysfunction through the up-regulation of angiopoietin 1, occludin, and SIRT1 (Liu et al., 2019). What’s more, circRNA cPWWP2A exists in pericytes but not in endothelial cells, but it can indirectly regulate the biology of endothelial cells through exosomes. Exosomal circEhmt1 released from pericytes can be transferred from pericytes to endothelial cells, and upregulated circEhmt1 protects endothelial cells against injury in the high glucose condition (Ye et al., 2021). CircRNAs also play an important role in human retinal pigment epithelial (ARPE 19) cells. Studies showed that hsa_circ_0041795 and circRNA_0084043 were obviously elevated in HG-induced ARPE-19 cells, attenuating ARPE-19 cell proliferation and survival. Mechanically, hsa_circ_0041795 contributed to HG-treated ARPE-19 cell apoptosis by mediating the activation of VEGFC via sponging miR-646 (Sun and Kang, 2020). Loss of circRNA_0084043 significantly increased HG-triggered apoptosis of ARPE-19 cells by sponging miR-140-3p and inducing TGFA. Meanwhile, deficiency of circRNA _0084043 effectively suppressed HG-stimulated inflammation by inhibiting the inflammatory cytokines TNF-α, IL-6, and Cox-2 in ARPE-19 cells (Li et al., 2020b). Circ-ADAM9 and circ-PSEN1 were also up-regulated in DR, circ-ADAM9 could promote ARPE-19 cell injury and downregulation of circ-PSEN1 can ameliorate ferroptosis (Zhu et al., 2021b; Liang et al., 2022). CircZNF532 not only regulates pericyte biology by acting as a miR-29a-3p sponge and inducing increased expression of NG2, LOXL2, and CDK2, but also modulates ARPE-19 cell apoptosis and pyroptosis, thereby facilitating angiogenesis and inflammation in DR (Jiang et al., 2020; Liang et al., 2021b; Wang et al., 2022b). In rat retinal pigment epithelial cells, it has been found circ-ITCH involved in the physiology and pathology of DR (Zhou et al., 2021). The latest research showed that the silence of circMET can reduce retinal angiogenesis (Yao et al., 2022). Altogether, circRNA was not only involved in the progression of DR but also exhibited a promising therapeutic potential in the treatment of DR.
Diabetic nephropathy
DN is a common cause of death in diabetes patients (Tuttle et al., 2014). Pathologic features of DN include the progressive accumulation of the extracellular matrix (ECM), the continuous proliferation of mesangial cells (MCs), the thickening of the basement membrane, and kidney fibrosis (Wang et al., 2018a). ECM and MC dysfunction are crucial players and early warning signs in the pathogenesis of DN. Unraveling the molecular mechanisms behind DN and identifying promising therapeutic targets can lead to the improved survival of patients with complications from diabetes.
Biomarker circRNAs
Currently, several studies have reported that circRNAs as biomarkers of DR. Hsa_circ_0001831 and hsa_circ_0000867 were upregulated in the peripheral blood of early type 2 DN patients (Zhang et al., 2022). It was found that hsa_circ_0001831 has a good diagnostic value for early type 2 DN with a sensitivity of 0.85, a specificity of 0.85, and an AUC value of 0.95 (Zhang et al., 2022). Additionally, in a study including 73 patients, the result showed that hsa_circRNA_102682 might be an independent risk factor of DR. The ROC curve demonstrated that the AUC of hsa_circRNA_102682 is 0.97 (Hu et al., 2021).
Therapeutic circRNAs
Numerous reports have highlighted circRNAs in the treatment of DN, such as circEIF4G2, hsa_circ_0125310, circTAOK1, and circ-ACTR2 (Xu et al., 2020; Yun et al., 2021; Li et al., 2022; Zhu et al., 2022). A study has indicated that circ-FBXW12 was increased in the serum of DN patients and human MCs by HG-induced. Functional experiments in vitro showed that circ-FBXW12 silencing suppressed human MC growth and reduced ECM production and oxidative stress by regulating the miR-31-5p/LIN28B pathway (Sun et al., 2021). CircSMAD4 could alleviate ECM deposition, while circRNA_15698 could aggravate ECM deposition (Hu et al., 2019; Wu et al., 2021b). Liu et al. (Liu et al., 2020) demonstrated that the expression of circ_0080425 correlates with DN progression and has a positive effect on cell proliferation and fibrosis in MCs via the miR-24-3p/FGF11 signaling axis. Circ_0000712 potentiated HG-caused apoptosis, inflammation, oxidative stress, and fibrosis in DN by targeting the miR-879-5p and regulating SOX6 expression (Zhao et al., 2021). Similarly, circ_0000491 could regulate Hmgb1 expression by sponging miR-455-3p, thereby exacerbating HG-induced apoptosis, inflammation, oxidative stress, and fibrosis in DN (Wang et al., 2021b). In vivo, overexpression of circRNA_010383 downregulated miR-135a function, upregulated transient receptor potential cation channel, subfamily C, and member 1 levels, and inhibited proteinuria and renal fibrosis in DN mice (Peng et al., 2021). Further, circ_0000285 and circ_0037128 were increased in mice models of DN. Circ_0000285 can serve as a sponge for miR-654-3p, activates the expression levels of MAPK6, and results in podocyte injury (Yao et al., 2020). Recent evidence has shown that circ_0037128 regulates the development of DN via the miR-17-3p/AKT3 pathway (Wang et al., 2021c). An additional recent work found that circ_0037128 inhibits cell proliferation and promotes the inflammation and fibrosis of HK-2 cells through the miR-497-5p/NFAT5 axis. In contrast, the levels of circ-AKT3, circ_LARP4, circ-ITCH, and mmu_circRNA_0000309 were downregulated in mice or rats with DN or in DN tissue or cell models (Tang et al., 2020b; Liu et al., 2021a; Wang et al., 2021d; Jin et al., 2021). Upregulation of circ-AKT3 can inhibit the synthesis of fibrosis-associated protein through sponging miR-296-3p to modulate E-cadherin, which might provide a non-negligible potential opportunity for therapeutic targets of patients with DN (Tang et al., 2020b). CircHIPK3, as mentioned above, regulates islet proliferation and insulin secretion, thereby contributing to insulin resistance. Two studies on DN reported that circHIPK3 has a major influence on human renal tubular epithelial HK-2 cells and rat MCs. Mechanistically, circHIPK3 expression was remarkably downregulated in HK-2 cells that were HG-treated. The overexpression of circHIPK3 reduced miR-326 and miR-487a-3p accumulation, leading to the upregulation of SIRT1 and reduced HG-induced inhibition of HK-2 proliferation (Zhuang et al., 2021). While another study showed that the expression levels of circHIPK3 in rat MCs were increased. Knocking down circHIPK3 inhibited cell proliferation and decreased the cyclin D1, PCNA, TGF-β1, Col. I, and FN mRNA abundance in MCs (Liu et al., 2021b). Additional studies are needed to confirm the role of circHIPK3 in DN.
Diabetic neuropathy
DNP is one of the most prevalent diabetic complications and significantly decreases the quality of life of diabatic patients. DNP is a loss of sensory function that begins in the distal lower extremities that are also characterized by spontaneous and stimulus-evoked pain and numerous morbidities (Feldman et al., 2019). However, the etiology behind DNP remains unclear. Several works have shown that circRNAs play an important regulatory role in the progression of DNP.
Biomarker circRNAs
Recent works have evaluated the expression of noncoding RNAs, includingmiRNAs, long ncRNAs, and circRNAs in streptozotocin-induced DNP mice. A total of 30 mRNAs, 148 miRNAs, 9 long ncRNAs, and 135 circRNAs exhibited significantly dysregulated expression in DNP mice. These factors involved the protein digestion and absorption pathways, the Rap1 signaling pathway, human TT-lymphotropic virus-I infection, and the MAPK signaling pathway (He et al., 2021). Another study identified 15 circRNAs and 133 mRNAs with altered expression levels in the dorsal root ganglia of wild-type and diabetic mice using high-throughput RNA sequencing and a chip scan. 7 circRNAs and 14 mRNAs were significantly correlated with diabetic peripheral neuropathy (Zhang et al., 2020b). These circRNAs may serve as biomarkers for the prediction and diagnosis of DNP in the future.
Therapeutic circRNAs
It has been demonstrated that circHIPK3 was abundant in DNP patients and rats. Upregulation of circHIPK3 was positively associated with neuropathic pain in patients with T2D. Silencing circHIPK3 alleviated neuropathic pain in diabetic rats, which was attributed to neuroinflammation. A mechanistic investigation found that circHIPK3 interacted with miR-124 and down-regulated its expression. This is the first evidence that intrathecal circHIPK3 shRNA treatment can be used to treat DNP rats (Wang et al., 2018b).
Diabetic cardiomyopathy
DCM is a major cause of morbidity and mortality in the diabetic population as well as a heavy burden on social economies worldwide. DCM is characterized by cardiomyocyte hypertrophy, apoptosis, myocardial interstitial fibrosis, and later heart failure in the absence of dyslipidemia, coronary artery disease, and hypertension (Jia et al., 2018; Dillmann, 2019).
CircRNAs have vital effects on the progression of DCM. Zhou and coworkers indicated that circRNA_010567 in diabetic mice myocardium and Ang- II-induced cardiac fibroblasts (CFs) significantly increased and modulated the excision of fibrosis-associated proteins in CFs, including Col I, Col III, and α-SMA via the miR-141/TGF-β1 signaling axis (Zhou and Yu, 2017). CircRNA_000203 levels were markedly elevated in the DCM mouse myocardium and CFs. Moreover, functional experiments found that overexpression of circRNA_000203 suppresses miR-26b-5p and activates Col1a2 and CTGF, ultimately resulting in the increased expressions of Col3a1 and α-SMA in CFs (Tang et al., 2017). CircHIPK3 was later found to contribute to enhanced myocardial fibrosis and reduced cardiac function in DCM mice, and loss of circHIPK3 inhibits the proliferation of CFs via the miR-29b-3p/Col1a1, Col3a1 regulatory network (Wang et al., 2021e). These results indicate that circRNA_010567, circRNA_000203, and circHIPK3 are involved in the pathogenesis of myocardial fibrosis, which can provide a molecular mechanism and therapeutic target for DCM.
Another study pointed out that circHIPK3 was downregulated in DCM and HG-treated human cardiac myocytes. Overexpression of circHIPK3 suppressed the expression levels of PTEN, which is a kind of tumor suppressor gene, and inhibited human cardiac myocytes apoptosis treatment by HG (Jiang et al., 2022). Circ_0071269 was significantly accumulated in rat cardiomyocytes after treatment with HG. Knockdown of circ_0071269 promoted cell viability and inhibited the inflammatory response, cytotoxicity, and pyroptosis of rat cardiomyocytes in vitro by sponging miR-145 to upregulate GSDMA (Fu et al., 2022). Hsa_circ_0076631, also known as caspase-1-associated circRNA (CACR), was increased in both diabetic patients and cardiomyocytes treated with HG. Knocking down CACR-activated caspase-1 via miR-214-3p in cardiomyocytes. Conversely, the loss of miR-214-3p partially abolished the beneficial effects of CACR silencing on pyroptosis in cardiomyocytes. Therefore, this study concluded that CACR might be a novel therapeutic target for modulating the CACR/miR-214-3p/caspase-1 pathway in DCM (Yang et al., 2019).
Hyperglycemia-related endothelial dysfunction and wound healing
Endothelial cells comprise the inner lining of blood vessels and act as an anticoagulant barrier between the vessel wall and the blood (Sumpio et al., 2002). Endothelial cells are unique multifunctional cells that are charactered by the regulation of metabolic hemostasis, vasomotor tone, vascular smooth muscle cell (VSMC) proliferation, and an immune and inflammatory response (Kaur et al., 2018b). Previous studies have shown that hyperglycemia can lead to damaged endothelial cell function in diabetes patients (Ceriello, 2010; Grassi et al., 2012). Accumulated data indicates that hyperglycemia profoundly alters circRNAs expression and circRNAs are involved in the diverse biological process of HG-induced endothelial dysfunction in diabetes (Shang et al., 2018).
Human umbilical vein endothelial cells (HUVECs) are readily available and widely used for in vitro studies of endothelial cells. Cheng et al. (Cheng et al., 2019) reported that hsa_circ_0068087 promoted inflammation and endothelial cell dysfunction by activating the miR-197/TLR4/NF-κB/NLRP3 pathway. Another, circBPTF was highly regulated in HG-induced HUVECs. Loss of circBPTF inhibited inflammatory injuries and oxidative stress by targeting miR-384 and downregulating the expression of LIN28B (Zhang and Sui, 2020). In contrast, it has been demonstrated that circ_CLASP2 is decreased in HG-induced HUVECs. Circ_CLASP2 protects HUVECs against hyperglycemia dysfunction by regulating the miR-140-5p/FBXW7 pathway (Zhang et al., 2021b).
Significant evidence has suggested that circRNAs such as circWDR77, circYTHDC2, and circLRP6 are highly expressed in VSMCs treated with HG (Chen et al., 2017; Bai et al., 2021; Yuan et al., 2021). All of these circRNAs promote the proliferation and migration of VSMCs through different mechanisms. Silencing circWDR77 suppresses VSMC proliferation and migration by targeting the miR-124/fibroblast growth factor 2 signaling axis (Chen et al., 2017). CircYTHDC2 regulates the progression of VSMC dysfunction via YTHDC2-mediated m6A modification and by modulating the expression of ten-eleven translocation 2 (Yuan et al., 2021). CircLRP6, a miR-545-3p sponge, facilitates the proliferation and migration of HG-induced VSMCs by decreasing HMGA1 expression (Bai et al., 2021).
Several studies found that different circRNAs are involved in hyperglycemia-related wound healing. Circ-Klhl8 levels in endothelial progenitor cells and circ-Gcap14 levels in adipose-derived stem cells (ADSCs) are upregulated in the setting of hypoxic pretreatment conditions (Wang et al., 2021f; Shang et al., 2021). Overexpression of circ-Gcap14 promotes angiopoiesis and accelerates hypoxic ADSC-mediated diabetic wound closure (Wang et al., 2021f). Shang et al. (Shang et al., 2021) reported that circ-Klhl8 increases autophagy, inhibits HG-induced endothelial cell damage, and promotes diabetic wound healing by regulating the miR-212-3p/SIRT5 signaling axis. Recent studies have reported that both exosomal mmu_circ_0000250 and circARHGAP12 have the capability to accelerate diabetic wound healing by mediating autophagy (Shi et al., 2020; Meng et al., 2021). Mechanistically, circARHGAP12 promotes diabetic wound closure by sponging miR-301b-3p to regulate the expression of the target genes ATG16L1 and ULK2 (Meng et al., 2021). CircARHGAP12 may be a new target for the treatment of diabetic wound healing.
CONCLUSION AND PERSPECTIVES
With the development and progress of science and technology, new research perspectives related to circRNAs have attracted significant attention. First, the association of circRNAs with exosomes and m6A methylation has become a hot topic. CircRNAs can be encapsulated in exosomes and delivered out of cells to serve as regulators for cell-to-cell communication (Wang et al., 2019). M6A methylation modification not only can regulate circRNA translation but also facilitate circRNA degradation. Increasing evidence indicated that m6A-modified circRNAs play an important role in innate immunity and tumors (Zhang et al., 2020c). It has been demonstrated that m6A modification of circNSUN2 enhances HMGA2 stability and modulates the progression of colorectal liver metastasis by facilitating cytoplasmic export and forming a circNSUN2/IGF2BP2/HMGA2 RNA-protein ternary complex (Chen et al., 2019). Second, given the universality, stability, and diversity of circRNA, it can sever as a promising biomarker for various diseases and has been proposed to be applied to conduct vaccine development. The latest study reported that a circRNA vaccine has a durable ability to produce antigens, neutralize antibodies, and protect against SARS-CoV-2. It produces its effect by encoding the RNA-binding domain of the spike protein (Qu et al., 2022). Last, nanoparticles-based carrying and delivery of therapeutic agents targeting circRNAs in kinds of diseases are emerging. Recently, Du et al. (Du et al., 2022) utilized a siRNA vector poly (β-amino esters) (PAEs) targeting circMDK to develop a PAE-siRNA complex delivery. The PAE-siRNA complex could downregulate circMDK and inhibit hepatocellular carcinoma without obvious side effects in tumor models. Additionally, in vitro transcribed circ-INSR mimics effectively prevented doxorubicin-induced cardiotoxicity, which provides an exciting complementary option for adeno-associated virus-based therapies (Lu et al., 2022).
In summary, significant evidence has identified roles for circRNAs in a variety of cells, organs, and diseases including pancreatic islet cells, different subtypes of diabetes, and diabetic complications. In-depth studies on the biologic pathogenesis and precise molecular function of circRNAs in diabetes are of great scientific significance and potential clinical application. Considering the regulatory roles played by circRNAs in islet cells, immune cells, and other diabetic complication organ-specific tissue cells, we believe that circRNAs can be used as an effective strategy for treating diabetes and its complications. Once the precise molecular mechanisms and functions of circRNAs are understood, more surprises and breakthroughs for the prevention, diagnosis and treatment of diabetes are expected.
AUTHOR CONTRIBUTIONS
WY and SL wrote the first draft of the manuscript. ZiZ and ZX performed the material preparation and data collection. XL and ZhZ reviewed the manuscript and contributed to the discussion. SL proposed the project and is the guarantor of this work and, as such, had full access to all the data in the study and takes responsibility for the integrity of the data and the accuracy of the data analysis. All authors contributed to the article and approved the submitted version.
FUNDING
This study was supported by Hunan Province Natural Science Funds for Distinguished Young Scholar (Grant No. 2020JJ2053), key projects supported by the Hunan Health Commission (Grant No. 202103060904), Hunan Province Clinical Medical Technology Innovation Guidance Project (2021SK53508), postgraduate Research Innovation Project of Hunan Province (CX20210367), and the Fundamental Research Funds for the Central Universities of Central South University (Grant No. 2021zzts1052, 2021zzts0365).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Ackermann, A. M., Wang, Z., Schug, J., Naji, A., and Kaestner, K. H. (2016). Integration of ATAC-seq and RNA-seq identifies human alpha cell and beta cell signature genes. Mol. Metab. 5 (3), 233–244. doi:10.1016/j.molmet.2016.01.002
 American Diabetes Association (2020). 2. Classification and diagnosis of diabetes: Standards of medical care in diabetes-2020. Diabetes Care 43 (1), S14–S31. doi:10.2337/dc20-S002
 Arnes, L., Akerman, I., Balderes, D. A., Ferrer, J., and Sussel, L. (2016). βlinc1 encodes a long noncoding RNA that regulates islet β-cell formation and function. Genes Dev. 30 (5), 502–507. doi:10.1101/gad.273821.115
 Ashwal-Fluss, R., Meyer, M., Pamudurti, N. R., Ivanov, A., Bartok, O., Hanan, M., et al. (2014). circRNA biogenesis competes with pre-mRNA splicing. Mol. Cell 56 (1), 55–66. doi:10.1016/j.molcel.2014.08.019
 Bagge, A., Clausen, T. R., Larsen, S., Ladefoged, M., Rosenstierne, M. W., Larsen, L., et al. (2012). MicroRNA-29a is up-regulated in beta-cells by glucose and decreases glucose-stimulated insulin secretion. Biochem. Biophys. Res. Commun. 426 (2), 266–272. doi:10.1016/j.bbrc.2012.08.082
 Bai, C., Yang, W., Lu, Y., Wei, W., Li, Z., and Zhang, L. (2019). Identification of circular RNAs regulating islet beta-cell autophagy in type 2 diabetes mellitus. Biomed. Res. Int. 2019, 4128315. doi:10.1155/2019/4128315
 Bai, Y., Liu, F., and Yang, Z. (2021). CircRNA LRP6 promotes high-glucose induced proliferation and migration of vascular smooth muscle cells through regulating miR-545-3p/HMGA1 signaling axis. Am. J. Transl. Res. 13 (8), 8909–8920.
 Baroukh, N., Ravier, M. A., Loder, M. K., Hill, E. V., Bounacer, A., Scharfmann, R., et al. (2007). MicroRNA-124a regulates Foxa2 expression and intracellular signaling in pancreatic beta-cell lines. J. Biol. Chem. 282 (27), 19575–19588. doi:10.1074/jbc.M611841200
 Cai, H., Jiang, Z., Yang, X., Lin, J., Cai, Q., and Li, X. (2020). Circular RNA HIPK3 contributes to hyperglycemia and insulin homeostasis by sponging miR-192-5p and upregulating transcription factor forkhead box O1. Endocr. J. 67 (4), 397–408. doi:10.1507/endocrj.EJ19-0271
 Ceriello, A. (2010). Point: Postprandial glucose levels are a clinically important treatment target. Diabetes Care 33 (8), 1905–1907. doi:10.2337/dc10-0634
 Chen, H., Zhang, S., Wu, Y., Li, Z., Wang, D., Cai, S., et al. (2021). The role of circular RNA circ_0008285 in gestational diabetes mellitus by regulating the biological functions of trophoblasts. Biol. Res. 54 (1), 14. doi:10.1186/s40659-021-00337-3
 Chen, J., Cui, L., Yuan, J., Zhang, Y., and Sang, H. (2017). Circular RNA WDR77 target FGF-2 to regulate vascular smooth muscle cells proliferation and migration by sponging miR-124. Biochem. Biophys. Res. Commun. 494 (1-2), 126–132. doi:10.1016/j.bbrc.2017.10.068
 Chen, R. X., Chen, X., Xia, L. P., Zhang, J. X., Pan, Z. Z., Ma, X. D., et al. (2019). N(6)-methyladenosine modification of circNSUN2 facilitates cytoplasmic export and stabilizes HMGA2 to promote colorectal liver metastasis. Nat. Commun. 10 (1), 4695. doi:10.1038/s41467-019-12651-2
 Cheng, J., Liu, Q., Hu, N., Zheng, F., Zhang, X., Ni, Y., et al. (2019). Downregulation of hsa_circ_0068087 ameliorates TLR4/NF-κB/NLRP3 inflammasome-mediated inflammation and endothelial cell dysfunction in high glucose conditioned by sponging miR-197. Gene 709, 1–7. doi:10.1016/j.gene.2019.05.012
 Cheung, N., Mitchell, P., and Wong, T. Y. (2010). Diabetic retinopathy. Lancet 376 (9735), 124–136. doi:10.1016/S0140-6736(09)62124-3
 Cnop, M., Welsh, N., Jonas, J. C., Jörns, A., Lenzen, S., and Eizirik, D. L. (2005). Mechanisms of pancreatic beta-cell death in type 1 and type 2 diabetes: Many differences, few similarities. Diabetes 54 (2), S97–S107. doi:10.2337/diabetes.54.suppl_2.s97
 Cortes-Lopez, M., Gruner, M. R., Cooper, D. A., Gruner, H. N., Voda, A. I., van der Linden, A. M., et al. (2018). Global accumulation of circRNAs during aging in Caenorhabditis elegans. BMC Genomics 19 (1), 8. doi:10.1186/s12864-017-4386-y
 Das, D., Das, A., Sahu, M., Mishra, S. S., Khan, S., Bejugam, P. R., et al. (2020). Identification and characterization of circular intronic RNAs derived from insulin gene. Int. J. Mol. Sci. 21 (12), E4302. doi:10.3390/ijms21124302
 Dayan, C. M., Besser, R. E. J., Oram, R. A., Hagopian, W., Vatish, M., Bendor-Samuel, O., et al. (2021). Preventing type 1 diabetes in childhood. Science 373 (6554), 506–510. doi:10.1126/science.abi4742
 Dillmann, W. H. (2019). Diabetic cardiomyopathy. Circ. Res. 124 (8), 1160–1162. doi:10.1161/CIRCRESAHA.118.314665
 Dorrell, C., Schug, J., Lin, C. F., Canaday, P. S., Fox, A. J., Smirnova, O., et al. (2011). Transcriptomes of the major human pancreatic cell types. Diabetologia 54 (11), 2832–2844. doi:10.1007/s00125-011-2283-5
 Du, A., Li, S., Zhou, Y., Disoma, C., Liao, Y., Zhang, Y., et al. (2022). M6A-mediated upregulation of circMDK promotes tumorigenesis and acts as a nanotherapeutic target in hepatocellular carcinoma. Mol. Cancer 21 (1), 109. doi:10.1186/s12943-022-01575-z
 Ebert, M. S., Neilson, J. R., and Sharp, P. A. (2007). MicroRNA sponges: Competitive inhibitors of small RNAs in mammalian cells. Nat. Methods 4 (9), 721–726. doi:10.1038/nmeth1079
 Fang, Y., Wang, X., Li, W., Han, J., Jin, J., Su, F., et al. (2018). Screening of circular RNAs and validation of circANKRD36 associated with inflammation in patients with type 2 diabetes mellitus. Int. J. Mol. Med. 42 (4), 1865–1874. doi:10.3892/ijmm.2018.3783
 Feldman, E. L., Callaghan, B. C., Pop-Busui, R., Zochodne, D. W., Wright, D. E., Bennett, D. L., et al. (2019). Diabetic neuropathy. Nat. Rev. Dis. Prim. 5 (1), 41. doi:10.1038/s41572-019-0092-1
 Fu, L., Zhang, J., Lin, Z., Li, Y., and Qin, G. (2022). CircularRNA circ_0071269 knockdown protects against from diabetic cardiomyopathy injury by microRNA-145/gasdermin A axis. Bioengineered 13 (2), 2398–2411. doi:10.1080/21655979.2021.2024688
 Ghasemi, H., Sabati, Z., Ghaedi, H., Salehi, Z., and Alipoor, B. (2019). Circular RNAs in beta-cell function and type 2 diabetes-related complications: A potential diagnostic and therapeutic approach. Mol. Biol. Rep. 46 (5), 5631–5643. doi:10.1007/s11033-019-04937-x
 Grassi, D., Desideri, G., Necozione, S., Ruggieri, F., Blumberg, J. B., Stornello, M., et al. (2012). Protective effects of flavanol-rich dark chocolate on endothelial function and wave reflection during acute hyperglycemia. Hypertension 60 (3), 827–832. doi:10.1161/HYPERTENSIONAHA.112.193995
 Guo, J., Xiao, F., Ren, W., Zhu, Y., Du, Q., Li, Q., et al. (2021). Circular ribonucleic acid circFTO promotes angiogenesis and impairs blood-retinal barrier via targeting the miR-128-3p/thioredoxin interacting protein Axis in diabetic retinopathy. Front. Mol. Biosci. 8, 685466. doi:10.3389/fmolb.2021.685466
 Guo, J. U., Agarwal, V., Guo, H., and Bartel, D. P. (2014). Expanded identification and characterization of mammalian circular RNAs. Genome Biol. 15 (7), 409. doi:10.1186/s13059-014-0409-z
 Han, Y. N., Xia, S. Q., Zhang, Y. Y., Zheng, J. H., and Li, W. (2017). Circular RNAs: A novel type of biomarker and genetic tools in cancer. Oncotarget 8 (38), 64551–64563. doi:10.18632/oncotarget.18350
 Hansen, T. B., Jensen, T. I., Clausen, B. H., Bramsen, J. B., Finsen, B., Damgaard, C. K., et al. (2013). Natural RNA circles function as efficient microRNA sponges. Nature 495 (7441), 384–388. doi:10.1038/nature11993
 Hansen, T. B., Kjems, J., and Damgaard, C. K. (2013). Circular RNA and miR-7 in cancer. Cancer Res. 73 (18), 5609–5612. doi:10.1158/0008-5472.CAN-13-1568
 He, H., Zhang, J., Gong, W., Liu, M., Liu, H., Li, X., et al. (2022). Involvement of CircRNA expression profile in diabetic retinopathy and its potential diagnostic value. Front. Genet. 13, 833573. doi:10.3389/fgene.2022.833573
 He, J., Wang, H. B., Huang, J. J., Zhang, L., Li, D. L., He, W. Y., et al. (2021). Diabetic neuropathic pain induced by streptozotocin alters the expression profile of non-coding RNAs in the spinal cord of mice as determined by sequencing analysis. Exp. Ther. Med. 22 (1), 775. doi:10.3892/etm.2021.10207
 Holdt, L. M., Kohlmaier, A., and Teupser, D. (2018). Circular RNAs as therapeutic agents and targets. Front. Physiol. 9, 1262. doi:10.3389/fphys.2018.01262
 Hu, F., Sha, W., Dai, H., Yang, X., Hu, P., Chu, Y., et al. (2021). Lower expression of Hsa_circRNA_102682 in diabetic hyperhomocysteinemia negatively related to creatinemia is associated with TGF-β and CTGF. J. Clin. Lab. Anal. 35 (8), e23860. doi:10.1002/jcla.23860
 Hu, W., Han, Q., Zhao, L., and Wang, L. (2019). Circular RNA circRNA_15698 aggravates the extracellular matrix of diabetic nephropathy mesangial cells via miR-185/TGF-β1. J. Cell. Physiol. 234 (2), 1469–1476. doi:10.1002/jcp.26959
 International Diabetes Federation (2019). IDF diabetes Atlas. 9th edn. Brussels,Belgium: International Diabetes Federation. 
 Iparraguirre, L., Munoz-Culla, M., Prada-Luengo, I., Castillo-Trivino, T., Olascoaga, J., and Otaegui, D. (2017). Circular RNA profiling reveals that circular RNAs from ANXA2 can be used as new biomarkers for multiple sclerosis. Hum. Mol. Genet. 26 (18), 3564–3572. doi:10.1093/hmg/ddx243
 Jacovetti, C., Jimenez, V., Ayuso, E., Laybutt, R., Peyot, M. L., Prentki, M., et al. (2015). Contribution of intronic miR-338-3p and its hosting gene AATK to compensatory beta-cell mass expansion. Mol. Endocrinol. 29 (5), 693–702. doi:10.1210/me.2014-1299
 Jeck, W. R., Sorrentino, J. A., Wang, K., Slevin, M. K., Burd, C. E., Liu, J., et al. (2013). Circular RNAs are abundant, conserved, and associated with ALU repeats. RNA 19 (2), 141–157. doi:10.1261/rna.035667.112
 Jia, G., Whaley-Connell, A., and Sowers, J. R. (2018). Diabetic cardiomyopathy: A hyperglycaemia- and insulin-resistance-induced heart disease. Diabetologia 61 (1), 21–28. doi:10.1007/s00125-017-4390-4
 Jiang, J., Gao, G., Pan, Q., Liu, J., Tian, Y., and Zhang, X. (2022). Circular RNA circHIPK3 is downregulated in diabetic cardiomyopathy and overexpression of circHIPK3 suppresses PTEN to protect cardiomyocytes from high glucose-induced cell apoptosis. Bioengineered 13 (3), 6272–6279. doi:10.1080/21655979.2022.2031395
 Jiang, Q., Liu, C., Li, C. P., Xu, S. S., Yao, M. D., Ge, H. M., et al. (2020). Circular RNA-ZNF532 regulates diabetes-induced retinal pericyte degeneration and vascular dysfunction. J. Clin. Invest. 130 (7), 3833–3847. doi:10.1172/JCI123353
 Jiewei, Y., Jingjing, Z., Jingjing, X., and Guilan, Z. (2021). Downregulation of circ-UBAP2 ameliorates oxidative stress and dysfunctions of human retinal microvascular endothelial cells (hRMECs) via miR-589-5p/EGR1 axis. Bioengineered 12 (1), 7508–7518. doi:10.1080/21655979.2021.1979440
 Jin, J., Wang, Y., Zheng, D., Liang, M., and He, Q. (2021). A novel identified circular RNA, mmu_mmu_circRNA_0000309, involves in germacrone-mediated improvement of diabetic nephropathy through regulating ferroptosis by targeting miR-188-3p/GPX4 signaling Axis. Antioxid. Redox Signal 36 (10-12), 740–759. doi:10.1089/ars.2021.0063
 Joglekar, M. V., Patil, D., Joglekar, V. M., Rao, G. V., Reddy, D. N., Mitnala, S., et al. (2009). The miR-30 family microRNAs confer epithelial phenotype to human pancreatic cells. Islets 1 (2), 137–147. doi:10.4161/isl.1.2.9578
 Kaur, R., Kaur, M., and Singh, J. (2018). Endothelial dysfunction and platelet hyperactivity in type 2 diabetes mellitus: Molecular insights and therapeutic strategies. Cardiovasc. Diabetol. 17 (1), 121. doi:10.1186/s12933-018-0763-3
 Kaur, S., Mirza, A. H., and Pociot, F. (2018). Cell type-selective expression of circular RNAs in human pancreatic islets. Noncoding. RNA 4 (4), 38. doi:10.3390/ncrna4040038
 Kollias, A. N., and Ulbig, M. W. (2010). Diabetic retinopathy: Early diagnosis and effective treatment. Dtsch. Arztebl. Int. 107 (5), 75–83. quiz 4. doi:10.3238/arztebl.2010.0075
 Kristensen, L. S., Andersen, M. S., Stagsted, L. V. W., Ebbesen, K. K., Hansen, T. B., and Kjems, J. (2019). The biogenesis, biology and characterization of circular RNAs. Nat. Rev. Genet. 20 (11), 675–691. doi:10.1038/s41576-019-0158-7
 Kumar, L., Shamsuzzama, H. R., Baghel, T., and Nazir, A. (2017). Circular RNAs: The emerging class of non-coding RNAs and their potential role in human neurodegenerative diseases. Mol. Neurobiol. 54 (9), 7224–7234. doi:10.1007/s12035-016-0213-8
 Latreille, M., Hausser, J., Stutzer, I., Zhang, Q., Hastoy, B., Gargani, S., et al. (2014). MicroRNA-7a regulates pancreatic beta cell function. J. Clin. Invest. 124 (6), 2722–2735. doi:10.1172/JCI73066
 Legnini, I., Di Timoteo, G., Rossi, F., Morlando, M., Briganti, F., Sthandier, O., et al. (2017). Circ-ZNF609 is a circular RNA that can Be translated and functions in myogenesis. Mol. Cell 66 (1), 22–37. doi:10.1016/j.molcel.2017.02.017
 Lei, M., Zheng, G., Ning, Q., Zheng, J., and Dong, D. (2020). Translation and functional roles of circular RNAs in human cancer. Mol. Cancer 19 (1), 30. doi:10.1186/s12943-020-1135-7
 Li, B., Sun, G., Yu, H., Meng, J., and Wei, F. (2022). Exosomal circTAOK1 contributes to diabetic kidney disease progression through regulating SMAD3 expression by sponging miR-520h. Int. Urol. Nephrol. 54 (9), 2343–2354. doi:10.1007/s11255-022-03139-y
 Li, L. J., Huang, Q., Pan, H. F., and Ye, D. Q. (2016). Circular RNAs and systemic lupus erythematosus. Exp. Cell Res. 346 (2), 248–254. doi:10.1016/j.yexcr.2016.07.021
 Li, X., Wang, J., Qian, H., Wu, Y., Zhang, Z., Hu, Z., et al. (2021). Serum exosomal circular RNA expression profile and regulative role in proliferative diabetic retinopathy. Front. Genet. 12, 719312. doi:10.3389/fgene.2021.719312
 Li, Y., Cheng, T., Wan, C., and Cang, Y. (2020). circRNA_0084043 contributes to the progression of diabetic retinopathy via sponging miR-140-3p and inducing TGFA gene expression in retinal pigment epithelial cells. Gene 747, 144653. doi:10.1016/j.gene.2020.144653
 Li, Y., Zhou, Y., Zhao, M., Zou, J., Zhu, Y., Yuan, X., et al. (2020). Differential profile of plasma circular RNAs in type 1 diabetes mellitus. Diabetes Metab. J. 44 (6), 854–865. doi:10.4093/dmj.2019.0151
 Liang, G. H., Luo, Y. N., Wei, R. Z., Yin, J. Y., Qin, Z. L., Lu, L. L., et al. (2021). CircZNF532 knockdown protects retinal pigment epithelial cells against high glucose-induced apoptosis and pyroptosis by regulating the miR-20b-5p/STAT3 axis. J. Diabetes Investig. 13 (5), 781–795. doi:10.1111/jdi.13722
 Liang, H., Hou, L., Wang, Q., Zhou, X., Sha, L., Xu, L., et al. (2021). Serum hsa_circ_0054633 is elevated and correlated with clinical features in type 2 diabetes mellitus. Ann. Clin. Lab. Sci. 51 (1), 90–96.
 Liang, Z., Lu, C., Feng, T., Gao, X., Tu, Y., Yang, W., et al. (2022). Circ-ADAM9 promotes high glucose-induced retinal pigment epithelial cell injury in DR via regulating miR-338-3p/CARM1 Axis. J. Ophthalmol. 2022, 2522249. doi:10.1155/2022/2522249
 Liu, C., Ge, H. M., Liu, B. H., Dong, R., Shan, K., Chen, X., et al. (2019). Targeting pericyte-endothelial cell crosstalk by circular RNA-cPWWP2A inhibition aggravates diabetes-induced microvascular dysfunction. Proc. Natl. Acad. Sci. U. S. A. 116 (15), 7455–7464. doi:10.1073/pnas.1814874116
 Liu, C. X., and Chen, L. L. (2022). Circular RNAs: Characterization, cellular roles, and applications. Cell 185 (12), 2390–2434. doi:10.1016/j.cell.2022.06.001
 Liu, H., Wang, X., Wang, Z. Y., and Li, L. (2020). Circ_0080425 inhibits cell proliferation and fibrosis in diabetic nephropathy via sponging miR-24-3p and targeting fibroblast growth factor 11. J. Cell. Physiol. 235 (5), 4520–4529. doi:10.1002/jcp.29329
 Liu, J., Duan, P., Xu, C., Xu, D., Liu, Y., and Jiang, J. (2021). CircRNA circ-ITCH improves renal inflammation and fibrosis in streptozotocin-induced diabetic mice by regulating the miR-33a-5p/SIRT6 axis. Inflamm. Res. 70 (7), 835–846. doi:10.1007/s00011-021-01485-8
 Liu, R., Zhang, M., and Ge, Y. (2021). Circular RNA HIPK3 exacerbates diabetic nephropathy and promotes proliferation by sponging miR-185. Gene 765, 145065. doi:10.1016/j.gene.2020.145065
 Lu, D., Chatterjee, S., Xiao, K., Riedel, I., Huang, C. K., Costa, A., et al. (2022). A circular RNA derived from the insulin receptor locus protects against doxorubicin-induced cardiotoxicity. Eur. Heart J. 2022, ehac337. doi:10.1093/eurheartj/ehac337
 Lu, L., Sun, J., Shi, P., Kong, W., Xu, K., He, B., et al. (2017). Identification of circular RNAs as a promising new class of diagnostic biomarkers for human breast cancer. Oncotarget 8 (27), 44096–44107. doi:10.18632/oncotarget.17307
 Lu, Y. K., Chu, X., Wang, S., Sun, Y., Zhang, J., Dong, J., et al. (2021). Identification of circulating hsa_circ_0063425 and hsa_circ_0056891 as novel biomarkers for detection of type 2 diabetes. J. Clin. Endocrinol. Metab. 106 (7), e2688–e2699. doi:10.1210/clinem/dgab101
 Luo, S., Deng, M., Xie, Z., Li, X., Huang, G., and Zhou, Z. (2020). Circulating circular RNAs profiles associated with type 1 diabetes. Diabetes. Metab. Res. Rev. 37, e3394. doi:10.1002/dmrr.3394
 Memczak, S., Jens, M., Elefsinioti, A., Torti, F., Krueger, J., Rybak, A., et al. (2013). Circular RNAs are a large class of animal RNAs with regulatory potency. Nature 495 (7441), 333–338. doi:10.1038/nature11928
 Meng, F., Shen, F., Ling, H., Jin, P., Zhou, D., and Li, Q. (2021). CircARHGAP12 triggers mesenchymal stromal cell autophagy to facilitate its effect on repairing diabetic wounds by sponging miR-301b-3p/atg16l1 and miR-301b-3p/ULK2. J. Invest. Dermatol. 142 (7), 1976–1989.e4. doi:10.1016/j.jid.2021.11.039
 Meng, X., Li, X., Zhang, P., Wang, J., Zhou, Y., and Chen, M. (2017). Circular RNA: An emerging key player in RNA world. Brief. Bioinform. 18 (4), 547–557. doi:10.1093/bib/bbw045
 Mirza, A. H., Kaur, S., and Pociot, F. (2017). Long non-coding RNAs as novel players in beta cell function and type 1 diabetes. Hum. Genomics 11 (1), 17. doi:10.1186/s40246-017-0113-7
 Peng, F., Gong, W., Li, S., Yin, B., Zhao, C., Liu, W., et al. (2021). circRNA_010383 acts as a sponge for miR-135a, and its downregulated expression contributes to renal fibrosis in diabetic nephropathy. Diabetes 70 (2), 603–615. doi:10.2337/db20-0203
 Qu, L., Yi, Z., Shen, Y., Lin, L., Chen, F., Xu, Y., et al. (2022). Circular RNA vaccines against SARS-CoV-2 and emerging variants. Cell 185 (10), 1728–1744.e16. doi:10.1016/j.cell.2022.03.044
 Rezaeinejad, F., Mirzaei, A., Khalvati, B., Sabz, G., and Alipoor, B. (2022). Circulating expression levels of CircHIPK3 and CDR1as circular-RNAs in type 2 diabetes patients. Mol. Biol. Rep. 49 (1), 131–138. doi:10.1007/s11033-021-06850-8
 Salmena, L., Poliseno, L., Tay, Y., Kats, L., and Pandolfi, P. P. (2011). A ceRNA hypothesis: The rosetta stone of a hidden RNA language?Cell 146 (3), 353–358. doi:10.1016/j.cell.2011.07.014
 Salta, E., and De Strooper, B. (2017). Noncoding RNAs in neurodegeneration. Nat. Rev. Neurosci. 18 (10), 627–640. doi:10.1038/nrn.2017.90
 Salzman, J., Chen, R. E., Olsen, M. N., Wang, P. L., and Brown, P. O. (2013). Cell-type specific features of circular RNA expression. PLoS Genet. 9 (9), e1003777. doi:10.1371/journal.pgen.1003777
 Salzman, J. (2016). Circular RNA expression: Its potential regulation and function. Trends Genet. 32 (5), 309–316. doi:10.1016/j.tig.2016.03.002
 Salzman, J., Gawad, C., Wang, P. L., Lacayo, N., and Brown, P. O. (2012). Circular RNAs are the predominant transcript isoform from hundreds of human genes in diverse cell types. PLoS One 7 (2), e30733. doi:10.1371/journal.pone.0030733
 Shan, K., Liu, C., Liu, B. H., Chen, X., Dong, R., Liu, X., et al. (2017). Circular noncoding RNA HIPK3 mediates retinal vascular dysfunction in diabetes mellitus. Circulation 136 (17), 1629–1642. doi:10.1161/CIRCULATIONAHA.117.029004
 Shang, B., Xu, T., Hu, N., Mao, Y., and Du, X. (2021). Circ-Klhl8 overexpression increased the therapeutic effect of EPCs in diabetic wound healing via the miR-212-3p/SIRT5 axis. J. Diabetes Complicat. 35 (11), 108020. doi:10.1016/j.jdiacomp.2021.108020
 Shang, F. F., Luo, S., Liang, X., and Xia, Y. (2018). Alterations of circular RNAs in hyperglycemic human endothelial cells. Biochem. Biophys. Res. Commun. 499 (3), 551–555. doi:10.1016/j.bbrc.2018.03.187
 She, W., Li, T., Liu, Y., and Liu, X. (2021). CircRNA circVEGFC is highly expressed in gestational diabetes mellitus (GDM) and it is correlated with multiple adverse events. Diabetes Metab. Syndr. Obes. 14, 4409–4414. doi:10.2147/DMSO.S334728
 Shi, R., Jin, Y., Hu, W., Lian, W., Cao, C., Han, S., et al. (2020). Exosomes derived from mmu_circ_0000250-modified adipose-derived mesenchymal stem cells promote wound healing in diabetic mice by inducing miR-128-3p/SIRT1-mediated autophagy. Am. J. Physiol. Cell Physiol. 318 (5), C848–C56. doi:10.1152/ajpcell.00041.2020
 Stoll, L., Rodríguez-Trejo, A., Guay, C., Brozzi, F., Bayazit, M. B., Gattesco, S., et al. (2020). A circular RNA generated from an intron of the insulin gene controls insulin secretion. Nat. Commun. 11 (1), 5611. doi:10.1038/s41467-020-19381-w
 Stoll, L., Sobel, J., Rodriguez-Trejo, A., Guay, C., Lee, K., Veno, M. T., et al. (2018). Circular RNAs as novel regulators of beta-cell functions in normal and disease conditions. Mol. Metab. 9, 69–83. doi:10.1016/j.molmet.2018.01.010
 Sumpio, B. E., Riley, J. T., and Dardik, A. (2002). Cells in focus: Endothelial cell. Int. J. Biochem. Cell Biol. 34 (12), 1508–1512. doi:10.1016/s1357-2725(02)00075-4
 Sun, A., Sun, N., Liang, X., and Hou, Z. (2021). Circ-FBXW12 aggravates the development of diabetic nephropathy by binding to miR-31-5p to induce LIN28B. Diabetol. Metab. Syndr. 13 (1), 141. doi:10.1186/s13098-021-00757-x
 Sun, H., and Kang, X. (2020). hsa_circ_0041795 contributes to human retinal pigment epithelial cells (ARPE 19) injury induced by high glucose via sponging miR-646 and activating VEGFC. Gene 747, 144654. doi:10.1016/j.gene.2020.144654
 Tang, B., Li, W., Ji, T. T., Li, X. Y., Qu, X., Feng, L., et al. (2020). Circ-AKT3 inhibits the accumulation of extracellular matrix of mesangial cells in diabetic nephropathy via modulating miR-296-3p/E-cadherin signals. J. Cell. Mol. Med. 24 (15), 8779–8788. doi:10.1111/jcmm.15513
 Tang, C. M., Zhang, M., Huang, L., Hu, Z. Q., Zhu, J. N., Xiao, Z., et al. (2017). CircRNA_000203 enhances the expression of fibrosis-associated genes by derepressing targets of miR-26b-5p, Col1a2 and CTGF, in cardiac fibroblasts. Sci. Rep. 7, 40342. doi:10.1038/srep40342
 Tang, L., Li, P., and Li, L. (2020). Whole transcriptome expression profiles in placenta samples from women with gestational diabetes mellitus. J. Diabetes Investig. 11 (5), 1307–1317. doi:10.1111/jdi.13250
 Tay, F. C., Lim, J. K., Zhu, H., Hin, L. C., and Wang, S. (2015). Using artificial microRNA sponges to achieve microRNA loss-of-function in cancer cells. Adv. Drug Deliv. Rev. 81, 117–127. doi:10.1016/j.addr.2014.05.010
 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. Am. J. Kidney Dis. 64 (4), 510–533. doi:10.1053/j.ajkd.2014.08.001
 Vausort, M., Salgado-Somoza, A., Zhang, L., Leszek, P., Scholz, M., Teren, A., et al. (2016). Myocardial infarction-associated circular RNA predicting left ventricular dysfunction. J. Am. Coll. Cardiol. 68 (11), 1247–1248. doi:10.1016/j.jacc.2016.06.040
 Wang, F., and Zhang, M. (2021). Circ_001209 aggravates diabetic retinal vascular dysfunction through regulating miR-15b-5p/COL12A1. J. Transl. Med. 19 (1), 294. doi:10.1186/s12967-021-02949-5
 Wang, H., Zhou, W., She, G., Yu, B., and Sun, L. (2020). Downregulation of hsa_circ_0005243 induces trophoblast cell dysfunction and inflammation via the β-catenin and NF-κB pathways. Reprod. Biol. Endocrinol. 18 (1), 51. doi:10.1186/s12958-020-00612-0
 Wang, J., Yang, S., Li, W., Zhao, M., and Li, K. (2021). Circ_0000491 promotes apoptosis, inflammation, oxidative stress, and fibrosis in high glucose-induced mesangial cells by regulating miR-455-3p/hmgb1 Axis. Nephron 146 (1), 72–83. doi:10.1159/000516870
 Wang, K., Long, B., Liu, F., Wang, J. X., Liu, C. Y., Zhao, B., et al. (2016). A circular RNA protects the heart from pathological hypertrophy and heart failure by targeting miR-223. Eur. Heart J. 37 (33), 2602–2611. doi:10.1093/eurheartj/ehv713
 Wang, L., Luo, T., Bao, Z., Li, Y., and Bu, W. (2018). Intrathecal circHIPK3 shRNA alleviates neuropathic pain in diabetic rats. Biochem. Biophys. Res. Commun. 505 (3), 644–650. doi:10.1016/j.bbrc.2018.09.158
 Wang, Q., Cang, Z., Shen, L., Peng, W., Xi, L., Jiang, X., et al. (2021). circ_0037128/miR-17-3p/AKT3 axis promotes the development of diabetic nephropathy. Gene 765, 145076. doi:10.1016/j.gene.2020.145076
 Wang, S., Yu, Q., Wang, Y., Xu, C., Niu, G., and Liu, R. (2022). CircSLC16A12 absence inhibits high glucose-induced dysfunction in retinal microvascular endothelial cells through mediating miR-140-3p/FGF2 axis in diabetic retinopathy. Curr. Eye Res. 47, 759–769. doi:10.1080/02713683.2022.2025845
 Wang, T., Li, C., Shi, M., Zhou, S., Chen, J., and Wang, F. (2022). Circular RNA circZNF532 facilitates angiogenesis and inflammation in diabetic retinopathy via regulating miR-1243/CARM1 axis. Diabetol. Metab. Syndr. 14 (1), 14. doi:10.1186/s13098-022-00787-z
 Wang, W., Zhang, S., Xu, L., Feng, Y., Wu, X., Zhang, M., et al. (2021). Involvement of circHIPK3 in the pathogenesis of diabetic cardiomyopathy in mice. Diabetologia 64 (3), 681–692. doi:10.1007/s00125-020-05353-8
 Wang, X. B., Zhu, H., Song, W., and Su, J. H. (2018). Gremlin regulates podocyte apoptosis via transforming growth factor-β (TGF-β) pathway in diabetic nephropathy. Med. Sci. Monit. 24, 183–189. doi:10.12659/msm.905758
 Wang, Y., Liu, J., Ma, J., Sun, T., Zhou, Q., Wang, W., et al. (2019). Exosomal circRNAs: Biogenesis, effect and application in human diseases. Mol. Cancer 18 (1), 116. doi:10.1186/s12943-019-1041-z
 Wang, Y., Qi, Y., Ji, T., Tang, B., Li, X., Zheng, P., et al. (2021). Circ_LARP4 regulates high glucose-induced cell proliferation, apoptosis, and fibrosis in mouse mesangial cells. Gene 765, 145114. doi:10.1016/j.gene.2020.145114
 Wang, Z., Deng, C., and Zheng, Y. (2021). Involvement of circRNAs in proinflammatory cytokines-mediated β-cell dysfunction. Mediat. Inflamm. 2021, 5566453. doi:10.1155/2021/5566453
 Wang, Z., Feng, C., Liu, H., Meng, T., Huang, W., Long, X., et al. (2021). Hypoxic pretreatment of adipose-derived stem cells accelerates diabetic wound healing via circ-gcap14 and HIF-1α/VEGF mediated angiopoiesis. Int. J. Stem Cells 14 (4), 447–454. doi:10.15283/ijsc21050
 Westholm, J. O., Miura, P., Olson, S., Shenker, S., Joseph, B., Sanfilippo, P., et al. (2014). Genome-wide analysis of drosophila circular RNAs reveals their structural and sequence properties and age-dependent neural accumulation. Cell Rep. 9 (5), 1966–1980. doi:10.1016/j.celrep.2014.10.062
 Wong, W. K. M., Sorensen, A. E., Joglekar, M. V., Hardikar, A. A., and Dalgaard, L. T. (2018). Non-coding RNA in pancreas and beta-cell development. Noncoding. RNA 4 (4), 41. doi:10.3390/ncrna4040041
 Wu, L., Xiong, L., Li, J., Peng, Z., Zhang, L., Shi, P., et al. (2020). Circ-Tulp4 promotes β-cell adaptation to lipotoxicity by regulating soat1 expression. J. Mol. Endocrinol. 65 (4), 149–161. doi:10.1530/JME-20-0079
 Wu, R., Niu, Z., Ren, G., Ruan, L., and Sun, L. (2021). CircSMAD4 alleviates high glucose-induced inflammation, extracellular matrix deposition and apoptosis in mouse glomerulus mesangial cells by relieving miR-377-3p-mediated BMP7 inhibition. Diabetol. Metab. Syndr. 13 (1), 137. doi:10.1186/s13098-021-00753-1
 Wu, Z., Liu, B., Ma, Y., Chen, H., Wu, J., and Wang, J. (2021). Discovery and validation of hsa_circ_0001953 as a potential biomarker for proliferative diabetic retinopathy in human blood. Acta Ophthalmol. 99 (3), 306–313. doi:10.1111/aos.14585
 Xiong, L., Chen, L., Wu, L., He, W., Chen, D., Peng, Z., et al. (2022). Lipotoxicity-induced circGlis3 impairs beta cell function and is transmitted by exosomes to promote islet endothelial cell dysfunction. Diabetologia 65 (1), 188–205. doi:10.1007/s00125-021-05591-4
 Xu, B., Wang, Q., Li, W., Xia, L., Ge, X., Shen, L., et al. (2020). Circular RNA circEIF4G2 aggravates renal fibrosis in diabetic nephropathy by sponging miR-218. J. Cell. Mol. Med. 26 (6), 1799–1805. doi:10.1111/jcmm.16129
 Xu, H., Guo, S., Li, W., and Yu, P. (2015). The circular RNA Cdr1as, via miR-7 and its targets, regulates insulin transcription and secretion in islet cells. Sci. Rep. 5, 12453. doi:10.1038/srep12453
 Yan, L., Feng, J., Cheng, F., Cui, X., Gao, L., Chen, Y., et al. (2018). Circular RNA expression profiles in placental villi from women with gestational diabetes mellitus. Biochem. Biophys. Res. Commun. 498 (4), 743–750. doi:10.1016/j.bbrc.2018.03.051
 Yang, F., Li, A., Qin, Y., Che, H., Wang, Y., Lv, J., et al. (2019). A novel circular RNA mediates pyroptosis of diabetic cardiomyopathy by functioning as a competing endogenous RNA. Mol. Ther. Nucleic Acids 17, 636–643. doi:10.1016/j.omtn.2019.06.026
 Yang, L., Han, X., Zhang, C., Sun, C., Huang, S., Xiao, W., et al. (2020). Hsa_circ_0060450 negatively regulates type I interferon-induced inflammation by serving as miR-199a-5p sponge in type 1 diabetes mellitus. Front. Immunol. 11, 576903. doi:10.3389/fimmu.2020.576903
 Yang, Y., Fan, X., Mao, M., Song, X., Wu, P., Zhang, Y., et al. (2017). Extensive translation of circular RNAs driven by N(6)-methyladenosine. Cell Res. 27 (5), 626–641. doi:10.1038/cr.2017.31
 Yang, Y., Gao, X., Zhang, M., Yan, S., Sun, C., Xiao, F., et al. (2018). Novel role of FBXW7 circular RNA in repressing glioma tumorigenesis. J. Natl. Cancer Inst. 110 (3), 304–315. doi:10.1093/jnci/djx166
 Yao, M. D., Jiang, Q., Ma, Y., Zhu, Y., Zhang, Q. Y., Shi, Z. H., et al. (2022). Targeting circular RNA-MET for anti-angiogenesis treatment via inhibiting endothelial tip cell specialization. Mol. Ther. 30 (3), 1252–1264. doi:10.1016/j.ymthe.2022.01.012
 Yao, T., Zha, D., Hu, C., and Wu, X. (2020). Circ_0000285 promotes podocyte injury through sponging miR-654-3p and activating MAPK6 in diabetic nephropathy. Gene 747, 144661. doi:10.1016/j.gene.2020.144661
 Ye, L., Guo, H., Wang, Y., Peng, Y., Zhang, Y., Li, S., et al. (2021). Exosomal circEhmt1 released from hypoxia-pretreated pericytes regulates high glucose-induced microvascular dysfunction via the NFIA/NLRP3 pathway. Oxid. Med. Cell. Longev. 2021, 8833098. doi:10.1155/2021/8833098
 Yi, X., and Cheng, X. (2021). Understanding competitive endogenous RNA network mechanism in type 1 diabetes mellitus using computational and bioinformatics approaches. Diabetes Metab. Syndr. Obes. 14, 3865–3945. doi:10.2147/DMSO.S315488
 Yuan, J., Liu, Y., Zhou, L., Xue, Y., Lu, Z., and Gan, J. (2021). YTHDC2-Mediated circYTHDC2 N6-methyladenosine modification promotes vascular smooth muscle cells dysfunction through inhibiting ten-eleven translocation 2. Front. Cardiovasc. Med. 8, 686293. doi:10.3389/fcvm.2021.686293
 Yun, J., Ren, J., Liu, Y., Dai, L., Song, L., Ma, X., et al. (2021). Circ-ACTR2 aggravates the high glucose-induced cell dysfunction of human renal mesangial cells through mediating the miR-205-5p/HMGA2 axis in diabetic nephropathy. Diabetol. Metab. Syndr. 13 (1), 72. doi:10.1186/s13098-021-00692-x
 Zhang, C., Han, X., Yang, L., Fu, J., Sun, C., Huang, S., et al. (2020). Circular RNA circPPM1F modulates M1 macrophage activation and pancreatic islet inflammation in type 1 diabetes mellitus. Theranostics 10 (24), 10908–10924. doi:10.7150/thno.48264
 Zhang, H. D., Jiang, L. H., Sun, D. W., Hou, J. C., and Ji, Z. L. (2018). CircRNA: A novel type of biomarker for cancer. Breast Cancer 25 (1), 1–7. doi:10.1007/s12282-017-0793-9
 Zhang, H. H., Zhang, Y., Wang, X., Yang, P., Zhang, B. Y., Hu, S., et al. (2020). Circular RNA profile in diabetic peripheral neuropathy: Analysis of coexpression networks of circular RNAs and mRNAs. Epigenomics 12 (10), 843–857. doi:10.2217/epi-2020-0011
 Zhang, K., Wan, X., Khan, M. A., Sun, X., Yi, X., Wang, Z., et al. (2022). Peripheral blood circRNA microarray profiling identities hsa_circ_0001831 and hsa_circ_0000867 as two novel circRNA biomarkers for early type 2 diabetic nephropathy. Diabetes Metab. Syndr. Obes. 15, 2789–2801. doi:10.2147/DMSO.S384054
 Zhang, L., Hou, C., Chen, C., Guo, Y., Yuan, W., Yin, D., et al. (2020). The role of N(6)-methyladenosine (m(6)A) modification in the regulation of circRNAs. Mol. Cancer 19 (1), 105. doi:10.1186/s12943-020-01224-3
 Zhang, L., Zeng, M., Tang, F., Chen, J., Cao, D., and Tang, Z. N. (2021). Circ-PNPT1 contributes to gestational diabetes mellitus (GDM) by regulating the function of trophoblast cells through miR-889-3p/PAK1 axis. Diabetol. Metab. Syndr. 13 (1), 58. doi:10.1186/s13098-021-00678-9
 Zhang, Q., Long, J., Li, N., Ma, X., and Zheng, L. (2021). Circ_CLASP2 regulates high glucose-induced dysfunction of human endothelial cells through targeting miR-140-5p/FBXW7 Axis. Front. Pharmacol. 12, 594793. doi:10.3389/fphar.2021.594793
 Zhang, S. J., Chen, X., Li, C. P., Li, X. M., Liu, C., Liu, B. H., et al. (2017). Identification and characterization of circular RNAs as a new class of putative biomarkers in diabetes retinopathy. Invest. Ophthalmol. Vis. Sci. 58 (14), 6500–6509. doi:10.1167/iovs.17-22698
 Zhang, W., and Sui, Y. (2020). CircBPTF knockdown ameliorates high glucose-induced inflammatory injuries and oxidative stress by targeting the miR-384/LIN28B axis in human umbilical vein endothelial cells. Mol. Cell. Biochem. 471 (1-2), 101–111. doi:10.1007/s11010-020-03770-2
 Zhao, L., Chen, H., Zeng, Y., Yang, K., Zhang, R., Li, Z., et al. (2021). Circular RNA circ_0000712 regulates high glucose-induced apoptosis, inflammation, oxidative stress, and fibrosis in (DN) by targeting the miR-879-5p/SOX6 axis. Endocr. J. 68 (10), 1155–1164. doi:10.1507/endocrj.EJ20-0739
 Zhao, Z., Li, X., Jian, D., Hao, P., Rao, L., and Li, M. (2017). Hsa_circ_0054633 in peripheral blood can be used as a diagnostic biomarker of pre-diabetes and type 2 diabetes mellitus. Acta Diabetol. 54 (3), 237–245. doi:10.1007/s00592-016-0943-0
 Zhou, B., and Yu, J. W. (2017). A novel identified circular RNA, circRNA_010567, promotes myocardial fibrosis via suppressing miR-141 by targeting TGF-β1. Biochem. Biophys. Res. Commun. 487 (4), 769–775. doi:10.1016/j.bbrc.2017.04.044
 Zhou, L., Li, F. F., and Wang, S. M. (2021). Circ-ITCH restrains the expression of MMP-2, MMP-9 and TNF-alpha in diabetic retinopathy by inhibiting miR-22. Exp. Mol. Pathol. 118, 104594. doi:10.1016/j.yexmp.2020.104594
 Zhu, C., Liu, Y., and Wu, H. (2021). Overexpression of circACTR2 in gestational diabetes mellitus predicts intrauterine death, fetal malformation, and intrauterine infection. Diabetes Metab. Syndr. Obes. 14, 4655–4660. doi:10.2147/DMSO.S316043
 Zhu, K., Hu, X., Chen, H., Li, F., Yin, N., Liu, A. L., et al. (2019). Downregulation of circRNA DMNT3B contributes to diabetic retinal vascular dysfunction through targeting miR-20b-5p and BAMBI. EBioMedicine 49, 341–353. doi:10.1016/j.ebiom.2019.10.004
 Zhu, Y., Zha, F., Tang, B., Ji, T. T., Li, X. Y., Feng, L., et al. (2022). Exosomal hsa_circ_0125310 promotes cell proliferation and fibrosis in diabetic nephropathy via sponging miR-422a and targeting the IGF1R/p38 axis. J. Cell. Mol. Med. 26 (1), 151–162. doi:10.1111/jcmm.17065
 Zhu, Z., Duan, P., Song, H., Zhou, R., and Chen, T. (2021). Downregulation of Circular RNA PSEN1 ameliorates ferroptosis of the high glucose treated retinal pigment epithelial cells via miR-200b-3p/cofilin-2 axis. Bioengineered 12 (2), 12555–12567. doi:10.1080/21655979.2021.2010369
 Zhuang, L., Wang, Z., Hu, X., Yang, Q., Pei, X., and Jin, G. (2021). CircHIPK3 alleviates high glucose toxicity to human renal tubular epithelial HK-2 cells through regulation of miR-326/miR-487a-3p/SIRT1. Diabetes Metab. Syndr. Obes. 14, 729–740. doi:10.2147/DMSO.S289624
 Zou, J., Liu, K. C., Wang, W. P., and Xu, Y. (2020). Circular RNA COL1A2 promotes angiogenesis via regulating miR-29b/VEGF axis in diabetic retinopathy. Life Sci. 256, 117888. doi:10.1016/j.lfs.2020.117888
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 © 2022 Yin, Zhang, Xiao, Li, Luo and Zhou. 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/fgene-13-1006307-t001.jpg
Disease

DR

DN

DNP

DCM

Endothelial
dysfunction

Wound
healing

CircRNA name

CircCOL1A2

CircDNMT3B

Cire-ITCH

Circ_0005015

Hsa_circ_0001953

Hsa_circ_0041795

CircHIPK3

CPWWP2A

CircZNF532

CircZNF532

CircZNF532

Circ_0084043

CircFnde3b
CircFTO

CircMET

CircSLC16A12

Circ-ADAM9

Circ-PSEN1

CircEhmt1

Circ_001209

Circ-UBAP2

Hsa_circ_0095008

Hsa_circ_0001883

Hsa_circ_0001831

Hsa_circ_0000867

CircEIF4G2

CircHIPK3

Cire_0000712

Circ_0000285

CircSMAD4,

Circ_0037128

Circ_0000491

Circ-AKT3

Circ-FBXW12

CircRNA_010383

CircHIPK3

Circ_0080425

Circ_15698

Hsa_circ_0125310

CircTAOKI

Circ-ACTR2

Circ_LARP4

Circ-ITCH

Mmu_circRNA_0000309

Circ_0037128

CircHIPK3

CircRNA_000203

CircHIPK3

CircHIPK3

CACR

CircRNA_010567

Circ_0071269

CircYTHDC2

Circ_CLASP2

CircBPTF

CircRNA LRP6

Hsa_circ_0068087

CircWDR77

Circ-KIhI8

CircARHGAP12

Cire-Geapl4

Mmu_circ_0000250

Source

Human retinal Up
microvascular endothelial

cells (HRMECs)

HRMECs Down
Diabetic retinal pigment ~ Down

epithelial cells in rat

Plasma of DR patients  Up

Blood of proliferative Up
diabetic retinopathy

patients

ARPE-19 cells Up

Retinal endothelial cell  Up
Vascular pericytes Up

Serum of DR patientsand ~ Up
ARPE-19 cells

Vascular pericytes Up
DR patients and Up
(HRMECs)

ARPE-19 cells Up

Serum of PDR patients ~ Up
Vitreous humor of DR Up

Retinas of mice with DR Up

Serum of DR patientsand ~ Up
HRMECs

ARPE-19 cells Up
ARPE-19 cells Up
Vascular pericytes Up
HRMECs Up
HRMECs Up
DR patients Down
DR patients Up
DN patients Up
DN patients Up

Db/db mouse and NRK- ~ Up
52E cells

HK-2 cells Down
Kidney tissues and Up
mesangial cells (MCs)

DN mice mouse Up
podocytes

DN mice and mouse Down
glomerulus mesangial

cells (SV40-MES13)

DN mice and MCs Up
DN mice and SV40- Up
MESI3 cells

Mouse DN model and ~ Down
SV40-MES13 cells

Human MCs Up
Diabetic kidney of db/db ~ Down

mice

DN mice and rat MCs ~ Up

Mouse MCs Down
Db/db DN mice Up
MCs Up
Glomerular epithelial Up
cells (GECs)

HRMCs Up
SV40-MES13 cells Down
Rat MCs Down
DN model mice Down
HK-2 cells Up

Serum of DPN patients ~ Up

Diabetic mouse Up
myocardium

Diabetic mouse Up
myocardium

ACI16 cells Down
ACI6 cells Up
Diabetic mouse Up
myocardium and cardiac
fibrablasts

H92 cells Up

Vascular smooth muscle ~ Up
cells (VSMCs)

Human umbilical vein ~ Down
endothelial cells

(HUVECs)

HUVECs Up
VSMCs Up
HUVECs Up
VSMCs Up

Endothelial progenitor  Up
cells

Mesenchymal stromal ~ Down

cells
Adipose-derived stem  Up.
cells (ADSCs)

ADSCs Down

Expression

Target

MiR-29b/VEGF

MiR-20b-5p/BAMBI

miR-22/MMP-2,
MMP-9, TNF-a

MiR-519d-3p/MMP-
2, XIAP, STAT3

MiR-646/VEGFC

MiR-30a-3p/VEGFC,
FZD4, WNT2

MiR-579/SIRT1
MiR-20b-5p/STAT3

MiR-29a-3p/NG2,
LOXL2, CDK2

MiR-1243/CARM1

MiR-140-3p/TGFA

MiR-128-3p/ TXNIP

IGF2BP2, NRARP/
ESM1

MiR-140-3p/FGF2
MiR-338-3p/CARM1
MiR-200b-3p/CFL2
NFIA/NLRP3

MiR-15b-5p/
COLI12A1

MiR-589-5p/EGR1

MiR-218/SERBP1

MiR-326, miR-487a-
3p/SIRT1

MiR-879-5p/SOX6

MiR-654-3p/MAPK6

MiR-377-3p/BMP7

MiR-17-3p/AKT3

MiR-455-3p/Hmgbl

MiR-296-3p/
E-cadherin

MiR-31-5p/LIN28B
MiR-135a/TRPC1

MiR-185/cyclin D1,
PCNA, TGF-B1, Col.
I, FN

MiR-24-3p/FGF11
MiR-185/TGE-B1

MiR-422a/
IGFIR, p38

MiR-520h/SMAD3

MiR-205-5p/
HMGA2

MiR-424
MiR-33a-5p/SIRT6

MiR-188-3p/GPX4

MiR-497-5p/NFATS

MiR-124

MiR-26b-5p/Col 122,
Col3al, a-SMA

MiR-26b-5p/Colla2,
Col3al

PTEN

MiR-214-3p/
caspase-1

MiR-141/TGF-p1

MicroRNA-145/
GSDMA

YTHDC2/
circYTHDC2/TET2

MiR-140-5p/FBXW7

MiR-384/LIN28B

MiR-545-3p/
HMGAI

MiR-197/TLR4, NF-
B, NLRP3

MiR-124/FGF2

MiR-212-3p/SIRT5

MiR-301b-3p/
ATGI6LI, ULK2

MiR-18a-5p/HIF-1a,
VEGF

MiR-128-3p/SIRT1

Biological functions

Promoting angiogenesis

Reducing the number of retinal
acellular capillaries and reducing
visual damage

Involved in the physiology and
pathology of DR

Facilitating retinal endothelial
angiogenic function

Serving as a novel diagnostic
biomarker for PDR

Contributing to ARPE 19 cells
injury

Increasing endothelial proliferation
and vascular dysfunction

Affecting diabetes-induced
‘microvascular dysfunction

Regulating the apoptosis and
pyroptosis of ARPE-19 cells

Coordinating pericyte biology and
vascular homeostasis in DR

Facilitating angiogenesis and
inflammation in DR

Contributing to the progression
of DR

Facilitating angiogenesis

Promoting angiogenesis and
impairing the blood-retinal barrier

Coordinating tip cell specialization
and pathologic angiogenesis

Inducing dysfunction in HRMECs
Promoting cell injury

Enhancing the ferroptosis of
ARPE19 cells

Regulating microvascular
dysfunction

Increasing diabetic retinal vascular
dysfunction

Inducing oxidative stress and
dysfunction of HRMECs

Acting as diagnostic biomarkers for
the early diagnosis of DR

Acting as diagnostic biomarkers for
the early diagnosis of DR

Acting as diagnostic biomarkers for
the carly type 2 DN

Acting as diagnostic biomarkers for
the carly type 2 DN

Increasing renal fibrosis in DN

Reducing glucose toxicity to HK-2
Cells

Regulating HG-induced apoptosis,
inflammation, oxidative stress, and
fibrosis in DN

Promoting podocyte injury

Reducing inflammation,
extracellular matrix deposition, and
apoptosis

Promoting the development of DN

Promoting apoptosis,
inflammation, oxidative stress, and
fibrosis

Inhibiting extracellular matrix
accumulation

Promoting the development of DN
Contributing to renal fibrosis

Exacerbating DN and promoting
proliferation

Inhibiting cell proliferation and
fibrosis in DN

Aggravating accumulation of the
extracellular matrix

Promoting cell proliferation and
fibrosis in DN/

Promoting diabetic kidney disease
progression

Increasing the dysfunction of
human renal MCs

Regulating cell proliferation,
apoptosis, and fibrosis

Increasing renal inflammation and
fibrosis

Regulating ferroptosis-depended
mitochondrial function and
podocyte apoptosis

Inhibiting cell proliferation and
promoting the oxidative stress,

inflammation, and fibrosis of HK-2
cells

Positively associated with grade
neuropathic pain in patients
with T2D

Enhancing cardiac fibrosis

Increasing myocardial fibrosis
in DCM

Protecting cardiomyocytes from
HG-induced cell apoptosis

Regulating pyroptosis in
cardiomyocytes

Promoting myocardial fibrosis

Promoting the development
of DCM

Promoting the proliferation and
migration of VSMCs

Protecting HUVECs from HG-
induced dysfunction

Enhancing inflammatory injuries
and oxidative stress

Promoting VSMC proliferation and
migration

Regulating inflammation and
endothelial cell dysfunction

Promoting VSMC proliferation and
‘migration

Activating autophagy and
suppressing endothelial cell damage

Activating autophagy and
accelerating wound healing
Enhancing angiogenic growth factor
expression

Promoting wound healing in
diabetic mice
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