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Podocytes are a crucial cellular component in maintaining the glomerular filtration barrier, and their injury is the major determinant in the development of albuminuria and diabetic kidney disease (DKD). Podocytes are rich in mitochondria and heavily dependent on them for energy to maintain normal functions. Emerging evidence suggests that mitochondrial dysfunction is a key driver in the pathogenesis of podocyte injury in DKD. Impairment of mitochondrial function results in an energy crisis, oxidative stress, inflammation, and cell death. In this review, we summarize the recent advances in the molecular mechanisms that cause mitochondrial damage and illustrate the impact of mitochondrial injury on podocytes. The related mitochondrial pathways involved in podocyte injury in DKD include mitochondrial dynamics and mitophagy, mitochondrial biogenesis, mitochondrial oxidative phosphorylation and oxidative stress, and mitochondrial protein quality control. Furthermore, we discuss the role of mitochondria-associated membranes (MAMs) formation, which is intimately linked with mitochondrial function in podocytes. Finally, we examine the experimental evidence exploring the targeting of podocyte mitochondrial function for treating DKD and conclude with a discussion of potential directions for future research in the field of mitochondrial dysfunction in podocytes in DKD.
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INTRODUCTION
Diabetic kidney disease (DKD) is the leading cause of end-stage renal disease (ESRD), and it affects nearly 30–40% of patients with diabetes (Alicic et al., 2017). Although remarkable progress in drug therapy has reduced the rate of diabetes-related cardiovascular complications, the incidence of DKD and renal failure has continued to rise (Gregg et al., 2014). The principal feature of DKD is an abnormality of the glomerular filtration barrier (GFB), leading to the leakage of protein (proteinuria), metabolites and ions into the urine. Proteinuria simultaneously acts as a major, independent risk factor for the progression of DKD to ESRD. Podocytes form the outer part and ensure the mechanical stability of the GFB, therefore preventing protein loss into the urine. Podocyte dysfunction is one of the earliest glomerular morphologic changes and it plays a key role in DKD progression (Wang et al., 2012; Reidy et al., 2014; Qi et al., 2017).
Mitochondria, the main energy-producing organelles, play a central role in cell survival and death signalling. Mitochondria respond to pathophysiologic cues by altering their content, fusion, fission, mitophagy, and the unfolded protein response (UPR). Hyperglycemia is the most predominant clinical abnormality in diabetes, and it has been viewed as one of the leading risk factors for the pathogenesis of DKD. High glucose (HG) toxicity is mediated by many abnormal glucose metabolic pathways or signalling pathways that can induce reactive oxygen species (ROS) overproduction and mitochondrial damage (Qi et al., 2017). These factors may in turn cause oxidative stress, inflammation, and cell apoptosis. Indirect evidence for mitochondrial dysfunction of podocytes involved in DKD from diabetic models has been accumulating (Susztak et al., 2006; Wang et al., 2012; Ayanga et al., 2016; Qin et al., 2020; Wei et al., 2020), and studies have directly observed mitochondrial dysfunction in clinical samples from patients with DKD (Sharma et al., 2013; Czajka et al., 2015). A variety of mitochondrial dysfunction pathways have been identified as the main molecular causes of podocyte injury, such as elevated mitochondrial ROS production (Jha et al., 2016), imbalanced mitochondrial dynamics (Ayanga et al., 2016) and decreased mitochondrial biogenesis (Bhargava and Schnellmann 2017; Qin et al., 2020). Notably, mitochondrial dysfunction induced by glucose toxicity is usually considered to be an irreversible process owing to the persistence of epigenetic reprogramming (Reidy et al., 2014). For example, Chen et al. found persistent differential methylation at several loci over more than 16–17 years in a same cohort (Chen et al., 2016).
Podocytes are terminally differentiated with poor capacity to re-enter the cell cycle and proliferate. Mitochondrial dysfunction is the major contributor to podocyte injury and death, where an abnormal energy supply may lead to irreversible cellular injury (Carney 2015; Arif et al., 2019). Podocytes require a substantial amount of energy to maintain the complex cellular morphology of tertiary foot processes. Mitochondrial DNA mutations could cause podocyte dysfunction and breakdown of the GFB (Heeringa et al., 2011), and data from animal models support this hypothesis (Baek et al., 2018; Widmeier et al., 2020). The above findings support mitochondria involvement in the pathogenesis of podocyte injury, and regulating podocyte energy metabolism by targeting mitochondria may promote podocyte recovery from injury.
The regulation of podocyte mitochondrial dysfunction in patients with DKD has been extensively studied in the past few years, but few reviews have thoroughly summarized the progress in this area. In this review, we summarize the latest research progress on the causes of acquired mitochondrial dysfunction in podocytes in DKD (Figure 1). A comprehensive investigation of mitochondrial damage and its potential regulatory mechanisms could provide a deeper understanding of podocyte injury and possible therapeutic options that could have a positive impact on the treatment of DKD.
[image: Figure 1]FIGURE 1 | Mitochondrial damage of podocytes during diabetic kidney disease. Mitochondria are highly dynamic organelles that respond to pathophysiologic cues by altering mitochondrial content, fusion, fission, mitophagy, and the unfolded protein response. Fission and fusion complement each other to maintain mitochondrial morphology, whereas mitophagy selectively clears damaged mitochondria from the network (Nisoli et al., 2004). Excessive mitochondrial fission combined with decreased mitochondrial fusion is a prototypical feature of podocytes in diabetic kidney disease (Wang et al., 2012; Ayanga et al., 2016; Qin et al., 2019; Audzeyenka et al., 2021). In addition, the inhibition of mitophagy leads to the lack of a proper mitochondrial turnover in the diabetic kidney (Li et al., 2016; Li W. et al., 2017). Another key feature of mitochondrial dysfunction of podocytes in diabetic kidney disease is the reduced efficiency of mitochondrial biogenesis (Sun et al., 2014; Li S.-Y. et al., 2017; Zhang et al., 2018). Under high glucose condition, intracellular ROS production, mitochondrial DNA damage and protein and lipid peroxidation were enhanced (Tan et al., 2010; Dugan et al., 2013; Coughlan et al., 2016). In addition, mitochondrial protein homeostasis is challenging because of the continuous exposure of mitochondrial proteins to mitochondrial ROS. Mitochondria within a cell cannot exist in isolation. They interact with endoplasmic reticulum via the formation of mitochondrial-associated membranes (MAMs). The disturbance of MAMs leads to abnormal intracellular Ca2+ influx, mitochondrial damage, and apoptosis (Inoue et al., 2019). A combination of the above factors resulted in podocyte injury and the progression of diabetic kidney disease. The podocyte mitochondria in diabetic condition is illustrated schematically with blue frame and text. DRP1, dynamin-1-like protein; MFNs, mitofusin proteins 1 and 2; ETC, electron transport chain; HSPs, heat shock proteins; MAM, mitochondria associated ER membrane; NOXs, NADPH oxidases; OPA1, optic atrophy protein 1; PGC-1α, peroxisome proliferator activated receptor γ coactivator-1α; PINK1, PTEN-induced putative kinase protein 1; ROS, reactive oxygen species; UPR, unfolded protein response (Created with BioRender.com).
MITOCHONDRIAL QUALITY CONTROL AND PODOCYTES INJURY IN DKD
Mitochondrial Dynamics and Mitophagy
Mitochondria are dynamic organelles that frequently change their content and distribution within the cell. Dynamic remodelling of mitochondrial networks by fission, fusion and mitophagy promotes the maintenance of cellular function and survival under different physiological conditions. Mitochondrial fission and fusion processes appear to be accompanied by mitophagy. Fission and fusion complement each other to maintain mitochondrial morphology, whereas mitophagy selectively clears damaged mitochondria from the network (Nisoli et al., 2004). Of note, mitochondrial fission is thought to be a central process required for mitochondrial autophagy whereas mitochondrial elongation through fusion inhibits mitophagy. Accordingly, mutations in genes encoding fission and fusion proteins are associated with genetic diseases, highlighting the importance of sustaining mitochondrial dynamics (Sheffer et al., 2016; Gerber et al., 2017).
Fission and Fusion
Fission is the division of mitochondria in two by cleavage of the inner mitochondrial membrane (IMM) and outer mitochondrial membrane (OMM) and fusion is the combination of two mitochondria into one by the joining of the OMM and IMM. Fission is necessary to facilitate the autophagic removal of damaged mitochondria. Fission and fusion are complementary processes. Rather than being phenomenological, mitochondrial dynamics also influence mitochondrial functions and energy metabolism in many ways.
Mitochondrial fusion is regulated by several proteins, including mitofusin1 (MFN1) and mitofusin2 (MFN2) located in the OMM and optic atrophy protein 1 (OPA1) located in the IMM (Song et al., 2015). MFN1 is necessary for OMM fusion, whereas OPA1 is important for IMM fusion. Mice deficient in either MFN1 or MFN2 die in utero in midgestation (Chen et al., 2003). The precise role of MFN2 in fusion is not yet clear and it may be involved in the interaction between mitochondria and other organelles [in particular with the endoplasmic reticulum (ER)] (de Brito and Scorrano 2008). Fusion allows for content mixing, thus buffering the effect of damaged mitochondrial DNA, proteins, lipids and metabolites and maintaining normal mitochondrial activity (Youle and van der Bliek 2012; Pickles et al., 2018). MFN1 and MFN2 initiate the fusion process by tethering OMMs of adjacent mitochondria, and external stimuli, such as oxidative stress, can enhance OMM fusion (Shutt et al., 2012). Then, OPA1 completes the fusion process at IMMs. IMM fusion is more complicated than OMM fusion maintaining crista structures of the IMM. Deletion of OPA1 induces mitochondrial fragmentation and also results in decreased cristae density, in which the IMM becomes vesicular (Meeusen et al., 2006).
Mitochondrial fission is primarily driven by dynamin-related protein 1 (Drp1), a gtpase that dynamically associates with the ER and mitochondria (Ji et al., 2017). Drp1 translocates from the cytosol to the surface of the OMM, binding to its receptors in the OMM, including mitochondrial fission factor (MFF) (Otera et al., 2010; Sheng et al., 2019), mitochondrial dynamics proteins 49 and 51 (MID49/51) (Palmer et al., 2013) and mitochondrial fission 1 protein (Fis1) (James et al., 2003). Following this binding, Drp1 oligomerizes to form a constrictive ring around the mitochondrion to physically constrict and sever the mitochondrion (Kalia et al., 2018; Adachi et al., 2020). Drp1 is essential for embryonic development, and genetic knockout of Drp1 in mice is embryonically lethal at approximately embryonic Days 11.5–12 (Wakabayashi et al., 2009). However, cultured mammalian cells can survive without Drp1 and undergo mitochondrial fission in vitro (Kraus et al., 2021). Therefore, the functional role of mitochondrial fission is easier to detect in vivo studies in which damaged mitochondrial networks impair a variety of cellular biological activities, such as autophagy and apoptosis. Mitochondrial fission is necessary to surveil and isolate damaged mitochondria, which plays a key role in the quality control of the mitochondrial network (Bhargava and Schnellmann 2017). These daughter mitochondria with high membrane potential may recover by fusion (Abrisch et al., 2020) while unbalanced and depolarized daughter mitochondria are degraded through mitophagy to sustain a population of healthy mitochondria (Dikic and Elazar 2018; Kraus et al., 2021).
Defective mitochondrial dynamics have harmful effects on mitochondrial homeostasis and have been closely linked to the pathogenesis of numerous diseases, including cancer, cardiovascular diseases, and CKD (Galloway et al., 2012). Recently, several studies have proposed that excessive mitochondrial fission and enhanced fragmented mitochondria in podocytes are characteristic features of kidney injury before the obvious clinical manifestations of DKD (Wang et al., 2012; Ayanga et al., 2016; Qin et al., 2019). Drp1-specific knockdown in podocytes or pharmacologic inhibition of Drp1 by mitochondrial division inhibitor 1 (Mdivi-1) in diabetic mice confers protection against DKD with decreased albuminuria and improved morphology compared to diabetic control mice (Ayanga et al., 2016). Accordingly, podocytes isolated from Drp1 knockout mice demonstrated more elongated mitochondria and ATP production was restored, unlike in podocytes isolated from wild-type mice. Furthermore, the herbal alkaloid berberine could significantly protect podocytes via inhibiting Drp1-mediated mitochondrial fission and cell apoptosis, suggesting its use as a new therapeutic drug to treat DKD (Qin et al., 2019). Collectively, the data available indicate that mitochondrial fragmentation contributes critically to podocyte injury in DKD. Research is, however, still in an early stage.
Mediators that increase the expression of Drp1 or promote Drp1 translocation to the OMM both contribute to mitochondrial fission (Ayanga et al., 2016; Deng et al., 2020). Drp1 activity and translocation can be affected by posttranslational modifications, such as phosphorylation (Wang et al., 2012; Sabouny and Shutt 2020), O-GlcNAcylation (Gawlowski et al., 2012), and sumoylation (Zunino et al., 2007; Braschi et al., 2009). Among these post-translational modifications, Drp1 phosphorylation seems to play a central regulatory role, which can exert either activating or inhibitory effect depending on the specific site modified. Several phosphorylation sites have been identified in Drp1, including Ser-579, Ser-40, Ser-585, Ser-44, Ser-592, Ser-656, Ser-616, Ser-637, and Ser-693 (Qi et al., 2019). Among these sites, both Ser-616 and Ser-637 have been extensively reported in various diseases, while only Ser-637 was deeply examined in podocytes. Drp1 is a cytosolic protein, and phosphorylation at Ser637 of Drp1 promotes Drp1 translocation to mitochondrion to induce fission in response to HG conditions in podocytes (Ayanga et al., 2016). Similarly, activated A-kinase anchoring protein 1 (AKAP1) promotes the phosphorylation of Drp1 at Ser637, which promotes the transposition of Drp1 to the OMM and results in mitochondrial dysfunction events in HG-induced podocyte injury (Chen et al., 2020). However, another study, inconsistent with these findings, found that Drp1 phosphorylation at Ser637 by phosphoprotein kinase A (PKA) inhibits its gtpase activity and inhibits fission (Cribbs and Strack 2007). In contrast, Drp1 dephosphorylation at the same site by the Ca2+-dependent phosphatase calcineurin activates Drp1 and promotes fission (Cereghetti et al., 2008). A possible explanation for these conflicting results could be that the effects of Drp1 phosphorylation at this residue are likely cellular context- and external stimulus-dependent (Galvan et al., 2017). Because of the complexity of the posttranslational modification, the external stimuli that trigger this pathway remains largely unknown and needs investigation.
Mitophagy
Mitophagy is the best-described form of selective autophagy. It specifically degrades long-lived or damaged mitochondria via the formation of intracellular organelles-mitophagosomes. Mitophagosomes ultimately fuse with lysosomes, finally resulting in content degradation. The half-life of mitochondria is 10–25 days in the human body, and mitophagy serves as a master regulator in the maintenance of the quality of the mitochondrial pool in response to metabolic demand. If mitochondria are damaged beyond repair, mitochondria are eliminated through mitophagy to prevent ROS production, provide raw materials for metabolic needs and contribute to mitochondrial biogenesis. Abnormal or excessive mitophagy has been implicated in numerous human disorders (Palikaras et al., 2018).
Generally, mitophagy is divided into PTEN-induced putative kinase protein 1 (PINK1)/Parkin-dependent or PINK1/Parkin-independent (receptor-mediated) pathways. PINK1/Parkin-dependent mitophagy can be initiated by a loss of mitochondrial membrane potential (MMP), while the activation of the PINK1/Parkin-independent pathway is regulated through receptors that are anchored on the cytosolic surface of the OMM such as BNIP3L, BCL2-L13, and FUNDC1 (Ng et al., 2021). Mitophagy in most cell types is induced by the PINK1/Parkin-mediated pathway. Under physiological conditions, the mitophagy signal protein PINK1 is translocated from the cytosol to the IMM and then degraded by mitochondrial proteasomes (Greene et al., 2012). As PINK1 import is dependent on an intact MMP, mitochondrial damage or depolarization hampers its translocation and results in its accumulation on the OMM (Choi 2020). Then PINK1 recruits the E3 ubiquitin ligase Parkin to the mitochondria and prompts its phosphorylation/activation, which ubiquitinates lysine residues in the N-termini of OMM proteins, thereby targeting the mitochondria for degradation by autophagosomes (Randow and Youle 2014; Choi 2020). Meanwhile, simultaneous phosphorylation of ubiquitin chains by PINK1 might further facilitate Parkin activation and recruitment (Lazarou et al., 2015).
Autophagy is well known to be exacerbated in podocytes in DKD (Liu et al., 2019), and relatively few studies have explored the effect of mitophagy on podocytes in DKD. Mitophagy is considered as a defense mechanism under pathological conditions. Thus, we can infer that mitophagy is induced to ensure mitochondrial quality control by clearing damaged mitochondria during the initial stage of DKD. However, as the disease progresses, the increased number of damaged mitochondria might exceed the eliminated capacity of mitophagy, or mitophagy might also become impaired, then the apoptotic pathway is activated to minimize tissue damage. It has been demonstrated that HG accelerates mitochondrial dysfunction and podocyte apoptosis by inhibiting mitophagy activity (Li et al., 2016; Li W. et al., 2017). Overexpression of forkhead-box class O1 (FOXO1) in podocytes activates PINK1/parkin-dependent mitophagy, which degrades dysfunctional mitochondria and alleviates podocyte injury in diabetic mice and cultured podocytes, supporting the hypothesis of an important role of FOXO1 in the regulation of mitophagy in podocytes (Li W. et al., 2017). Progranulin (PGRN), an autocrine growth factor, has been known to be involved in the development and/or progression of various inflammatory diseases including renal ischemia/reperfusion injury and diabetic complications (Xu et al., 2015; Zhou et al., 2015; Choi et al., 2020). In diabetic mice, knockout of PGRN, which is significantly reduced in DKD, aggravated mitochondrial dysfunction in podocytes (Zhou et al., 2019). Treatment with recombinant human PGRN promoted mitophagy and mitochondrial biogenesis, thereby alleviating mitochondrial dysfunction and podocyte injury. A potential mechanism by which PGRN protects mitochondria is mediated via PGRN–SIRT1–PGC1α regulation of FOXO1 (Zhou et al., 2019).
Mitochondrial Biogenesis
Mitochondrial biogenesis replicates mtDNA, generates new and functional mitochondria, and increases ATP production by the proliferation of pre-existing organelles (Jiang et al., 2020). Mitochondrial biogenesis and its concomitant cellular processes enhance metabolic pathways and antioxidant defense mechanisms that mitigate injury from tissue hypoxia, excess production of ROS, and glucose or fatty acid overload, all of which contribute to the pathogenesis of kidney disease, including DKD. The process of mitochondrial biogenesis is largely regulated by networks of transcription factors that link external cues to cell energy demand and adaptive responses (Galvan et al., 2017).
Peroxisome proliferator-activated receptor γ coactivator-1α (PGC-1α) is a prominent transcriptional coactivator that interacts with other transcription factors to regulate mitochondrial biogenesis in a variety of cells including podocytes (Svensson et al., 2016; Li S.-Y. et al., 2017). PGC-1α acts as the “master regulator” in stimulating the expression of mitochondrial genes as well as nuclear genes in response to extracellular signals, energetic demand, or mitochondrial dysfunction. Several experimental models of DKD exhibit reduced efficiency of mitochondrial biogenesis, decreased PGC-1α levels, and defective mitochondrial function (Sun et al., 2014; Li S.-Y. et al., 2017; Zhang et al., 2018). The downregulation of PGC-1α and its downstream signalling cascades has been proposed to be the key contributor to renal lipid overload, mitochondrial loss and dysfunction, eventually leading to podocyte injury and destruction of the GFB (Long et al., 2016; Li S.-Y. et al., 2017; Li and Susztak 2018). Endogenous expression of PGC-1α in podocytes exhibited protective effects against kidney fibrosis in mice with DKD (Zhang et al., 2018). Furthermore, PGC-1α is negatively regulated by upstream open reading frames (uORFs) (Dumesic et al., 2019), Smad3, and NF-κB (Dai et al., 2021). PGC-1α expression is positively regulated by AMPK (Dugan et al., 2013), sirtuins (Yacoub et al., 2014), Ewing sarcoma breakpoint region 1 (EWSR1) (Park et al., 2015), PGRN (Zhou et al., 2019), G protein-coupled bile acid receptor TGR5 (Wang et al., 2016), and induced-by-high-glucose 1 (IHG-1) (Hickey et al., 2011), which subsequently activates nuclear respiratory factors (NRFs), improving mitochondrial DNA expression and protein translation and thus promoting mitochondrial biogenesis. For example, it has been demonstrated the activation of TGR5 with its agonist INT-777 can induce mitochondrial biogenesis and attenuate renal oxidative stress in db/db mice and human podocyte cell line (Wang et al., 2016).
The activation of peroxisome proliferator-activated receptors (PPARs) and oestrogen-related receptors (ERRs) is also involved in the regulation of mitochondrial biogenesis, sometimes by these receptors co-operating with PGC-1α (Fan and Evans 2015). ERRs upregulate the entire gene network necessary for biogenesis, but in contrast to ERRs, PPARs are not sufficient by themselves to fully induce biogenesis (Weinberg 2011). Numerous studies have demonstrated that the activity of PPARγ, the third member of the PPARs (PPARα, PPARβ/δ and PPARγ), is pivotal in protecting podocytes (Agrawal et al., 2021). PPARγ attenuates the renal effects of aging and generally promotes mitochondrial biogenesis by inducing PGC-1α (Hondares et al., 2006; Weinberg 2011). PGC-1α can directly bind to nuclear receptors PPARs and ERRs and coactivate the transcription of genes. PPARγ agonists (such as thiazolidinediones) have been shown to delay DKD progression in patients with type 2 diabetes mellitus and in various animal models of diabetes (Yang et al., 2012).
Furthermore, multiple other factors act directly or indirectly to regulate mitochondrial biogenesis in podocytes. Mitochondrial glycerol 3-phosphate dehydrogenase (mGPDH) is defined as a component in the respiratory chain, which guarantees the appropriate production of energy in a cell. Recently, Qu et al. verified that podocyte-dominated expression of mGPDH was downregulated in DKD, and activation of mGPDH induced mitochondrial biogenesis and reinforced mitochondrial function (Qu et al., 2021). The role of transcription factor EB (TFEB) as a key regulator of the autophagy-lysosome pathway has been widely investigated (Sardiello et al., 2009; Settembre et al., 2011). TFEB can regulate mitochondrial biogenesis in PGC-1α-dependent or PGC-1α-independent pathways (Kang et al., 2019; Wang S. et al., 2020). Adenosine is significantly increased in response to various cellular damages. Treatment of db/db mice with the adenosine receptor A3AR antagonist LJ-2698 has a renoprotective effect by modulating PGC-1α (Dorotea et al., 2018).
PGC-1α interacts with many transcription factors and is implicated in complex biological functions. Currently, there are no drugs that specifically target PGC-1α in clinical trials. It is reasonable to assume that a strategy targeting upstream or downstream molecules of PGC-1α pathway is possible. It should be noted, however, that podocytes may have a narrow PGC-1α tolerance and that excessive PGC-1α may alter mitochondrial properties. It has been proven that transgenic overexpression of PGC-1α in podocytes causes uncontrolled mitochondrial proliferation and glomerulopathy in mice (Li S.-Y. et al., 2017).
Oxidative Phosphorylation and ROS Production
The term ROS encompasses a wide range of highly reactive, oxygen-containing molecules, including free radical species, such as hydroxyl radicals and superoxide radicals, and non-radical species, such as hydrogen peroxide. ROS are well known for their role in mitochondrial dysfunction and the development of diabetic microvascular complications, including DKD. ROS are historically considered toxic by-products of pathological cellular metabolism, but the current consensus is that ROS have physiological functions at low levels and take part in promoting the proliferation and survival of cells in response to stress. However, if ROS generation is not balanced through appropriate regulation of synthesis and degradation, oxidative stress may occur. ROS levels that exceed the antioxidant capacity are a sign of mitochondrial dysfunction and a risk factor for DKD (Dugan et al., 2013; Coughlan et al., 2016).
There are several sources of ROS in human cells, but the main endogenous ROS are generated from mitochondria via the respiratory chain (Scialo et al., 2016). Hyperglycemia is a representative hallmark of diabetes and is closely linked to excessive ROS, which is an important pathway contributing to the pathogenesis of diabetes associated complications. Under diabetic conditions, excessive glucose enters into the tricarboxylic acid cycle (TAC), which results in more NADH or FADH2 entering the mitochondrial electron transport chain. Under this condition, electron transfer is obstructed, and some of them escape to generate superoxide in both the intermembrane space and matrix, which results in excessive production of ROS (Brownlee 2005). It has been firmly established that HG exposure of glomerular podocytes results in an increased ROS level. Overproduction of ROS in the presence of HG induces mtDNA damage and protein and lipid peroxidation, subsequently resulting in mitochondrial dysfunction and podocyte injury. Notably, glucose-induced excessive ROS production plays a central role in initiating podocyte apoptosis and podocyte depletion followed by progression to renal damage (Susztak et al., 2006; Fakhruddin et al., 2017). Pyruvate kinase isoform M2 (PKM2) is a rate-limiting glycolytic enzyme. Qi et al. shows that podocyte-specific Pkm2-knockout in mice aggravates albuminuria and pathological severity of DKD (Qi et al., 2017). PKM2 activator (TEPP-46) can significantly ameliorate mitochondrial dysfunction by increasing glucose metabolic flux, preventing the elevation of ROS production, inducing mitochondrial biogenesis (Qi et al., 2017). In addition, treatment with antioxidants, such as Grape seed proanthocyanidin extracts (Bao et al., 2014), INO-1001 or PJ-34 (Szabo et al., 2006), has been shown to restore mitochondrial dysfunction and attenuate kidney injury in animal models of DKD.
The NADPH oxidase (Nox) family is another important endogenous source of ROS production. The mammalian Nox has seven isoforms: Nox1 to Nox5, Duox1, and Duox2. Nox4 is the predominant form within the kidney, whereas Nox1, Nox2 and Nox5 are also expressed in the kidney (Holterman et al., 2015). NOXs, particularly NOX4, have been reported to be pathologically relevant sources of ROS in HG-induced podocytes leading to mitochondrial damage and podocyte apoptosis. Furthermore, in vivo studies, genetic deletion of NOX4 in podocytes or treatment with a novel NOX1/4 inhibitor (GKT137831) reduced oxidative stress, podocyte injury and the development of DKD (Jha et al., 2014; Jha et al., 2016; Gray et al., 2017). Similar results were obtained using salvianolate, a prescribed Chinese medicine derived from Danshen, through regulation of NOX4 activity in db/db mice (Liang et al., 2021).
As described above, PGC-1α is considered to be a master, upstream transcriptional regulator of oxidative phosphorylation and mitochondrial biogenesis (Galvan et al., 2017) and PGC-1α levels were reduced in DKD (Sun et al., 2014; Zhang et al., 2018). Endogenous PGC-1α also exhibited protective effects against renal fibrosis in diabetic mice through an anti-oxidative mechanism (Zhang et al., 2018). Recently, a study highlighted that PGC-1α-mediated mitochondrial bioenergetics could play a pivotal role in lipid disorder-induced podocyte injury and the development of DKD, whereas restoring PGC-1α activity and a balanced energy supply via berberine may be a novel therapeutic strategy for the treatment of DKD (Qin et al., 2020).
The family of NAD+-dependent deacetylases known as sirtuins (SIRT1-7) has an essential role in the regulation of mitochondrial function of podocytes in DKD (Hershberger et al., 2017; Fan et al., 2019; Zhang et al., 2019). It has been reported that Sirt6 alleviates HG-induced mitochondrial damage and oxidative stress in podocytes through AMPK activation (Fan et al., 2019). Importantly, SIRT1-mediated deacetylation of PGC-1α could ameliorate HG-induced podocyte damage (Cai et al., 2016; Zhang et al., 2019) and resveratrol, an activator of SIRT1, demonstrated significant protection of mitochondrial function in diabetic mice with DKD through SIRT1/PGC-1α-regulated attenuation of mitochondrial oxidative stress (Zhang et al., 2019; Wang F. et al., 2020). Furthermore, one other group found that salidroside, an active component from Rhodiola rosea L., ameliorates diabetic nephropathy by stimulating the Sirt1/PGC-1α axis in diabetic mice (Liang et al., 2021). The above results revealed the protective role of PGC-1α in regulating mitochondrial homeostasis in podocytes and identified potential targets for the treatment of DKD.
ROS act as a master switch for activating inflammatory responses by activating multiple downstream pathways, including nucleotide leukin-rich polypeptide 3 (NLRP3), NF-κB, and Toll-like receptor (TLR). Upon stimulation, NLRP3 can form a NLRP3 inflammasome to act as a cytosolic multiprotein caspase-activating complex platform and subsequently lead to the activation of Caspase-1. Activation of Caspase-1 can lead to the maturation and release of interleukin (IL)-1β and IL-18 (Davis et al., 2011). In a type 2 diabetic model, excessive activation of NLRP3 was associated with chronic inflammation, cell death, and fibrosis. Accumulating data suggest that mitochondrial ROS could activate the NLRP3 inflammasome in glucose or advanced glycation end product stressed podocytes (Shahzad et al., 2015; Yu et al., 2019; Wu et al., 2021). Treatment of db/db mice with the NLRP3 inflammasome inhibitor (MCC950) could attenuate podocyte damage and improve kidney function by inhibiting lipid accumulation in DKD (Wu et al., 2021). Another study reported that luteolin, a natural flavonoid found in various fruits and vegetables, attenuated HG-induced podocyte damage by suppressing the NLRP3 inflammasome pathway (Yu et al., 2019).
Mitochondrial Protein Quality Control
The mitochondrial proteome comprises approximately 1,200 proteins in humans (Rath et al., 2021). Mitochondrial function strongly relies on protein homeostasis within organelles. Mitochondria are comprised of proteins encoded by two genomes, mitochondrial and nuclear, but approximately 99% of mitochondrial proteins are encoded by the nuclear genome, and they are synthesized in the cytosol (Song et al., 2021). Hence, the synchronization of gene expression between the nucleus and mitochondria and efficient import of the encoded mitochondrial proteins into the specific locations in the mitochondria from the cytosol are essential for mitochondrial protein homeostasis. To repair or degrade misfolded and damaged proteins, mitochondria rely on several quality control pathways, including mitochondrial molecular chaperones promoting folding of misfolded proteins and ATP-dependent proteases degrading misfolded or damaged mitochondrial proteins (Vazquez-Calvo et al., 2020). Disturbances in mitochondrial protein homeostasis lead to proteotoxic insults and cell injury (Cybulsky 2017). Notably, mitochondrial protein homeostasis is challenging under HG conditions. As described above, HG exposure of podocytes leads to elevated ROS, whereas continuous intracellular ROS elevation can impair protein function and induce inflammatory responses, leading to cellular death.
Most mitochondrial proteins are synthesized in the cytosol, and then precursor proteins are bound to molecular chaperones and imported into mitochondria. Molecular chaperones are enzymes whose functions are responsible for stabilizing, folding, and unfolding precursor proteins. Heat shock proteins (HSPs) are highly conserved proteins that act as molecular chaperones and play a vital role in protein homeostasis (Young et al., 2003; Song et al., 2021). Increased levels of HSP25, HSP60, and HSP70 are observed in the diabetic outer medulla, but no differences were detected in the glomeruli in response to diabetes (Barutta et al., 2008). Only the phosphorylated form of HSP27 is increased in the podocytes of diabetic animals (Barutta et al., 2008).
The major response to excessive amounts of unfolded or misfolded proteins is activation of UPR pathway. There are two distinct UPRs—the endoplasmic reticulum unfolded protein response (UPRER) and the mitochondrial unfolded protein response (UPRmt)—that stabilize, renature, and degrade unfolded proteins in the mitochondria and the ER, respectively. However, prolonged and severe UPR can lead to an excessive ER stress and result in pro-apoptotic cell death. Although the UPRER and UPRmt involve chaperones and proteases specific to each organelle, both pathways interact and influence each other upon activation in response to extrinsic stimuli (Senft and Ronai 2015; Tang et al., 2021). Notably, the sustained UPRER pathway has been implicated in the pathogenesis of podocyte injury and DKD (Cybulsky 2017; Kang et al., 2017; Wang et al., 2021). Therefore, activation of the UPRmt might have also occurred in DKD. One study in a rat model of streptozotocin-induced diabetes showed that exposure to HG activated the UPRER pathway in renal podocytes, whereas treatment with an endogenous peptide (intermedin), which has anti-inflammatory and antioxidant properties, blocked such ER stress responses and alleviated podocyte apoptosis (Wang et al., 2021). The regulation of mitochondrial protein quality control in polypeptide sorting, folding, transportation and subsequent assembly into multiprotein complexes during mitochondrial biogenesis is essential for mitochondrial function and cellular survival. However, the functional association between the mitochondrial protein quality control system, podocyte injury and DKD remains poorly understood.
MITOCHONDRIA-ASSOCIATED ENDOPLASMIC RETICULUM MEMBRANES
To maintain homeostasis, organelles work cooperatively (Inoue et al., 2019). Certainly, mitochondria within a cell cannot exist in isolation. They interact with other subcellular organelles, particularly with the ERs. Recently, an emerging concept is that the ER and mitochondria are organized as a complex network through direct interactions at membrane contact sites called MAMs (mitochondria associated ER membranes) (Kornmann et al., 2009). At the MAMs, the membrane of the juxtaposed ER and mitochondria are separated by only 10–25 nm. This proximity not only allows direct contact of proteins and lipids but also exchanges of Ca2+ in the ER with those in the OMM (Csordas et al., 2006). Perturbations in MAMs and increased ER-mitochondria contacts have been reported in various neurodegenerative disorders (Parakh and Atkin 2021) and metabolic disorders (Yang et al., 2020), as well as DKD (Yang et al., 2021). The disturbance of MAMs leads to abnormal intracellular Ca2+ levels, mitochondrial damage, ER stress, autophagy, and apoptosis (Inoue et al., 2019).
Calcium signalling plays a vital role in many cellular physiological pathways. In pathological states, calcium signals can precipitate mitochondrial damage and trigger cell death, particularly when accompanied by energetic deprivation and oxidative stress (Bhosale et al., 2015). Therefore, the role of mitochondria as sensors and modulators of calcium signalling is extremely important. An increase in the inflow of Ca2+ into mitochondria from the juxtaposed ER takes place through this specialized proximity during various common stresses. An appropriate elevation in Ca2+ concentration activates TAC dehydrogenase to promote ATP production. However, an excessive elevation in Ca2+ concentration opens the mitochondrial permeability transition pore and releases cytochrome c simultaneously, leading to cellular apoptosis (Inoue et al., 2019). In the unilateral ureteral obstruction model, mitochondria and the ER form a pathological feedback loop by Ca2+ dysregulation and ER stress pathways, resulting in the impairment of both organelles (Martinez-Klimova et al., 2020). Ca2+ channel transient receptor potential cation channel subfamily V member 1 (TRPV1), a channel modulating the intracellular Ca2+ concentration, can be activated by multiple endogenous stimuli, including pressure, force, and exogenous stimuli, such as capsaicin (Nieto-Posadas et al., 2011). Activation of the TRPV1 channel by capsaicin can play a robust therapeutic role in HG-induced mitochondrial damage in podocytes, accompanied by decreased MAM formation and reduced Ca2+ transport from the ER to mitochondria (Wei et al., 2020).
As described above, mitophagy refers to a protective effect in response to diverse stimuli, including hypoxia, ROS, and energy stresses (Tang et al., 2020). ER-mitochondria contact sites are essential for organelle quality control by involving in mitophagy (Hamasaki et al., 2013). Researchers have demonstrated that many proteins involved in mitophagy are recruited to MAMs following mitophagic stimuli, in turn, recruited autophagy-associated proteins promote the formation of MAMs and autophagosomes (Yao et al., 2021). Currently, the FUNDC1-mediated pathway is one of the well-studied pathways of the PINK1/Parkin-independent mitophagy as described above. FUNDC1 has been proven to accumulate at MAMs, which can initiate mitochondrial division prior to mitophagy (Wu et al., 2016). FUNDC1-dependent mitophagy plays a protective role in acute reperfusion injury and chronic metabolic syndrome via its sustaining mitochondrial homeostasis activity. As shown in proximal tubule-specific Fundc1 knockout mice, ischemic preconditioning activates FUNDC1-dependent mitophagy, and FUNDC1 deficiency abolishes the benefits of ischemic preconditioning against renal ischemia reperfusion injury. Mechanistically, FUNDC1 deficiency provoked compromised mitochondrial quality control, manifested by abnormal mitochondrial quality and excessive Drp1-dependent mitochondrial fission (Wang J. et al., 2020). Although more studies on the role of MAMs in mitophagy in DKD are needed, the available evidence suggests that MAMs provide a platform for autophagy-associated proteins to perform their biological functions.
Mitochondria are highly plastic organelles that undergo fission and fusion to optimize their function (Youle and van der Bliek 2012). Disturbances of mitochondrial dynamics, featuring excessive mitochondrial fission, are noted in glomerular podocytes in diabetic nephropathy (Ni et al., 2017; Ma et al., 2019; Qin et al., 2019). As described previously, mitofusin 2 (Mfn2) is enriched at the ER-mitochondria interface and plays a key role in the maintenance of mitochondrial fusion and fission (de Brito and Scorrano 2008). MAMs are involved in the early steps of mitochondrial fission by marking the division sites (Csordas et al., 1999). Despite these interesting findings, the precise role and regulation of MAMs in the development and progression of DKD await further investigation.
TARGETING MITOCHONDRIAL DYSFUNCTION
Although the precise roles of mitochondrial function in podocyte health and disease are not completely understood, targeting mitochondria could be a very promising strategy to treat podocyte dysfunction. Various therapeutic strategies that target mitochondria are under investigation for the treatment of podocyte dysfunction and/or DKD. Emerging data from preclinical and preliminary clinical data suggest that targeting mitochondrial dysfunction is a sound rationale. Several investigational drugs are in different stages of clinical evaluation. Although some of these drugs are currently used in clinical trials for the treatment of other CKDs, preclinical data suggest that these therapies are also promising agents for the treatment of DKD by targeting the mitochondrial function of podocytes.
Antioxidants are the oldest class of drugs used to counteract ROS generation and treat mitochondrial dysfunction. Currently, the majority of ongoing clinical trials for the treatment of mitochondrial diseases are still based on the use of antioxidants (Forbes and Thorburn 2018). In mitochondria, Coenzyme Q10 (CoQ10; ubiquinone) is a pivotal component of the mitochondrial respiratory chain with powerful antioxidant capacity, as it shuttles electrons from both complexes I and II to complex III of the electron transport chain. Knockout of genes involved in coding the CoQ10 biosynthesis pathway enzymes in glomerular podocytes is sufficient to induce the typical phenotypes of nephrotic syndrome and focal segmental glomerular sclerosis (Widmeier et al., 2019; Widmeier et al., 2020). CoQ10 therapy of rodent models with DKD could significantly decrease albuminuria and prevent detrimental changes in mitochondrial function, indicating its potent protective effect on the GFB and podocytes (Sourris et al., 2012). Case reports and case series have reported the treatment with CoQ10 or its synthetic analogue idebenone significantly reduced albuminuria in paediatric patients with COQ6 glomerulopathy or ADCK4 mutation (Feng et al., 2017; Stanczyk et al., 2018). CoQ10 is not water soluble, which limits its transport to the IMM. More recently, more soluble and hydrophilic 2,4-dihydroxybenzoic acid (2,4-diHB) has been shown to have a strong effect in rescuing podocyte function and preventing renal disease caused by primary dysfunction in the CoQ10 biosynthesis pathway (Widmeier et al., 2019; Widmeier et al., 2020). These findings warrant further evaluation in prospective human studies in the near future. MicroRNA-21 (miR-21) has been widely studied in kidney disease because of its important antiapoptotic effects (Chen et al., 2018; Wang et al., 2019). MiR-21 expression is upregulated in kidney tissues of DKD patients and HG-treated podocytes, and the down-regulation of miR-21 inhibited the progression of DKD (Chen et al., 2018). Furthermore, miR-21 is involved in the regulation of mitochondrial dysfunction by disrupting ROS homeostasis (La Sala et al., 2018). Lademirsen is an antisense oligonucleotide that inhibits miR-21, and there is some evidence that it can enhance mitochondrial function in podocytes; it is currently under clinical evaluation in Alport syndrome patients (NCT02855268) (Gomez et al., 2015). Nuclear respiratory factor 2 (Nrf2), a master regulator of the stress response, is relatively inactive under non-stressed conditions. Activation of Nrf2 inhibits the expression of Drp1 and mitochondrial fission, leading to enhanced mitochondrial fusion and survival (Zhu et al., 2019). Drp1 hyperactivation and excessive/pathological mitochondrial fission occur in various DKD models, and selective activation of Nrf2 is sufficient for its anti-senescent and podocyte protective effects (Fang et al., 2021). Due to this, its potential as a therapeutic target in DKD has been increasingly discussed. Bardoxolone methyl is a novel, small-molecule inhibitor of Nrf2 that improves kidney function in several glomerular diseases and is under clinical evaluation in patients with chronic kidney disease (NCT03749447) or DKD (NCT03550443) (Zhou et al., 2020; Daehn and Duffield 2021) (Table 1).
TABLE 1 | Potential approaches to target podocyte mitochondrial dysfunction in clinical studies.
[image: Table 1]In addition, although several previous and current drugs to treat DKD do not directly target mitochondrial function, they play a protective role under conditions that affect mitochondria. For example, the Study of Diabetic Nephropathy with Antrasentan (SONAR) trial found that the endothelin A receptor (EAR) antagonist atrasentan reduced the risk of renal events by 35% in patients with DKD (Heerspink et al., 2019). Analysis of urinary metabolites from DKD patients treated with atrasentan revealed that it might prevent the progression of mitochondrial dysfunction (Pena et al., 2017). Similar results were obtained in DKD patients treated with sodium glucose cotransporter 2 (SGLT2) inhibitors, such as dapagliflozin, canagliflozin, and empagliflozin (Liu et al., 2020; Liu et al., 2021). Currently, there are no studies investigating the effect of EAR antagonists or SGLT2 inhibitors on the mitochondrial function of podocytes. This may be worthy of further study.
Despite the fact that direct targeting of mitochondrial function as a therapeutic approach is not satisfactory, the development of specific molecules targeting mitochondria and mitochondria-associated signalling pathways for therapeutic gain is a rapidly evolving field. In recent years, numerous specific molecules and treatment strategies targeting various aspects of mitochondrial dysfunction have been reported. The targets involve many genes controlling mitochondrial biogenesis and energy homeostasis, including PGC-1α, Drp1 and ROS. The molecular targets, mechanisms of action and therapeutic effects of these preclinical drugs are summarized in Table 2.
TABLE 2 | Potential approaches to target podocyte mitochondrial dysfunction in preclinical developments.
[image: Table 2]None of the existing drugs could be specifically targeted to mitochondrial health of podocytes. Nevertheless, a success in one of these ongoing clinical trials will provide important new insights into the development of innovative regimens for podocyte dysfunction. Therefore, there is a continuing need to identify novel and more specific targets to target mitochondria to widen the scope of current treatments for DKD. In addition to identifying effective therapeutic agents, considering the optimal timing for these interventions is also needed. Predictive biomarkers that can help guide decision-making to target mitochondrial dysfunction to prevent DKD are likewise lacking.
FUTURE DIRECTIONS
Although increasing amounts of evidence has demonstrated that mitochondrial dysfunction of podocytes is involved in the development and progression of DKD, our understanding of the role of mitochondrial damage in DKD remains limited. There are several unanswered questions in this area. First, it is clear that mitochondrial dysfunction is a common pathological hallmark and occurs early in DKD. Although much is known about mitochondrial dynamics, mitophagy, ROS production and biogenesis, the exact role and interaction of each process in DKD remains unclear. Second, despite evidence that MAMs play an important role during the development and progression of DKD, their precise role remains largely unclear. The relationship between the MAMs and mitochondrial dysfunction has attracted increasing attention. A further understanding of the role of the MAMs in mediating mitochondrial dysfunction under hyperglycemic condition might lead to new therapeutic options for DKD. Third, there are currently no mitochondria-targeting therapeutic agents approved for DKD. Modern small-molecule drug design, advances in nucleic acid-based therapeutics, and novel nano-drug delivery systems have greatly assisted in enhancing bioavailablity and mitochondrial targeting during the development of more effective therapeutic agents. We can therefore expect many more innovations to occur in the near future.
AUTHOR CONTRIBUTIONS
BZ, CX, and YY conceived the study. SL wrote and revised the manuscript. BZ and YX revised the manuscript. All the authors contributed to the article and approved the submitted version.
FUNDING
This study was supported by grants from the “PRO•Run” Fund of the Nephrology Group of CEBM (KYS 2021-03-02-14), and the National Natural Science Foundation of China (Nos. 81670628, 81870469).
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
 Abrisch, R. G., Gumbin, S. C., Wisniewski, B. T., Lackner, L. L., and Voeltz, G. K. (2020). Fission and Fusion Machineries Converge at ER Contact Sites to Regulate Mitochondrial Morphology. J. Cell Biol 219, e201911122. doi:10.1083/jcb.201911122
 Adachi, Y., Kato, T., Yamada, T., Murata, D., Arai, K., Stahelin, R. V., et al. (2020). Drp1 Tubulates the ER in a GTPase-independent Manner. Mol. Cell 80, 621–632. doi:10.1016/j.molcel.2020.10.013
 Agrawal, S., He, J. C., and Tharaux, P.-L. (2021). Nuclear Receptors in Podocyte Biology and Glomerular Disease. Nat. Rev. Nephrol. 17, 185–204. doi:10.1038/s41581-020-00339-6
 Alicic, R. Z., Rooney, M. T., and Tuttle, K. R. (2017). Diabetic Kidney Disease: Challenges, Progress, and Possibilities. Cjasn 12, 2032–2045. doi:10.2215/CJN.11491116
 Arif, E., Solanki, A. K., Srivastava, P., Rahman, B., Fitzgibbon, W. R., Deng, P., et al. (2019). Mitochondrial Biogenesis Induced by the β2-adrenergic Receptor Agonist Formoterol Accelerates Podocyte Recovery from Glomerular Injury. Kidney Int. 96, 656–673. doi:10.1016/j.kint.2019.03.023
 Audzeyenka, I., Rachubik, P., Typiak, M., Kulesza, T., Topolewska, A., Rogacka, D., et al. (2021). Hyperglycemia Alters Mitochondrial Respiration Efficiency and Mitophagy in Human Podocytes. Exp. Cell Res. 407, 112758. doi:10.1016/j.yexcr.2021.112758
 Ayanga, B. A., Badal, S. S., Wang, Y., Galvan, D. L., Chang, B. H., Schumacker, P. T., et al. (2016). Dynamin-Related Protein 1 Deficiency Improves Mitochondrial Fitness and Protects against Progression of Diabetic Nephropathy. Jasn 27, 2733–2747. doi:10.1681/ASN.2015101096
 Baek, J.-H., Gomez, I. G., Wada, Y., Roach, A., Mahad, D., and Duffield, J. S. (2018). Deletion of the Mitochondrial Complex-IV Cofactor Heme A:Farnesyltransferase Causes Focal Segmental Glomerulosclerosis and Interferon Response. Am. J. Pathol. 188, 2745–2762. doi:10.1016/j.ajpath.2018.08.018
 Bao, L., Cai, X., Dai, X., Ding, Y., Jiang, Y., Li, Y., et al. (2014). Grape Seed Proanthocyanidin Extracts Ameliorate Podocyte Injury by Activating Peroxisome Proliferator-Activated Receptor-γ Coactivator 1α in Low-Dose Streptozotocin-And High-Carbohydrate/high-Fat Diet-Induced Diabetic Rats. Food Funct. 5, 1872–1880. doi:10.1039/c4fo00340c
 Barutta, F., Pinach, S., Giunti, S., Vittone, F., Forbes, J. M., Chiarle, R., et al. (2008). Heat Shock Protein Expression in Diabetic Nephropathy. Am. J. Physiology-Renal Physiol. 295, F1817–F1824. doi:10.1152/ajprenal.90234.2008
 Bhargava, P., and Schnellmann, R. G. (2017). Mitochondrial Energetics in the Kidney. Nat. Rev. Nephrol. 13, 629–646. doi:10.1038/nrneph.2017.107
 Bhosale, G., Sharpe, J. A., Sundier, S. Y., and Duchen, M. R. (2015). Calcium Signaling as a Mediator of Cell Energy Demand and a Trigger to Cell Death. Ann. N.Y. Acad. Sci. 1350, 107–116. doi:10.1111/nyas.12885
 Braschi, E., Zunino, R., and McBride, H. M. (2009). MAPL Is a New Mitochondrial SUMO E3 Ligase that Regulates Mitochondrial Fission. EMBO Rep. 10, 748–754. doi:10.1038/embor.2009.86
 Brownlee, M. (2005). The Pathobiology of Diabetic Complications: a Unifying Mechanism. Diabetes 54, 1615–1625. doi:10.2337/diabetes.54.6.1615
 Cai, X., Bao, L., Ren, J., Li, Y., and Zhang, Z. (2016). Grape Seed Procyanidin B2 Protects Podocytes from High Glucose-Induced Mitochondrial Dysfunction and Apoptosis via the AMPK-SIRT1-PGC-1α axis In Vitro. Food Funct. 7, 805–815. doi:10.1039/c5fo01062d
 Carney, E. F. (2015). Glomerular Disease: Autophagy Failure and Mitochondrial Dysfunction in FSGS. Nat. Rev. Nephrol. 11, 66. doi:10.1038/nrneph.2014.233
 Cereghetti, G. M., Stangherlin, A., de Brito, O. M., Chang, C. R., Blackstone, C., Bernardi, P., et al. (2008). Dephosphorylation by Calcineurin Regulates Translocation of Drp1 to Mitochondria. Proc. Natl. Acad. Sci. 105, 15803–15808. doi:10.1073/pnas.0808249105
 Chen, H., Detmer, S. A., Ewald, A. J., Griffin, E. E., Fraser, S. E., and Chan, D. C. (2003). Mitofusins Mfn1 and Mfn2 Coordinately Regulate Mitochondrial Fusion and Are Essential for Embryonic Development. J. Cell Biol 160, 189–200. doi:10.1083/jcb.200211046
 Chen, X., Zhao, L., Xing, Y., and Lin, B. (2018). Down-regulation of microRNA-21 Reduces Inflammation and Podocyte Apoptosis in Diabetic Nephropathy by Relieving the Repression of TIMP3 Expression. Biomed. Pharmacother. 108, 7–14. doi:10.1016/j.biopha.2018.09.007
 Chen, Z., Ma, Y., Yang, Q., Hu, J., Feng, J., Liang, W., et al. (2020). AKAP1 Mediates High Glucose‐induced Mitochondrial Fission through the Phosphorylation of Drp1 in Podocytes. J. Cell Physiol 235, 7433–7448. doi:10.1002/jcp.29646
 Chen, Z., Miao, F., Paterson, A. D., Lachin, J. M., Zhang, L., Schones, D. E., et al. (2016). Epigenomic Profiling Reveals an Association between Persistence of DNA Methylation and Metabolic Memory in the DCCT/EDIC Type 1 Diabetes Cohort. Proc. Natl. Acad. Sci. USA 113, E3002–E3011. doi:10.1073/pnas.1603712113
 Choi, J. P., Park, S. Y., Moon, K. A., Ha, E. H., Woo, Y. D., Chung, D. H., et al. (2020). Macrophage‐derived Progranulin Promotes Allergen‐induced Airway Inflammation. Allergy 75, 1133–1145. doi:10.1111/all.14129
 Choi, M. E. (2020). Autophagy in Kidney Disease. Annu. Rev. Physiol. 82, 297–322. doi:10.1146/annurev-physiol-021119-034658
 Coughlan, M. T., Higgins, G. C., Nguyen, T.-V., Penfold, S. A., Thallas-Bonke, V., Tan, S. M., et al. (2016). Deficiency in Apoptosis-Inducing Factor Recapitulates Chronic Kidney Disease via Aberrant Mitochondrial Homeostasis. Diabetes 65, 1085–1098. doi:10.2337/db15-0864
 Cribbs, J. T., and Strack, S. (2007). Reversible Phosphorylation of Drp1 by Cyclic AMP‐dependent Protein Kinase and Calcineurin Regulates Mitochondrial Fission and Cell Death. EMBO Rep. 8, 939–944. doi:10.1038/sj.embor.7401062
 Csordas, G., Thomas, A. P., and Hajnoczky, G. (1999). Quasi-synaptic Calcium Signal Transmission between Endoplasmic Reticulum and Mitochondria. EMBO J. 18, 96–108. doi:10.1093/emboj/18.1.96
 Csordás, G., Renken, C., Várnai, P., Walter, L., Weaver, D., Buttle, K. F., et al. (2006). Structural and Functional Features and Significance of the Physical Linkage between ER and Mitochondria. J. Cell Biol 174, 915–921. doi:10.1083/jcb.200604016
 Cybulsky, A. V. (2017). Endoplasmic Reticulum Stress, the Unfolded Protein Response and Autophagy in Kidney Diseases. Nat. Rev. Nephrol. 13, 681–696. doi:10.1038/nrneph.2017.129
 Czajka, A., Ajaz, S., Gnudi, L., Parsade, C. K., Jones, P., Reid, F., et al. (2015). Altered Mitochondrial Function, Mitochondrial DNA and Reduced Metabolic Flexibility in Patients with Diabetic Nephropathy. EBioMedicine 2, 499–512. doi:10.1016/j.ebiom.2015.04.002
 Daehn, I. S., and Duffield, J. S. (2021). The Glomerular Filtration Barrier: a Structural Target for Novel Kidney Therapies. Nat. Rev. Drug Discov. 20, 770–788. doi:10.1038/s41573-021-00242-0
 Dai, W., Lu, H., Chen, Y., Yang, D., Sun, L., and He, L. (2021). The Loss of Mitochondrial Quality Control in Diabetic Kidney Disease. Front. Cell Dev. Biol. 9, 706832. doi:10.3389/fcell.2021.706832
 Davis, B. K., Wen, H., and Ting, J. P.-Y. (2011). The Inflammasome NLRs in Immunity, Inflammation, and Associated Diseases. Annu. Rev. Immunol. 29, 707–735. doi:10.1146/annurev-immunol-031210-101405
 de Brito, O. M., and Scorrano, L. (2008). Mitofusin 2 Tethers Endoplasmic Reticulum to Mitochondria. Nature 456, 605–610. doi:10.1038/nature07534
 Deng, Q., Wen, R., Liu, S., Chen, X., Song, S., Li, X., et al. (2020). Increased Long Noncoding RNA Maternally Expressed Gene 3 Contributes to Podocyte Injury Induced by High Glucose through Regulation of Mitochondrial Fission. Cell Death Dis 11, 814. doi:10.1038/s41419-020-03022-7
 Dikic, I., and Elazar, Z. (2018). Mechanism and Medical Implications of Mammalian Autophagy. Nat. Rev. Mol. Cell Biol 19, 349–364. doi:10.1038/s41580-018-0003-4
 Dorotea, D., Cho, A., Lee, G., Kwon, G., Lee, J., Sahu, P. K., et al. (2018). Orally Active, Species-independent Novel A3 Adenosine Receptor Antagonist Protects against Kidney Injury in Db/db Mice. Exp. Mol. Med. 50, 1–14. doi:10.1038/s12276-018-0053-x
 Dugan, L. L., You, Y.-H., Ali, S. S., Diamond-Stanic, M., Miyamoto, S., DeCleves, A.-E., et al. (2013). AMPK Dysregulation Promotes Diabetes-Related Reduction of Superoxide and Mitochondrial Function. J. Clin. Invest. 123, 4888–4899. doi:10.1172/JCI66218
 Dumesic, P. A., Egan, D. F., Gut, P., Tran, M. T., Parisi, A., Chatterjee, N., et al. (2019). An Evolutionarily Conserved uORF Regulates PGC1α and Oxidative Metabolism in Mice, Flies, and Bluefin Tuna. Cell Metab. 30, 190–200. doi:10.1016/j.cmet.2019.04.013
 Fakhruddin, S., Alanazi, W., and Jackson, K. E. (2017). Diabetes-Induced Reactive Oxygen Species: Mechanism of Their Generation and Role in Renal Injury. J. Diabetes Res. 2017, 1–30. doi:10.1155/2017/8379327
 Fan, W., and Evans, R. (2015). PPARs and ERRs: Molecular Mediators of Mitochondrial Metabolism. Curr. Opin. Cell Biol. 33, 49–54. doi:10.1016/j.ceb.2014.11.002
 Fan, Y., Yang, Q., Yang, Y., Gao, Z., Ma, Y., Zhang, L., et al. (2019). Sirt6 Suppresses High Glucose-Induced Mitochondrial Dysfunction and Apoptosis in Podocytes through AMPK Activation. Int. J. Biol. Sci. 15, 701–713. doi:10.7150/ijbs.29323
 Fang, Y., Chen, B., Gong, A. Y., Malhotra, D. K., Gupta, R., Dworkin, L. D., et al. (2021). The Ketone Body β-hydroxybutyrate Mitigates the Senescence Response of Glomerular Podocytes to Diabetic Insults. Kidney Int. 100, 1037–1053. doi:10.1016/j.kint.2021.06.031
 Feng, C., Wang, Q., Wang, J., Liu, F., Shen, H., Fu, H., et al. (2017). Coenzyme Q10 Supplementation Therapy for 2 Children with Proteinuria Renal Disease and ADCK4 Mutation: Case Reports and Literature Review. Medicine (Baltimore) 96, e8880. doi:10.1097/MD.0000000000008880
 Forbes, J. M., and Thorburn, D. R. (2018). Mitochondrial Dysfunction in Diabetic Kidney Disease. Nat. Rev. Nephrol. 14, 291–312. doi:10.1038/nrneph.2018.9
 Galloway, C. A., Lee, H., Nejjar, S., Jhun, B. S., Yu, T., Hsu, W., et al. (2012). Transgenic Control of Mitochondrial Fission Induces Mitochondrial Uncoupling and Relieves Diabetic Oxidative Stress. Diabetes 61, 2093–2104. doi:10.2337/db11-1640
 Galvan, D. L., Green, N. H., and Danesh, F. R. (2017). The Hallmarks of Mitochondrial Dysfunction in Chronic Kidney Disease. Kidney Int. 92, 1051–1057. doi:10.1016/j.kint.2017.05.034
 Gawlowski, T., Suarez, J., Scott, B., Torres-Gonzalez, M., Wang, H., Schwappacher, R., et al. (2012). Modulation of Dynamin-Related Protein 1 (DRP1) Function by Increased O-Linked-β-N-Acetylglucosamine Modification (O-GlcNAc) in Cardiac Myocytes. J. Biol. Chem. 287, 30024–30034. doi:10.1074/jbc.M112.390682
 Gerber, S., Charif, M., Chevrollier, A., Chaumette, T., Angebault, C., Kane, M. S., et al. (2017). Mutations in DNM1L, as in OPA1, Result in Dominant Optic Atrophy Despite Opposite Effects on Mitochondrial Fusion and Fission. Brain 140, 2586–2596. doi:10.1093/brain/awx219
 Gomez, I. G., MacKenna, D. A., Johnson, B. G., Kaimal, V., Roach, A. M., Ren, S., et al. (2015). Anti-microRNA-21 Oligonucleotides Prevent Alport Nephropathy Progression by Stimulating Metabolic Pathways. J. Clin. Invest. 125, 141–156. doi:10.1172/JCI75852
 Gray, S. P., Jha, J. C., Kennedy, K., van Bommel, E., Chew, P., Szyndralewiez, C., et al. (2017). Combined NOX1/4 Inhibition with GKT137831 in Mice Provides Dose-dependent reno- and Atheroprotection Even in Established Micro- and Macrovascular Disease. Diabetologia 60, 927–937. doi:10.1007/s00125-017-4215-5
 Greene, A. W., Grenier, K., Aguileta, M. A., Muise, S., Farazifard, R., Haque, M. E., et al. (2012). Mitochondrial Processing Peptidase Regulates PINK1 Processing, Import and Parkin Recruitment. EMBO Rep. 13, 378–385. doi:10.1038/embor.2012.14
 Gregg, E. W., Li, Y., Wang, J., Rios Burrows, N., Ali, M. K., Rolka, D., et al. (2014). Changes in Diabetes-Related Complications in the United States, 1990-2010. N. Engl. J. Med. 370, 1514–1523. doi:10.1056/NEJMoa1310799
 Hamasaki, M., Furuta, N., Matsuda, A., Nezu, A., Yamamoto, A., Fujita, N., et al. (2013). Autophagosomes Form at ER-Mitochondria Contact Sites. Nature 495, 389–393. doi:10.1038/nature11910
 Heeringa, S. F., Chernin, G., Chaki, M., Zhou, W., Sloan, A. J., Ji, Z., et al. (2011). COQ6 Mutations in Human Patients Produce Nephrotic Syndrome with Sensorineural Deafness. J. Clin. Invest. 121, 2013–2024. doi:10.1172/JCI45693
 Heerspink, H. J. L., Parving, H. H., Andress, D. L., Bakris, G., Correa-Rotter, R., Hou, F. F., et al. (2019). Atrasentan and Renal Events in Patients with Type 2 Diabetes and Chronic Kidney Disease (SONAR): a Double-Blind, Randomised, Placebo-Controlled Trial. Lancet 393, 1937–1947. doi:10.1016/S0140-6736(19)30772-X
 Hershberger, K. A., Martin, A. S., and Hirschey, M. D. (2017). Role of NAD+ and Mitochondrial Sirtuins in Cardiac and Renal Diseases. Nat. Rev. Nephrol. 13, 213–225. doi:10.1038/nrneph.2017.5
 Hickey, F. B., Corcoran, J. B., Docherty, N. G., Griffin, B., Bhreathnach, U., Furlong, F., et al. (2011). IHG-1 Promotes Mitochondrial Biogenesis by Stabilizing PGC-1α. Jasn 22, 1475–1485. doi:10.1681/ASN.2010111154
 Holterman, C. E., Read, N. C., and Kennedy, C. R. J. (2015). Nox and Renal Disease. Clin. Sci. (Lond). 128, 465–481. doi:10.1042/CS20140361
 Hondares, E., Mora, O., Yubero, P., de la Concepción, M. R., Iglesias, R., Giralt, M., et al. (2006). Thiazolidinediones and Rexinoids Induce Peroxisome Proliferator-Activated Receptor-Coactivator (PGC)-1α Gene Transcription: An Autoregulatory Loop Controls PGC-1α Expression in Adipocytes via Peroxisome Proliferator-Activated Receptor-γ Coactivation. Endocrinology 147, 2829–2838. doi:10.1210/en.2006-0070
 Inoue, T., Maekawa, H., and Inagi, R. (2019). Organelle Crosstalk in the Kidney. Kidney Int. 95, 1318–1325. doi:10.1016/j.kint.2018.11.035
 James, D. I., Parone, P. A., Mattenberger, Y., and Martinou, J.-C. (2003). hFis1, a Novel Component of the Mammalian Mitochondrial Fission Machinery. J. Biol. Chem. 278, 36373–36379. doi:10.1074/jbc.M303758200
 Jha, J. C., Gray, S. P., Barit, D., Okabe, J., El-Osta, A., Namikoshi, T., et al. (2014). Genetic Targeting or Pharmacologic Inhibition of NADPH Oxidase Nox4 Provides Renoprotection in Long-Term Diabetic Nephropathy. Jasn 25, 1237–1254. doi:10.1681/ASN.2013070810
 Jha, J. C., Thallas-Bonke, V., Banal, C., Gray, S. P., Chow, B. S. M., Ramm, G., et al. (2016). Podocyte-specific Nox4 Deletion Affords Renoprotection in a Mouse Model of Diabetic Nephropathy. Diabetologia 59, 379–389. doi:10.1007/s00125-015-3796-0
 Ji, W.-K., Chakrabarti, R., Fan, X., Schoenfeld, L., Strack, S., and Higgs, H. N. (2017). Receptor-mediated Drp1 Oligomerization on Endoplasmic Reticulum. J. Cell Biol 216, 4123–4139. doi:10.1083/jcb.201610057
 Jiang, M., Bai, M., Lei, J., Xie, Y., Xu, S., Jia, Z., et al. (2020). Mitochondrial Dysfunction and the AKI-To-CKD Transition. Am. J. Physiology-Renal Physiol. 319, F1105–F1116. doi:10.1152/ajprenal.00285.2020
 Kalia, R., Wang, R. Y.-R., Yusuf, A., Thomas, P. V., Agard, D. A., Shaw, J. M., et al. (2018). Structural Basis of Mitochondrial Receptor Binding and Constriction by DRP1. Nature 558, 401–405. doi:10.1038/s41586-018-0211-2
 Kang, M.-K., Park, S.-H., Kim, Y.-H., Lee, E.-J., Antika, L. D., Kim, D. Y., et al. (2017). Chrysin Ameliorates Podocyte Injury and Slit Diaphragm Protein Loss via Inhibition of the PERK-eIF2α-ATF-CHOP Pathway in Diabetic Mice. Acta Pharmacol. Sin 38, 1129–1140. doi:10.1038/aps.2017.30
 Kang, Y., Li, Y., Zhang, T., Chi, Y., and Liu, M. (2019). Effects of Transcription Factor EB on Oxidative Stress and Apoptosis Induced by High Glucose in Podocytes. Int. J. Mol. Med. 44, 447–456. doi:10.3892/ijmm.2019.4209
 Kornmann, B., Currie, E., Collins, S. R., Schuldiner, M., Nunnari, J., Weissman, J. S., et al. (2009). An ER-Mitochondria Tethering Complex Revealed by a Synthetic Biology Screen. Science 325, 477–481. doi:10.1126/science.1175088
 Kraus, F., Roy, K., Pucadyil, T. J., and Ryan, M. T. (2021). Function and Regulation of the Divisome for Mitochondrial Fission. Nature 590, 57–66. doi:10.1038/s41586-021-03214-x
 La Sala, L., Mrakic-Sposta, S., Micheloni, S., Prattichizzo, F., and Ceriello, A. (2018). Glucose-sensing microRNA-21 Disrupts ROS Homeostasis and Impairs Antioxidant Responses in Cellular Glucose Variability. Cardiovasc. Diabetol. 17, 105. doi:10.1186/s12933-018-0748-2
 Lazarou, M., Sliter, D. A., Kane, L. A., Sarraf, S. A., Wang, C., Burman, J. L., et al. (2015). The Ubiquitin Kinase PINK1 Recruits Autophagy Receptors to Induce Mitophagy. Nature 524, 309–314. doi:10.1038/nature14893
 Li, S.-Y., Park, J., Qiu, C., Han, S. H., Palmer, M. B., Arany, Z., et al. (2017a). Increasing the Level of Peroxisome Proliferator-Activated Receptor γ Coactivator-1α in Podocytes Results in Collapsing Glomerulopathy. JCI Insight 2, e92930. doi:10.1172/jci.insight.92930
 Li, S.-Y., and Susztak, K. (2018). The Role of Peroxisome Proliferator-Activated Receptor γ Coactivator 1α (PGC-1α) in Kidney Disease. Semin. Nephrol. 38, 121–126. doi:10.1016/j.semnephrol.2018.01.003
 Li, W., Du, M., Wang, Q., Ma, X., Wu, L., Guo, F., et al. (2017b). FoxO1 Promotes Mitophagy in the Podocytes of Diabetic Male Mice via the PINK1/Parkin Pathway. Endocrinology 158, 2155–2167. doi:10.1210/en.2016-1970
 Li, W., Wang, Q., Du, M., Ma, X., Wu, L., Guo, F., et al. (2016). Effects of Overexpressing FoxO1 on Apoptosis in Glomeruli of Diabetic Mice and in Podocytes Cultured in High Glucose Medium. Biochem. Biophysical Res. Commun. 478, 612–617. doi:10.1016/j.bbrc.2016.07.115
 Liang, Y., Liu, H., Fang, Y., Lin, P., Lu, Z., Zhang, P., et al. (2021). Salvianolate Ameliorates Oxidative Stress and Podocyte Injury through Modulation of NOX4 Activity in Db/db Mice. J. Cell Mol Med 25, 1012–1023. doi:10.1111/jcmm.16165
 Liu, H., Sridhar, V. S., Montemayor, D., Lovblom, L. E., Lytvyn, Y., Ye, H., et al. (2021). Changes in Plasma and Urine Metabolites Associated with Empagliflozin in Patients with Type 1 Diabetes. Diabetes Obes. Metab. 23, 2466–2475. doi:10.1111/dom.14489
 Liu, W. J., Gan, Y., Huang, W. F., Wu, H.-l., Zhang, X.-q., Zheng, H. J., et al. (2019). Lysosome Restoration to Activate Podocyte Autophagy: a New Therapeutic Strategy for Diabetic Kidney Disease. Cell Death Dis 10, 806. doi:10.1038/s41419-019-2002-6
 Liu, X., Xu, C., Xu, L., Li, X., Sun, H., Xue, M., et al. (2020). Empagliflozin Improves Diabetic Renal Tubular Injury by Alleviating Mitochondrial Fission via AMPK/SP1/PGAM5 Pathway. Metabolism 111, 154334. doi:10.1016/j.metabol.2020.154334
 Long, J., Badal, S. S., Ye, Z., Wang, Y., Ayanga, B. A., Galvan, D. L., et al. (2016). Long Noncoding RNA Tug1 Regulates Mitochondrial Bioenergetics in Diabetic Nephropathy. J. Clin. Invest. 126, 4205–4218. doi:10.1172/JCI87927
 Ma, Y., Chen, Z., Tao, Y., Zhu, J., Yang, H., Liang, W., et al. (2019). Increased Mitochondrial Fission of Glomerular Podocytes in Diabetic Nephropathy. Endocr. Connect. 8, 1206–1212. doi:10.1530/EC-19-0234
 Martínez‐Klimova, E., Aparicio‐Trejo, O. E., Gómez‐Sierra, T., Jiménez‐Uribe, A. P., Bellido, B., and Pedraza‐Chaverri, J. (2020). Mitochondrial Dysfunction and Endoplasmic Reticulum Stress in the Promotion of Fibrosis in Obstructive Nephropathy Induced by Unilateral Ureteral Obstruction. Biofactors 46, 716–733. doi:10.1002/biof.1673
 Meeusen, S., DeVay, R., Block, J., Cassidy-Stone, A., Wayson, S., McCaffery, J. M., et al. (2006). Mitochondrial Inner-Membrane Fusion and Crista Maintenance Requires the Dynamin-Related GTPase Mgm1. Cell 127, 383–395. doi:10.1016/j.cell.2006.09.021
 Ng, M. Y. W., Wai, T., and Simonsen, A. (2021). Quality Control of the Mitochondrion. Dev. Cell 56, 881–905. doi:10.1016/j.devcel.2021.02.009
 Ni, Z., Tao, L., Xiaohui, X., Zelin, Z., Jiangang, L., Zhao, S., et al. (2017). Polydatin Impairs Mitochondria Fitness and Ameliorates Podocyte Injury by Suppressing Drp1 Expression. J. Cell. Physiol. 232, 2776–2787. doi:10.1002/jcp.25943
 Nieto-Posadas, A., Jara-Oseguera, A., and Rosenbaum, T. (2011). TRP Channel Gating Physiology. Ctmc 11, 2131–2150. doi:10.2174/156802611796904870
 Nisoli, E., Falcone, S., Tonello, C., Cozzi, V., Palomba, L., Fiorani, M., et al. (2004). Mitochondrial Biogenesis by NO Yields Functionally Active Mitochondria in Mammals. Proc. Natl. Acad. Sci. 101, 16507–16512. doi:10.1073/pnas.0405432101
 Otera, H., Wang, C., Cleland, M. M., Setoguchi, K., Yokota, S., Youle, R. J., et al. (2010). Mff Is an Essential Factor for Mitochondrial Recruitment of Drp1 during Mitochondrial Fission in Mammalian Cells. J. Cell Biol 191, 1141–1158. doi:10.1083/jcb.201007152
 Palikaras, K., Lionaki, E., and Tavernarakis, N. (2018). Mechanisms of Mitophagy in Cellular Homeostasis, Physiology and Pathology. Nat. Cell Biol 20, 1013–1022. doi:10.1038/s41556-018-0176-2
 Palmer, C. S., Elgass, K. D., Parton, R. G., Osellame, L. D., Stojanovski, D., and Ryan, M. T. (2013). Adaptor Proteins MiD49 and MiD51 Can Act Independently of Mff and Fis1 in Drp1 Recruitment and Are Specific for Mitochondrial Fission. J. Biol. Chem. 288, 27584–27593. doi:10.1074/jbc.M113.479873
 Parakh, S., and Atkin, J. D. (2021). The Mitochondrial-Associated ER Membrane (MAM) Compartment and its Dysregulation in Amyotrophic Lateral Sclerosis (ALS). Semin. Cell Dev. Biol. 112, 105–113. doi:10.1016/j.semcdb.2021.02.002
 Park, J. H., Kang, H.-J., Lee, Y. K., Kang, H., Kim, J., Chung, J. H., et al. (2015). Inactivation of EWS Reduces PGC-1α Protein Stability and Mitochondrial Homeostasis. Proc. Natl. Acad. Sci. USA 112, 6074–6079. doi:10.1073/pnas.1504391112
 Pena, M. J., de Zeeuw, D., Andress, D., Brennan, J. J., Correa-Rotter, R., Coll, B., et al. (2017). The Effects of Atrasentan on Urinary Metabolites in Patients with Type 2 Diabetes and Nephropathy. Diabetes Obes. Metab. 19, 749–753. doi:10.1111/dom.12864
 Pickles, S., Vigié, P., and Youle, R. J. (2018). Mitophagy and Quality Control Mechanisms in Mitochondrial Maintenance. Curr. Biol. 28, R170–R185. doi:10.1016/j.cub.2018.01.004
 Qi, W., Keenan, H. A., Li, Q., Ishikado, A., Kannt, A., Sadowski, T., et al. (2017). Pyruvate Kinase M2 Activation May Protect against the Progression of Diabetic Glomerular Pathology and Mitochondrial Dysfunction. Nat. Med. 23, 753–762. doi:10.1038/nm.4328
 Qi, Z., Huang, Z., Xie, F., and Chen, L. (2019). Dynamin‐related Protein 1: A Critical Protein in the Pathogenesis of Neural System Dysfunctions and Neurodegenerative Diseases. J. Cell Physiol 234, 10032–10046. doi:10.1002/jcp.27866
 Qin, X., Jiang, M., Zhao, Y., Gong, J., Su, H., Yuan, F., et al. (2020). Berberine Protects against Diabetic Kidney Disease via Promoting PGC‐1α‐regulated Mitochondrial Energy Homeostasis. Br. J. Pharmacol. 177, 3646–3661. doi:10.1111/bph.14935
 Qin, X., Zhao, Y., Gong, J., Huang, W., Su, H., Yuan, F., et al. (2019). Berberine Protects Glomerular Podocytes via Inhibiting Drp1-Mediated Mitochondrial Fission and Dysfunction. Theranostics 9, 1698–1713. doi:10.7150/thno.30640
 Qu, H., Gong, X., Liu, X., Zhang, R., Wang, Y., Huang, B., et al. (2021). Deficiency of Mitochondrial Glycerol 3-Phosphate Dehydrogenase Exacerbates Podocyte Injury and the Progression of Diabetic Kidney Disease. Diabetes 70, 1372–1387. doi:10.2337/db20-1157
 Randow, F., and Youle, R. J. (2014). Self and Nonself: How Autophagy Targets Mitochondria and Bacteria. Cell Host & Microbe 15, 403–411. doi:10.1016/j.chom.2014.03.012
 Rath, S., Sharma, R., Gupta, R., Ast, T., Chan, C., Durham, T. J., et al. (2021). MitoCarta3.0: an Updated Mitochondrial Proteome Now with Sub-organelle Localization and Pathway Annotations. Nucleic Acids Res. 49, D1541–D1547. doi:10.1093/nar/gkaa1011
 Reidy, K., Kang, H. M., Hostetter, T., and Susztak, K. (2014). Molecular Mechanisms of Diabetic Kidney Disease. J. Clin. Invest. 124, 2333–2340. doi:10.1172/JCI72271
 Sabouny, R., and Shutt, T. E. (2020). Reciprocal Regulation of Mitochondrial Fission and Fusion. Trends Biochem. Sci. 45, 564–577. doi:10.1016/j.tibs.2020.03.009
 Sardiello, M., Palmieri, M., di Ronza, A., Medina, D. L., Valenza, M., Gennarino, V. A., et al. (2009). A Gene Network Regulating Lysosomal Biogenesis and Function. Science 325, 473–477. doi:10.1126/science.1174447
 Scialo, F., Sriram, A., Fernández-Ayala, D., Gubina, N., Lõhmus, M., Nelson, G., et al. (2016). Mitochondrial ROS Produced via Reverse Electron Transport Extend Animal Lifespan. Cell Metab. 23, 725–734. doi:10.1016/j.cmet.2016.03.009
 Senft, D., and Ronai, Z. e. A. (2015). UPR, Autophagy, and Mitochondria Crosstalk Underlies the ER Stress Response. Trends Biochem. Sci. 40, 141–148. doi:10.1016/j.tibs.2015.01.002
 Settembre, C., Di Malta, C., Polito, V. A., Arencibia, M. G., Vetrini, F., Erdin, S., et al. (2011). TFEB Links Autophagy to Lysosomal Biogenesis. Science 332, 1429–1433. doi:10.1126/science.1204592
 Shahzad, K., Bock, F., Dong, W., Wang, H., Kopf, S., Kohli, S., et al. (2015). Nlrp3-inflammasome Activation in Non-myeloid-derived Cells Aggravates Diabetic Nephropathy. Kidney Int. 87, 74–84. doi:10.1038/ki.2014.271
 Sharma, K., Karl, B., Mathew, A. V., Gangoiti, J. A., Wassel, C. L., Saito, R., et al. (2013). Metabolomics Reveals Signature of Mitochondrial Dysfunction in Diabetic Kidney Disease. Jasn 24, 1901–1912. doi:10.1681/ASN.2013020126
 Sheffer, R., Douiev, L., Edvardson, S., Shaag, A., Tamimi, K., Soiferman, D., et al. (2016). Postnatal Microcephaly and Pain Insensitivity Due to a De Novo heterozygousDNM1Lmutation Causing Impaired Mitochondrial Fission and Function. Am. J. Med. Genet. 170, 1603–1607. doi:10.1002/ajmg.a.37624
 Sheng, J., Li, H., Dai, Q., Lu, C., Xu, M., Zhang, J., et al. (2019). DUSP1 Recuses Diabetic Nephropathy via Repressing JNK‐Mff‐mitochondrial Fission Pathways. J. Cell Physiol 234, 3043–3057. doi:10.1002/jcp.27124
 Shutt, T., Geoffrion, M., Milne, R., and McBride, H. M. (2012). The Intracellular Redox State Is a Core Determinant of Mitochondrial Fusion. EMBO Rep. 13, 909–915. doi:10.1038/embor.2012.128
 Song, J., Herrmann, J. M., and Becker, T. (2021). Quality Control of the Mitochondrial Proteome. Nat. Rev. Mol. Cell Biol 22, 54–70. doi:10.1038/s41580-020-00300-2
 Song, M., Dorn, G. W., and 2nd, (2015). Mitoconfusion: Noncanonical Functioning of Dynamism Factors in Static Mitochondria of the Heart. Cell Metab. 21, 195–205. doi:10.1016/j.cmet.2014.12.019
 Sourris, K. C., Harcourt, B. E., Tang, P. H., Morley, A. L., Huynh, K., Penfold, S. A., et al. (2012). Ubiquinone (Coenzyme Q10) Prevents Renal Mitochondrial Dysfunction in an Experimental Model of Type 2 Diabetes. Free Radic. Biol. Med. 52, 716–723. doi:10.1016/j.freeradbiomed.2011.11.017
 Stańczyk, M., Bałasz-Chmielewska, I., Lipska-Ziętkiewicz, B., and Tkaczyk, M. (2018). CoQ10-related Sustained Remission of Proteinuria in a Child with COQ6 Glomerulopathy-A Case Report. Pediatr. Nephrol. 33, 2383–2387. doi:10.1007/s00467-018-4083-3
 Sun, W., Wang, Y., Miao, X., Wang, Y., Zhang, L., Xin, Y., et al. (2014). Renal Improvement by Zinc in Diabetic Mice Is Associated with Glucose Metabolism Signaling Mediated by Metallothionein and Akt, but Not Akt2. Free Radic. Biol. Med. 68, 22–34. doi:10.1016/j.freeradbiomed.2013.11.015
 Susztak, K., Raff, A. C., Schiffer, M., and Böttinger, E. P. (2006). Glucose-induced Reactive Oxygen Species Cause Apoptosis of Podocytes and Podocyte Depletion at the Onset of Diabetic Nephropathy. Diabetes 55, 225–233. doi:10.2337/diabetes.55.01.06.db05-0894
 Svensson, K., Schnyder, S., Cardel, B., and Handschin, C. (2016). Loss of Renal Tubular PGC-1α Exacerbates Diet-Induced Renal Steatosis and Age-Related Urinary Sodium Excretion in Mice. PLoS One 11, e0158716. doi:10.1371/journal.pone.0158716
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