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Diabetic kidney disease (DKD) is a prevalent complication of diabetes mellitus (DM), and its incidence is increasing alongside the number of diabetes cases. Effective treatment and long-term management of DKD present significant challenges; thus, a deeper understanding of its pathogenesis is essential to address this issue. Chronic inflammation and abnormal cell death in the kidney closely associate with DKD development. Recently, there has been considerable attention focused on immune cell infiltration into renal tissues and its inflammatory response’s role in disease progression. Concurrently, ferroptosis—a novel form of cell death—has emerged as a critical factor in DKD pathogenesis, leading to increased glomerular filtration permeability, proteinuria, tubular injury, interstitial fibrosis, and other pathological processes. The cardiorenal benefits of SGLT2 inhibitors (SGLT2-i) in DKD patients have been demonstrated through numerous large clinical trials. Moreover, further exploratory experiments indicate these drugs may ameliorate serum and urinary markers of inflammation, such as TNF-α, and inhibit ferroptosis in DKD models. Consequently, investigating the interplay between ferroptosis and innate immune and inflammatory responses in DKD is essential for guiding future drug development. This review presents an overview of ferroptosis within the context of DKD, beginning with its core mechanisms and delving into its potential roles in DKD progression. We will also analyze how aberrant innate immune cells, molecules, and signaling pathways contribute to disease progression. Finally, we discuss the interactions between ferroptosis and immune responses, as well as targeted therapeutic agents, based on current evidence. By analyzing the interplay between ferroptosis and innate immunity alongside its inflammatory responses in DKD, we aim to provide insights for clinical management and drug development in this area.
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Highlights

	Hyperglycemia and chronic inflammation contribute to Ferroptosis by inducing iron overload, compromising the antioxidant system, and promoting lipid peroxidation, thereby playing a pivotal role in DKD progression.

	Innate immunity, inflammatory responses, and oxidative stress often coexist. Renal inflammatory cell infiltration and its phenotypic transitions during DKD are crucial to disease progression.

	Renal resident and immune cells engage in a complex interaction between ferroptosis and inflammatory responses in DKD, with Nrf2 signaling pathway serves as a bidirectional bridge.

	SGLT2i benefit multiple organs and effectively mitigate renal inflammation and ferroptosis. Targeting both the inflammatory response and ferroptosis simultaneously may represent a promising direction for DKD drug development.







Open question

What experimental evidence and molecular mechanisms demonstrate how ferroptosis and innate immune-inflammatory responses contribute to disease progression in DKD?

How do ferroptosis and innate immune responses interact each other within the context of DKD?

How the interaction model between ferroptosis and inflammation to guide therapeutic agent development for DKD?




1 Introduction

Diabetic kidney disease (DKD) is a prevalent microvascular complication of diabetes mellitus (DM) (1, 2) that has garnered increasing attention as the global incidence of DM rises. DKD is characterized by persistent proteinuria and progressive renal function loss (3). Its pathogenesis is multifaceted, involving hemodynamic disturbances, chronic inflammatory injury, and the accumulation of advanced glycation end-products (AGEs) (4). Immune cell infiltration and aseptic inflammatory injury in renal tissue significantly contribute to DKD progression, with the innate immune response being particularly relevant (5). Under persistent hyperglycemia, hypoxia, and the accumulation of AGEs (6), innate immunity initiates early renal inflammatory injury in DKD by recruiting and polarizing macrophages to the M1 phenotype, along with the secretion of pro-inflammatory factors, including IL-1β, IL-6, and TNF-α. This disruption of the charge barrier of glomerular filtration membranes (7) results in persistent proteinuria and tubular injury. Macrophage conversion to the M2 anti-inflammatory phenotype and the subsequent release of inflammatory factors, such as IL-10 and TGF-β, play a crucial role in the advancement of renal fibrosis in DKD (8–10). This progression includes glomerular mesangial cell proliferation and interstitial fibrosis (11), which ultimately leads to significantly reduced estimated glomerular filtration rate (eGFR) and the necessity for renal replacement therapy. Macrophage-myofibroblast transition (MMT) is recognized as a hallmark of rapid renal fibrosis progression in DKD (6). However, pro-inflammatory and pro-fibrotic processes mediated by immune cells infiltrating the kidneys often coexist and interact. Key pathways involved in regulating renal inflammatory injury in DKD include the JAK-STAT pathway, the TLR4 pathway, the NLR3-inflammatory vesicle pathway, and the TGF-β1/Smad pathway (5, 12). Targeting specific inflammatory cells, immune molecules, or regulatory pathways holds promise for ameliorating renal injury in DKD (13).

The cellular mechanisms underlying the development of DKD involve endoplasmic reticulum stress, mitochondrial damage, and dysregulated cell death (14–16). Among these, cell death is a crucial mechanism in DKD progression, enhancing our understanding of its pathogenesis as new forms of cell death are discovered. One such form, known as ferroptosis, is a recently identified type of non-apoptotic cell death characterized by the accumulation of lethal, iron-dependent lipid peroxides (17). In pathological states, iron overload, resulting from disrupted intra- and extracellular iron metabolism, is a hallmark of ferroptosis (18). Additionally, lipid remodeling promotes the synthesis of unsaturated fatty acids (19), with an increased proportion of unsaturated fatty acid phospholipids further facilitating ferroptosis. Importantly, in DKD, downregulation of GPx4 and xCT system expression, along with decreased activity in response to stimuli such as high glucose, hypoxia, pro-inflammatory cytokines, and damage-associated molecular patterns (DAMP), constitutes a critical step in the progression of ferroptosis (20–22). The molecular mechanisms of ferroptosis involve several signaling pathways, including the IRP-IRE pathway, Nrf2 pathway, p53 pathway, and STAT (23). The role of ferroptosis in the pathogenesis of DKD is a significant focus of research. By targeting iron production, ferroptosis can inhibit mesangial cell proliferation and tubular injury while improving renal interstitial fibrosis (24). Evidence from clinical trials and animal studies investigating the therapeutic effects of related drugs on DKD indicates that ameliorating the renal inflammatory response and cellular ferroptosis is vital for delaying DKD progression (25, 26). Furthermore, the combined targeting of the innate immune response and ferroptosis may lead to innovative approaches in drug research and development for DKD.

Currently, research on the mechanisms of immune infiltration and ferroptosis in DKD, along with their interactions and the availability of targeted therapies, is evolving rapidly. Existing reviews struggle to provide a comprehensive overview of these dynamics. This paper aims to explore the interactions between ferroptosis and innate immune infiltration in DKD pathogenesis, focusing on core mechanisms that drive disease progression. The goal is to offer new insights for future research in this area.




2 Core mechanisms of ferroptosis



2.1 Iron overload

Intracellular iron overload is a distinguishing characteristic of ferroptosis compared to other forms of cell death (Figure 1). Under normal conditions, iron homeostasis in the human body is maintained by a complex regulatory mechanism involving absorption, transport, storage, utilization, and recycling of iron. Iron sources are categorized into exogenous and endogenous pathways. Exogenous sources involve dietary iron reduction and its transport into duodenal epithelial cells via divalent metal transporter 1 (DMT1) (27), which includes four isoforms, notably DMT1A-I, predominantly expressed in the duodenum and kidney. Fe2+ entering intestinal epithelial cells is transported into the bloodstream via Ferroportin 1 (FPN1) at the basement membrane, contributing to 5-10% of the body’s iron. This process is regulated by hepcidin, a peptide synthesized and secreted by the liver. Hepcidin binds to FPN1, facilitating its endocytotic degradation and inhibiting iron absorption in the small intestine (28). The endogenous pathway derives from the degradation of senescent erythrocytes by macrophages for iron recycling, accounting for approximately 90% of the body’s iron supply. Iron absorbed into the bloodstream is oxidized and primarily bound to transferrin (TF), which transports it to iron-demanding organs such as the bone marrow (29). Insufficient iron supply leads to iron deficiency diseases, while iron overload elevates levels of non-transferrin bound iron (NTBI), resulting in oxidative damage to cells. NTBI is a reactive iron species readily taken up by parenchymal cells, such as hepatocytes, leading to intracellular iron overload. This occurs via the Fenton reaction (H2O2 + Fe2+ —> Fe3+ + OH· + OH-; Fe3+ + H2O2 —> Fe2+ + O2 + 2H+; Fe2+ + O2 —> Fe3+ + O2· -) and the Haber-Weiss reaction (iron-catalyzed O2· - + H2O2 —> OH- + O2 + OH·), generating reactive oxygen species (ROS) that damage cell membranes, organelles, and DNA (30, 31).




Figure 1 | The core mechanism of ferroptosis. The upper panel illustrates the characteristics of iron ion dynamics in the context of DKD; the lower panel depicts the 3 core mechanisms of ferroptosis, namely iron ion overload, antioxidant system dysfunction and lipid peroxidation. TF, transferrin; TFR, transferrin receptor; SLC39A14, solute carrier family 39 member 14 (as known as ZIP14); FPN1, ferroportin1; IRP-IRE, Iron regulatory protein-iron responsive element; ROS, reactive oxygen species; PUFA, polyunsaturated fatty acid; ACSL-4, Acyl-CoA Synthetase Long Chain Family Member 4; LPCAT3, Lysophosphatidylcholine acyltransferases3; 15-LOX-1, 15-lipoxygenase-1; POR, cytochrome p450 oxidoreductase; Glu, glutamate; GCL, Glutamate cysteine ligase; GSS, glutathione synthetase; GSH, glutathione; GPx4, Glutathione Peroxidase 4; GSSG, oxidized glutathione; GSR, glutathione reductase; SLC7A11, Solute Carrier Family 7 Member 11; Nrf2, Nuclear factor erythroid 2-related factor 2; ATF4, activating transcription factor 4; STAT1, signal transducer and activator of transcription 1; CoQ, ubiquinone; DHODH, Dihydroorotate Dehydrogenase; DHFR, dihydrofolate reductase; BH4, tetrahydrobiopterin; FSP1, Ferroptosis suppressor protein 1.



The transferrin receptor (TFR) is the primary receptor mediating TF access to most cells (32). TFR-mediated TF endocytosis leads to the release of Fe²+ from vesicles containing the TFR-TF complex in acidic environments, while unloaded TFR-TF returns to the cell membrane for reuse. Exocytosis of intracellular iron, reliant on FPN1, also known as solute carrier family 40 member 1 (SLC40A1), is the only mechanism capable of transporting non-heme iron out of the cell (33). Changes in the quantity, structure, and activity of both TFR and FPN1 can disrupt iron homeostasis, contributing significantly to ferroptosis. Besides its physiological roles in synthesizing hemoglobin, iron-containing proteins, and enzymes, excess iron entering the cell is stored by ferritin, which can hold approximately 4,500 Fe³+ ions. Thus, ferritin is crucial for maintaining intracellular iron homeostasis (34). Iron overload in tissues results in the conversion of intracellular ferritin to hemosiderin (35). Iron homeostasis is achieved through the interaction of iron regulatory proteins (IRPs) and target gene sequences, known as iron response elements (IREs). Notably, type 1 IRP (IRP1) operates independently of IRE, exerting cis-aconitase activity in the cytosol (36). As intracellular iron levels decline, the iron at position 4 in the iron-sulfur cluster of IRP1 detaches, leading to disassembly of the cluster. IRP1 binds to the IRE, enhancing mRNA stability, which upregulates the expression of DMT1 and TFR, thereby facilitating iron uptake. Conversely, high intracellular iron levels downregulate this process. Furthermore, the inflammatory factor IL-6 upregulates hepcidin expression and downregulates FPN1 via the JAK-STAT3 and SMAD signaling pathways (28), which is essential for immune cell function. In contrast, hypoxia and anemia stimulate erythropoietin (EPO) production, which contributes to the synthesis and secretion of erythroferrone by nucleated erythrocytes, effectively downregulating hepcidin expression (37). The accumulation of ROSs resulting from intracellular iron overload initiates ferroptosis.




2.2 Dysfunctional antioxidant systems

Antioxidant system dysfunction is a critical prerequisite to ferroptosis. Ferroptosis is primarily triggered by increased ROS production mediated by iron, coupled with insufficient clearance, resulting in lethal lipid peroxidation and subsequent cell death. The antioxidant system associated with ferroptosis comprises the glutathione peroxidase 4 (GPx4) regulatory system and GPx4-independent pathways (38). These include the ferroptosis suppressor protein 1-coenzyme Q10 (FSP1-CoQ10) pathway at the cell membrane (39), the GTP cyclohydroxylase1-tetrahydrobiopterin (GCH1-BH4) pathway in the cytoplasm (40), and the dihydroorotate dehydrogenase (DHODH-CoQH2) pathway in mitochondria (41). Glutathione peroxidase 4 (GPx4), located in the cytoplasm and mitochondria, reduces lipid peroxidation products generated from ROS-induced polyunsaturated fatty acids (PUFA) to lipids and alcohols, utilizing glutathione (GSH) as a reducing cofactor (38). The catalytic process follows a ‘ping-pong mechanism’. The GPx4 system represents a classical pathway for resistance to ferroptosis, requiring adequate GSH and functional GPx4 enzymes for proper operation (42). GPx4 belongs to the selenoprotein family; thus, selenium excess or deficiency impacts its expression and activity. Consequently, lipid peroxide accumulation triggers iron-dependent, non-apoptotic cell death, termed ferroptosis (43). Intracellular GSH biosynthesis relies on the cystine/glutamate antiporter system (System Xc -) located at the cell membrane, composed of the functional subunit SLC7A11 (also known as xCT) and the regulatory subunit SLC3A2. This system transfers cystine into the cell at a 1:1 ratio while simultaneously excreting glutamate (44). Cysteine entering the cell is oxidized and subsequently synthesized into GSH via glutamate cysteine ligase (GCL) and glutathione synthase (GSS), utilizing NADPH as a reducing factor.

The expression level of SLC7A11 significantly influences the activity of the Xc- system and the cellular uptake of cystine. Regulation of SLC7A11 occurs at both the mRNA and protein levels, primarily involving the transcription factors nuclear factor erythroid 2-related factor 2 (Nrf2) and activating transcription factor 4 (ATF4), which positively regulate SLC7A11 (45, 46). In contrast, transcription factors such as p53 and signal transducer and activator of transcription 1 (STAT1) negatively regulate SLC7A11 (47, 48). Under oxidative stress, the E3 ubiquitin ligase kelch-like ECH-associated protein 1 (KEAP1) inhibits the degradation of Nrf2 proteins. Consequently, Nrf2 translocate into the nucleus, where it binds to the antioxidant response element (ARE) in the promoter regions of various antioxidant-related genes. This interaction upregulates SLC7A11 expression and enhances cellular antioxidant capacity by promoting GPx4 expression (45). Likewise, ATF4 plays a crucial role in regulating amino acid metabolism, endoplasmic reticulum stress, and redox homeostasis. Under amino acid starvation, ATF4 mRNA translation is promoted, leading to the nuclear translocation of ATF4 protein. The protein then binds to the amino acid response element in the gene promoter region, enhancing the expression of genes related to amino acid metabolism, including SLC7A11 (46). Elevated expression of SLC7A11 supplies adequate precursors for intracellular GSH synthesis and boosts the antioxidant capacity of cells. STAT1 is a key transcription factor that regulates immune response-related gene expression and mediates the interferon signaling pathway. In an inflammatory state, cytokines such as IFN-γ bind to cell membrane receptors, activating intracellular receptor fragments and recruiting Janus kinases 1 and 2 (JAK1 and JAK2). Activated JAK further catalyzes the recruitment of STAT1 and phosphorylates it, forming a dimer that translocates into the nucleus. Here, it binds to specific sequences in the gene promoter region, initiating downstream transcription and exerting immune regulatory effects. In fibroblasts, IFN-γ-activated STAT1 can inhibit SLC7A11 transcription, reduce intracellular GSH levels (48), and increase sensitivity to ferroptosis. Similarly, activation of STAT3/5 significantly reduces mRNA and protein levels of xCT, thereby negatively regulating SLC7A11 (49). Additionally, epigenetic modifications—including protein acetylation, methylation, and ubiquitination—are also implicated in the regulation of SLC7A11. Regulation of SLC7A11 protein levels encompasses modulation of the subunit SLC3A2, cell membrane adhesion molecules CD44v, and the mammalian target of rapamycin complex 2 (mTORC2). mTORC2 inhibits the cysteine transport activity of SLC7A11 by directly phosphorylating serine 26 at its N-terminus or indirectly through the substrate AKT (50), thereby enhancing sensitivity to ferroptosis.

Beyond the GPx4 pathway, it has been established that certain tumor cells can survive and proliferate despite GPx4 deficiency, owing to compensatory non-GPx4-dependent regulatory pathways. In the FSP1-CoQ10 pathway (39), acylated FSP1 at the cell membrane functions as an oxidoreductase for CoQ10, crucially capturing lipophilic free radicals and inhibiting lipid peroxidation. Additionally, vitamin E aids in regenerating reduced CoQ10H2. Within the GCH1-BH4 pathway (40), GCH1 serves as a key enzyme in the de novo synthesis of BH4. In the phospholipid bilayer, BH4 captures lipid-derived peroxyl radicals, terminating lipid peroxidation while maintaining ferroptosis resistance by regenerating BH4 via dihydrofolate reductase (DHFR). The DHODH-CoQH2 pathway is crucial for managing oxidative stress within mitochondria (41). Dihydroorotate dehydrogenase (DHODH) primarily catalyzes the fourth step of pyrimidine nucleotide synthesis, oxidizing dihydroorotic acid (DHO) to orotic acid while transferring electrons to ubiquinone in the mitochondrial inner membrane. This process reduces ubiquinone to dihydroubiquinone (CoQH2), facilitating the capture and clearance of lipid peroxides. Adverse conditions causing dysfunction of the lipid peroxide-associated antioxidant system, especially the GPx4 pathway, result in lipid peroxide accumulation and promote ferroptosis.




2.3 Lipid peroxidation

Specific lipid peroxides and peroxide free radicals containing polyunsaturated fatty acid (PUFA) chains serve as the “executing molecules” of cellular ferroptosis (51), influencing the fluidity, integrity, and stability of both cellular and organelle membranes. Notably, numerous studies indicate that omega-3 PUFA, including alpha-linolenic acid and docosapentaenoic acid, exert anti-inflammatory effects, whereas omega-6 PUFA, such as linoleic acid, adrenic acid, and arachidonic acid, promote inflammation (52, 53). The phospholipids specifically involved in ferroptosis lipid peroxidation are phosphatidylethanolamine (PE) containing arachidonic acid (AA) or adrenic acid (AdA), referred to as PE-AA and PE-AdA (38). Long-chain acyl-CoA synthase 4 (ACSL4) catalyzes the reaction between AA and CoA, yielding the intermediate product AA-CoA. This process consumes ATP and represents the rate-limiting step. AA-CoA can gain two carbons through the action of fatty acid elongase to form AdA-CoA (54). Although AA concentrations at the cell membrane are low compared to AdA, PE-AA levels in ferroptosis cells are significantly higher than those of PE-AdA. This indicates that ACSL4 exhibits greater specificity and affinity for AA, leading cells to preferentially utilize AA for phospholipid synthesis (55). Subsequently, lysophosphatidylcholine acyltransferases 3 (LPCAT3) catalyzes the esterification of AA-CoA and AdA-CoA with the fatty chain of PE, resulting in the precursors of ferroptosis, PE-AA and PE-AdA. These specific unsaturated phospholipids can generate PE-AA-OOH and PE-AdA-OOH through either non-enzymatic self-oxidation or enzymatic oxidation. It is widely accepted that non-enzymatic self-oxidation of phospholipids results from hydroxyl radicals produced by the Fenton reaction, which attack PUFA (56). Enzymatic oxidation of phospholipids involves the cooperation of 15-lipoxygenase (15-LOX) and cytochrome P450 oxidoreductase (57). Specific lipid peroxides can be captured and reduced by antioxidants, including GPx4, CoQ10H2, and BH4 (58).

The mechanisms by which specific lipid peroxides and peroxidation-free radicals induce ferroptosis are categorized into direct and indirect damage effects (17). Direct damage involves the accumulation of lipid peroxides in both cell and organelle membranes, leading to alterations in membrane permeability and integrity, which can ultimately compromise the proteins and biomolecules embedded within the phospholipid bilayer. In contrast, the indirect damage mechanism is mediated by degradation products of lipid peroxides, including malondialdehyde (MDA) and 4-hydroxynonenal (4-HNE), which can adversely affect vital macromolecules such as proteins and DNA within cells. Notably, key markers of ferroptosis include mitochondrial fragmentation, increased membrane density, and decreased cristae, accompanied by no significant changes in nuclear morphology. However, the precise mechanisms through which specific lipid peroxides induce mitochondrial alterations remain to be elucidated.

PUFA serves as a crucial substrate for ferroptosis, with cell membrane phospholipids containing significant amounts of PUFA, facilitating the formation of lipid peroxides. Consequently, factors influencing lipid remodeling and increasing cellular PUFA levels can heighten sensitivity to ferroptosis. Three pivotal pathways influencing lipid remodeling are mediated by phospholipase, the E3 ubiquitin ligase MDM2/MDMX complex, and energy stress (59–61). Energy stress occurs when glucose supply is inadequate, leading to decreased ATP concentrations and an increased AMP/ATP ratio. This activates AMP-dependent protein kinase (AMPK), which regulates various ATP-utilizing metabolic pathways, including fatty acid synthesis. Activated AMPK inhibits PUFA synthesis by blocking acetyl-CoA carboxylase (61), thus affecting lipid peroxide generation and decreasing cellular sensitivity to ferroptosis.





3 Ferroptosis and DKD



3.1 Disordered iron metabolism

In diabetic kidney disease (DKD), the kinetic state of iron is altered, leading to their redistribution (62) (Figure 1). Patients with DKD frequently experience anemia, primarily due to iron deficiency, which comprises both absolute and relative forms (63). The latter occurs when circulating blood iron is deficient despite adequate total body iron content and is particularly prevalent in DKD. Contributing factors include chronic inflammation, reduced synthesis and secretion of EPO, and diminished tissue sensitivity to EPO (64, 65). This cascade results in increased hepatic hepcidin secretion and downregulation of FPN1 levels. Simultaneously, the destruction of renal units and progressive loss of renal function lead to reduced EPO production, downregulating signals that stimulate proerythrocyte proliferation and subsequently decreasing bone marrow hematopoiesis. Observational studies indicate that, alongside a significant reduction in blood iron levels, renal iron levels are markedly elevated in DKD patients (66). Furthermore, a strong correlation between urinary albumin and TF levels suggests that this phenomenon may be due to the effects of proteinuria. Since the isoelectric point of albumin (PI=4.9) is notably lower than that of transferrin (PI=5.7), this disruption of the glomerular filtration membrane, coupled with decreased selectivity of the charge barrier for permeable substances, likely explains the observed correlation between albumin and TF levels in urine. Further studies reveal TF accumulation in the cytoplasm of glomerular podocytes in end-stage DKD (67). The iron ions released by TF exacerbate cellular oxidative stress and insulin resistance in patients with type 2 diabetes mellitus (T2DM). Additionally, urinary TF levels correlate with progressive renal lesions, including interstitial fibrosis, renal tubular cell atrophy, and infiltration of inflammatory cells in the renal interstitial (68). Consequently, in the context of DKD, glomerular filtration of TF increases while reuptake decreases, resulting in the accumulation of iron ions within the renal tubules. Hydroxyl radicals are generated through the Fenton and Haber-Weiss reactions, inducing oxidative stress damage in the renal tubules. Limiting iron intake in T2DM rats has been shown to reduce ROS generation, helping to prevent the onset of early kidney disease (69). Further research is required to explore additional sources of iron that may play a role in DKD.

Dysregulation of renal iron homeostasis in DKD is evidenced by increased cellular uptake and decreased excretion of iron (70). ZRT/IRT-like protein 14 (ZIP14), a membrane transporter that mediates the cellular uptake of iron, zinc, and other ions, exhibits elevated expression in renal tissues from both DKD patients and a rat model of DKD (71). This upregulation is associated with intracellular iron deposition and oxidative damage. Notably, silencing ZIP14 expression with siRNA inhibited ferroptosis in high glucose-treated human renal proximal tubule cells (HK2) (71). In chronic kidney disease (CKD), the expression of transporter proteins responsible for iron ion transfer to renal tubules, including ZIP8, DMT1, and ZIP14, is elevated (70). This increase, coupled with enhanced expression of iron storage proteins and reduced levels of FPN1, facilitates intracellular iron accumulation and ferroptosis. Mice with specific knockout of FPN1 in renal proximal tubules show substantial iron accumulation without notable alterations in renal function. However, they exhibit more severe renal injury and ferroptosis when subjected to acute kidney injury (72). This evidence indicates that renal iron accumulation heightens susceptibility to ferroptosis, particularly when combined with adverse stimuli such as hyperglycemia and chronic inflammation. Recent studies show that the Stimulator of Interferon Genes (STING) is aberrantly activated in DKD. Knockdown of STING mitigates renal pathological injury by suppressing ferroptosis (73). As a transmembrane protein located on the endoplasmic reticulum, STING is closely linked to innate immunity, inflammatory responses, and energy metabolism (74). Mechanistically, upon receiving external stimuli, STING dissociates from the endoplasmic reticulum membrane and becomes activated. Activated STING phosphorylates interferon regulatory factor 3 (IRF3), facilitating its transfer to the nucleus and enhancing the expression of inflammatory factors, which leads to inflammatory damage. Moreover, inhibiting STING reduces the degradation of ubiquitinated FPN1 by proteasomes, stabilizing FPN1 protein levels and subsequently mitigating ferroptosis. STING’s regulatory role in FPN1 presents a novel avenue for understanding ferroptosis (73).

Ferritin in vertebrates is composed of heavy (FtH) and light (FtL) chains. The FtH chain is catalytically active, rapidly converting Fe²+ to Fe³+, while the FtL chain primarily facilitates the aggregation of iron ions into nuclei (75). Tissues involved in iron storage exhibit a higher FtL specific gravity; however, renal tissue has a greater FtH specific gravity, indicating a reduced capacity for iron storage (76). In the kidney, the proximal tubule expresses high levels of both FtH and FtL. Additionally, the apical membrane of the proximal tubule contains TFR1 and megalin/cubilin receptors (77), which mediate the reabsorption of transferrin-bound iron and hematogenous iron, respectively. Furthermore, FPN1 on the basolateral side of the membrane recycles iron reabsorbed from the proximal tubule into circulation (78). Consequently, the proximal tubule serves as a central site for urinary iron reabsorption and is particularly sensitive to ferroptosis activators (79, 80). Renal iron overload in the context of DKD can be attributed to three primary factors. First, an increase in the glomerular filtration of iron ions and iron-containing proteins, coupled with reduced iron reabsorption and the infiltration of inflammatory cells, leads to excess iron accumulation in renal tissues. Second, a rise in membrane proteins that transport iron ions into cells, combined with a decrease in FPN1, exacerbates cellular iron overload in renal tissues. Finally, renal intracellular ferritin, with a limited capacity to sequester iron, is more susceptible to ferroptosis.




3.2 Depressed lipid antioxidant system

In the context of diabetic kidney disease (DKD), the antioxidant system associated with ferroptosis is impaired. Observational studies indicate that patients with CKD and end-stage renal disease (ESRD) frequently present with selenium deficiency (81–83). A selenium-rich diet can significantly reduce the risk of CKD (84). Randomized double-blind trials demonstrate that selenium supplementation significantly reduces IL-6 and MDA levels, the latter being a biomarker of lipid peroxidation associated with ferroptosis (83). This evidence suggests that selenium supplementation can inhibit ferroptosis and reduce inflammation. Mechanistically, selenocysteine contains selenium and is integral to the catalytic active site of GPx4; adequate selenium ensures its activity. Absence of selenium in GPx4 renders it inactive, rendering cells highly sensitive to peroxide-induced ferroptosis (85). A recent cohort study confirmed this relationship, finding that GPx4 expression in the kidney tissue of DKD patients was significantly reduced; GPx4 levels correlated strongly with proteinuria and the urinary albumin-to-creatinine ratio (UACR). Moreover, DKD patients exhibiting low GPx4 levels demonstrated a substantially increased risk of developing ESRD during follow-up (86). Paradoxically, a recent bidirectional Mendelian randomization study suggested that elevated selenium levels may contribute to CKD (87). Therefore, further investigation is warranted to clarify the relationship between DKD and selenium.

Numerous studies have shown that Nrf2 is suppressed in DKD patients (88). Nrf2 is crucial for resistance to oxidative stress; its suppression may be linked to the activation of high mobility group protein 1 (HMGB1), a non-histone DNA-binding protein that regulates nucleosome function and intranuclear transcription while functioning as a DAMP. HMGB1 is closely associated with systemic inflammation and renal injury (89, 90). Recent studies indicate that serum and urine levels of HMGB1 are significantly elevated in DKD patients compared to those with T2DM without nephropathy and are closely associated with TNF receptor superfamily member-1A (TNFR-1) (89). Mechanistically, HMGB1 can bind to receptors for advanced glycation end-products (RAGE) or Toll-like receptors (TLRs), activating the MAPK-NF-κB pathway and contributing to the expression of inflammatory factors (91). This binding also inhibits Nrf2 expression, downregulates SLC7A11 levels, and promotes ferroptosis. Conversely, knockdown of HMGB1 inhibited high glucose-mediated activation of the TLR4/NF-κB axis, resulting in upregulated Nrf2 expression (20) and enhanced cellular antioxidant capacity. Notably, elevated ATF4 expression in DKD mice resulted in severe renal injury by decreasing cellular autophagic flux and increasing collagen type IV levels (21). In DKD, the activation of STING promotes ferroptosis through interaction with GPx4 (22, 92). Paradoxically, activation of the cGAS-STING signaling pathway is dependent on GPx4 activity (92). However, epidemiological evidence indicates that GPx4 levels are significantly reduced in DKD patients (86). Therefore, further investigation is warranted into the subtle relationship between the STING pathway and GPx4 in renal tissues within the context of DKD.

Patients with DKD display significantly elevated levels of p53 and STAT1 (93, 94), which inhibit xCT expression. The downregulation of the Xc– system leads to decreased cystine uptake and GSH synthesis, activates ferroptosis, and promotes the progression of DKD. Elevated expression of transforming growth factor-β1 (TGF-β1) significantly contributes to renal injury in diabetes. By activating both canonical (Smad-dependent) and non-canonical (non-Smad-dependent) signaling pathways (95), TGF-β1 stimulates myofibroblast activation, extracellular matrix (ECM) deposition, mesangial proliferation, and renal fibrosis. Recent studies indicate that TGF-β1 inhibits xCT expression by activating the canonical Smad3 pathway, thereby promoting lipid peroxidation (96). In summary, during DKD, Nrf2 expression is downregulated while p53, STAT1, and TGF-β1 expressions are upregulated. These changes inhibit xCT expression and suppress cellular uptake of cystine and GSH synthesis, significantly reducing cellular antioxidant capacity and promoting the accumulation of ROS and lipid peroxidation. This leads to oxidative stress and cellular ferroptosis. Furthermore, investigating additional ferroptosis antioxidant systems in kidney tissue during DKD, such as FSP1-CoQ10, GCH1-BH4, and DHODH-CoQH2, could provide valuable insights into the occurrence and potential interventions for ferroptosis in the context of DKD.




3.3 Lipid remodeling

Glucose metabolism disorders disrupt lipid metabolic homeostasis in renal tissues. A recent study examined the relationship between acetyl-CoA synthetase 2 (ACSS2) and DM renal lipid metabolism, revealing significantly upregulated ACSS2 expression in the renal tissues of both DM patients and DM mice. This upregulation remodels fatty acid metabolism (19) and contributes to mitochondrial oxidative stress by modulating the SIRT1-ChREBP pathway. Chronic inflammatory diseases are associated with an increased ratio of ω-6 to ω-3 PUFAs (97), specifically a relative increase in AA and AdA. Disturbed lipid metabolism, exacerbated by chronic inflammation, is coupled with increased renal expression of ACSL4 due to high glucose stimulation in DKD, mediated by factors such as STING (98, 99). Additionally, renal iron ion overload, resulting from the Fenton and Haber-Weiss reactions, generates hydroxyl radicals that catalyze lipid peroxidation. Consequently, the persistent high glucose and inflammatory stimuli impair the antioxidant system, preventing timely removal of accumulated lipid peroxides. This accumulation promotes ferroptosis and exacerbates renal damage.





4 Innate immune and DKD



4.1 Intrinsic immune cells

Innate immune cells are present in blood and tissues and can be categorized into classical innate immune cells stemming from common myeloid precursors in the bone marrow (Figure 2), including monocytes, macrophages, mast cells, and neutrophils. Non-classical immune cells, derived from common lymphoid precursors, encompass innate lymphoid cells, such as NK cells, and innate lymphocytes, including NKT and B1 cells (100). Employing single-cell transcriptomics, bioinformatics, and immune infiltration analysis, researchers found that the DKD group exhibited a significant increase in macrophages compared to the healthy control group. Notably, a positive correlation was observed between DKD-related hub genes and innate immune cells, including gamma delta T cells, M2 macrophages, and mast cells, with macrophage infiltration being the most pronounced (101–105). A persistent high-glucose and hypoxic renal microenvironment stimulates the expression of intercellular adhesion molecule-1 (ICAM-1), vascular adhesion molecule-1 (VCAM-1), P-selectin, and L-selectin in renal endothelial cells (106–109). This significantly enhances the adhesion and infiltration of inflammatory cells into renal tissue.




Figure 2 | Renal innate immune cell infiltration and related inflammatory response under DKD background. The upper panel demonstrates the renal innate immune cell infiltration in DKD, and the lower panel shows the key signalling pathways involved in the renal inflammatory response in the context of DKD. ICAM-1, intercellular adhesion molecule-1; VACM-1, Vascular Cell Adhesion Molecule-1; MCP-1, Monocyte chemoattractant protein-1; gp130, Glycoprotein 130; STAT, signal transducer and activator of transcription; JAK, Janus kinase; SOCS, suppressors of cytokine signaling; HMGB1, High mobility group box 1; S100A8, S100 calcium binding protein A8; TLR4, Toll like receptor 4; TIR, Toll/interleukin-1 receptor; MyD88, Myeloid differentiation primary response protein 88; TRIAP, TIR-containing adapter protein; IRAK, interleukin-1 receptor-associated kinase; TRIF, TIR Domain-Containing Adaptor-Inducing Interferon-β; TRAM, TRIF-related adaptor molecule; TRAF, TNF receptor-associated factor; IκB, inhibitor of NF-κB; IKK, IκB kinase; MAPK, Mitogen-activated protein kinase; AP-1, activator protein 1; IRF3, interferon-regulatory factor 3; CASP1, Caspase-1; TGF, transforming growth factor; LTBP, TGF-β binding proteins; TβR, TGFβ receptor; ECM, Extracellular matrix.



Macrophages play a crucial role in immune infiltration within renal tissue during persistent high glucose exposure (110). Specific inhibition of macrophages can alleviate macrophage-dependent renal inflammation (111, 112). Blood monocytes migrate into renal tissues and differentiate into renal macrophages, exhibiting highly heterogeneous morphologies that vary significantly with the immune microenvironment. In DKD, common stimuli include sustained high glucose, accumulation of AGEs, altered hemodynamics, and the release of DAMPs from cell death (6). Macrophages can be classified into two main types: M1 and M2, based on differences in gene expression and function. M1 macrophages are primarily responsible for the pro-inflammatory response and are involved in the early stages of renal injury in DKD (8). Their polarization can be triggered by pathogen-associated molecular patterns, DAMPs such as S100A9 and IL-1α, as well as pro-inflammatory mediators like IFN-γ and TNF (113). For instance, M1 macrophages can exacerbate high glucose-induced podocyte apoptosis through TNF-α production via the ROS-p38 MAPK pathway. M2 macrophages primarily mediate anti-inflammatory responses (8) and play key roles in repair and fibrosis during the later stages of DKD injury. M2 macrophages can be further subdivided into three distinct subtypes based on phenotype and function: M2a, M2b, and M2c. M2a macrophages are primarily induced by IL-4 and IL-13 (6, 114), facilitating a Th2-like anti-inflammatory immune response, promoting injury repair, and facilitating tissue fibrosis. M2b macrophages are mainly induced by immune complexes, TLRs, and IL-1R ligands, playing a role in immune regulation and activation of Th2-like immune responses. M2c macrophages, induced by IL-10, TGF-β, and glucocorticoids, are associated with immune suppression. Recent advancements in single-cell genomics have opened new avenues for analyzing renal macrophage subtypes (115). T cell immunoglobulin and mucin domain-3 (Tim3) expressed on macrophages is a crucial regulator of the balance between M1 and M2 macrophages, thus modulating pro-inflammatory and anti-inflammatory responses (116, 117). In patients and experimental models of DKD, renal macrophage Tim3 expression is upregulated and positively correlates with renal dysfunction. Mechanistically, Tim3 upregulation activates the NF-κB pathway and TNF-α release, exacerbating inflammatory responses. Notably, specific knockdown of Tim3 ameliorates STZ-induced renal injury (118). The longevity protein Sirt6 plays a role in M1/M2 macrophage transformation. In a DKD rat model, M1 markers like CD86, TNF-α, and inducible nitric oxide synthase (iNOS) were elevated, while Sirt6 expression was significantly reduced, alongside M2 markers such as CD206, IL-4, and IL-10 [REF (119)]. Notably, overexpression of Sirt6 in macrophages enhanced their conversion to the M2 phenotype, ameliorating DKD-associated renal inflammatory injury. Bioactive substances like vitamin D can inhibit M1 macrophage polarization by downregulating the STAT-1-TREM-1 pathway (120). Recent studies have focused on extracellular vesicles rich in leucine-rich alpha-2-glycoprotein 1 (LRG1) as vital communicators between macrophages and resident renal cells, functioning through a TGF-β receptor-dependent mechanism (121). Additionally, extracellular vesicles from macrophages cultured in high glucose can induce mesangial cell proliferation by activating the TGF-β1/Smad3 signaling pathway (122). Furthermore, recent single-cell omics studies indicate that myofibroblasts exhibit the highest ECM gene expression scores among various kidney cell types, suggesting elevated expression of collagen, proteoglycans, and glycoprotein-related genes in these cells (123). Renal macrophages can directly promote the progression of end-stage renal fibrosis in DKD through the MMT. The occurrence of MMT is linked to the M2a phenotype, specifically CD206, and is mediated by the TGF-β1-Smad3 signaling pathway. This transition serves as a hallmark for the progression from chronic kidney inflammation to fibrosis (6).

Mast cells and neutrophils significantly contribute to inflammatory stress in DKD. Cross-sectional studies reveal varying degrees of mast cell infiltration in kidney tissue from DKD patients across nearly all stages (124). The extent of mast cell degranulation correlates positively with tubulointerstitial injury. Anaphylatoxin C3a activates mast cells, directing them toward the inflammatory center and promoting renal fibrosis via the SCF/c-kit signaling pathway (125). The release of chymase, TNF-α, and TGF-β from mast cells exacerbates renal tubulointerstitial injury, with TNF-α most closely linked to DKD progression (124). Long-term administration of chymotrypsin inhibitors in diabetic mice significantly reduces mesangial cell proliferation and improves proteinuria progression (126). Neutrophils are among the first inflammatory cells recruited to the site of injury in DKD. Early observational studies indicate that DKD patients exhibit significant neutrophil adhesion (127). Mechanistically, neutrophils release ROS, TNF-α, and neutrophil extracellular trap nets (NETs), which can cause endothelial damage and exacerbate DKD-mediated kidney injury (128, 129). Additionally, studies indicate that an increased neutrophil-to-lymphocyte ratio correlates with more severe proteinuria in outpatient diabetic patients (130, 131).




4.2 Intrinsic immune molecules

Monocyte chemotactic protein 1 (MCP-1), or CCL2, is a potent chemotactic factor for monocytes and the first identified human CC chemokine (132). MCP-1 is produced by various cell types, including renal cells, in response to stimuli such as IL-1, IL-4, TNF-α, vascular endothelial growth factor, and INF-γ. Accumulation of AGEs in renal tissues can also induce MCP-1 expression in the context of DKD (133, 134). Earlier studies have shown that urinary MCP-1 levels are significantly elevated in DKD. Moreover, these levels positively correlate with the number of renal interstitial CD68+ macrophages and MCP-1-positive cells. Notably, patients with slower-progressing or less severe forms of DKD exhibit lower urinary MCP-1 levels than those with severe DKD (135). Recent cross-sectional and cohort studies have elucidated the role of MCP-1 in DKD progression. Specifically, MCP-1 serves as a crucial marker for predicting proteinuria development in patients with DM and may also be implicated in the early onset of DKD (136). Additionally, MCP-1 levels significantly correlate with DKD progression (137). Furthermore, the MCP-1 to creatinine ratio is significantly correlated with HbA1c and levels of inflammatory markers (138). Mechanistically, factors such as hypoxia and AGE accumulation induce renal cells to express MCP-1. This protein binds to its corresponding CCR receptor and participates in inflammatory and immune responses by mediating IL-6 production through the NF-κB and activator protein-1 pathways. Additionally, MCP-1 upregulates ICAM-1 expression through the G protein-PKC-Ca2+ pathway (139) and enhances endothelial cell E-selectin expression (140). Consequently, it plays a crucial role in the margination, adhesion, quiescence, and migration of rolling monocytes to sites of tissue inflammation. Notably, ICAM-1-deficient mice show inhibited macrophage recruitment, which ameliorates DKD (141). Streptozotocin-induced DKD can be ameliorated through CCR2 knockouts or antagonists (142). Moreover, related drugs, such as CCX140-B, have demonstrated nephroprotective effects in randomized controlled trials (RCT), alongside standard pharmacological agents like ACE inhibitors and ARBs, benefiting patients with DM or DKD (143).

Substantial evidence indicates that serum or urinary levels of inflammatory factors, including IL-1β, IL-6, and TNF-α, are significantly elevated in DKD (144–147). Factors such as high glucose levels, advanced glycation end-products (AGEs), ROS, angiotensin II (Ang II), and a hypoxic microenvironment may trigger the secretion of inflammatory factors by resident or inflammatory cells in renal tissues (148). IL-1 comprises IL-1α and IL-1β, the latter exhibiting stronger pro-inflammatory activity. The synthesis of IL-1 by macrophages occurs in two steps (149). First, TLRs activate the transcription and translation of the IL-1β precursor (pro-IL-1β). Subsequently, nucleotide-binding oligomerization domain-like receptors (NLRs) cleave pro-IL-1β into its active form through a caspase-1-dependent inflammatory vesicle mechanism, thereby exerting pro-inflammatory effects that lead to renal injury and tubulointerstitial fibrosis (150, 151). Inhibiting IL-1β significantly alleviates salt-sensitive hypertension by reducing macrophage polarization toward a pro-inflammatory phenotype (144). The expression of the IL-6 receptor (mIL-6R) is limited to specific cell types, including leukocytes and hepatocytes. Other cells receive IL-6 signals through the soluble IL-6 receptor (sIL-6R). The IL-6-sIL-6R complex in the extracellular fluid binds to gp130 on the cell surface, triggering intracellular signaling through the formation of soluble ligand-receptor complexes, a process termed trans-signaling, or the non-canonical pathway (152). IL-6 facilitates the transition from innate to adaptive immunity via a gp130-STAT3-dependent mechanism, promoting the infiltration of immune cells into renal tissues and remodeling renal architecture (152, 153). Notably, podocytes are the sole glomerular resident cells expressing both mIL-6R and sIL-6R. High glucose stimulation damages podocytes through both canonical and trans-signal transduction pathways, a process reliant on JAK2/STAT3 activation (154, 155). miR-223-3p inhibits IL-6-mediated STAT3 activation, thereby ameliorating injury to human glomerular endothelial cells (156). Additionally, the use of IL-6 inhibitors reduces the incidence of adverse cardiovascular events in patients undergoing renal dialysis (157). TNF-α is primarily synthesized by monocytes and macrophages. Its receptors include the epidermal-type receptor (TNF-R1) and the medullary-type receptor (TNF-R2) (158), with TNF-R1 being the more prevalent receptor. Mechanistically, TNF-α binds to TNF-R1, leading to the upregulation of pro-inflammatory gene transcription through the activation of NF-κB and MAPK signaling pathways. Alternatively, activated TNF-R1 can indirectly stimulate pro-inflammatory gene expression by inducing lytic cell death, releasing DAMPs, and activating neighboring cells via pattern recognition receptors (PRRs) (159). Epidemiological studies indicate that blood levels of TNF-α and its receptors are significantly elevated in T2DM patients with an eGFR of 30-60 mL/min/1.73 m² compared to those with better renal function (160). The TNF-α inhibitor etanercept has been shown to ameliorate aristolochic acid-induced renal fibrosis, which correlates with increased p38 MAPK phosphorylation levels (161). These findings suggest that inhibiting TNF-α may serve as an adjunctive strategy for treating CKD.

IL-10, an anti-inflammatory cytokine secreted by immune cells such as M2-type macrophages and CD4+ Treg cells, binds to IL-10Rα and IL-10Rβ receptors on target cells. This interaction activates intracellular Janus kinase 1 (Jak1) and tyrosine kinase 2 (Tyk2), leading to the phosphorylation of signal transducer and activator of transcription proteins (STAT1, STAT3, and STAT5) (162). This process is critical for IL-10-mediated anti-inflammatory effects and immune regulation. In a mouse model of unilateral ureteral obstruction, IL-10 inhibits inflammatory factor expression and ameliorates renal fibrosis by antagonizing the TGF-β/Smad3 and NF-κB signaling pathways (9). Notably, IL-10 blocks the metabolic reprogramming induced by inflammatory stimuli in macrophages. Furthermore, IL-10 promotes the clearance of dysfunctional mitochondria (163), thereby preventing inflammatory injury associated with mtROS accumulation. TGF-β1 is one of the most abundant isoforms in the TGF-β family, expressed by all renal resident and infiltrating inflammatory cells (164). In the context of DKD, stimuli that promote TGF-β1 expression include Ang II, persistent hyperglycemia, accumulation of AGEs, and ROSs accumulation (10, 165). TGF-β1 is secreted into the ECM as a latent complex comprising the TGF-β latency-associated peptide (LAP) and latent TGF-β binding proteins (LTBP). Inactive TGF-β1 is converted to its active form through cleavage in the presence of integrins, ROS, thrombospondin-1 (TSP-1), and serine proteases. TGF-β1 is uniquely activated by ROS, attributed to a distinct methionine residue at the 253rd amino acid of its LAP, which induces conformational changes in TGF-β binding proteins (166). A high-glucose environment promotes inflammation and fibrosis through ROS production (167, 168). TSP-1 is a multifunctional ECM protein enriched in platelet α-granules and secreted by various cells, including macrophages, fibroblasts, and endothelial cells (169). In DKD, stimuli such as ROS, hyperglycemia, Ang II, hypoxia, and inflammation indirectly activate TGF-β1 by inducing TSP-1 production (170–172). Upon activation, TGF-β1 binds to its receptor, activating downstream signaling through canonical or non-canonical pathways. The canonical pathway is Smad-dependent, with different Smad proteins exhibiting distinct or even opposing roles in the regulation of renal fibrosis (95). Notably, the balance between pro-fibrotic Smad3 and anti-fibrotic Smad7 is crucial to TGF-β1’s role in the progression of renal fibrosis. TGF-β1 signaling contributes to renal fibrosis progression by increasing ECM expression, decreasing degradation, and facilitating dedifferentiation of proximal tubular epithelial and endothelial cells, while also stabilizing collagen cross-linking (10). It promotes inflammation and increases autophagy. Notably, TGF-β1 activates intrinsic renal fibroblast phenotypes, including glomerular mesangial cells, mesangial fibroblasts, and pericytes, driving their proliferation into myofibroblasts that produce collagen in large quantities (173), thereby accelerating renal fibrosis progression.




4.3 Intrinsic immune signaling pathways

The JAK/STAT signaling pathway is evolutionarily conserved, comprising ligand-receptor complexes that include Janus kinases (JAKs) and signal transducers and activators of transcription (STATs). The JAK family comprises four members: JAK1, JAK2, JAK3, and TYK2, while the STAT family includes seven members: STAT1, STAT2, STAT3, STAT4, STAT5a, STAT5b, and STAT6 (174). JAK family members include non-receptor tyrosine protein kinase regions. Upon cytokine binding to its receptor, JAK tyrosine kinases are activated, transducing regulatory signals (174). Each STAT member possesses an SH2 domain, primarily responsible for recognizing phosphotyrosine motifs in cytokine receptors (175). This SH2 domain interacts synergistically with activated JAK, facilitating the binding of phosphorylated STAT monomers to form homodimers or heterodimers (176). The JAK-STAT pathway operates fundamentally by cytokines, such as IL-6 (28) and IFN-γ (177), binding to their respective receptors, inducing dimerization and phosphorylating the JAKs. This JAK-mediated phosphorylation recruits and activates STAT, leading to the formation of homo- or heterodimers, which translocate to the nucleus to initiate transcription of target genes (178). In DKD, renal tissues exhibit significantly upregulated expression of JAK2 and STAT3. Specific overexpression of JAK2 in glomerular podocytes of mice leads to manifestations akin to the early stages of human DKD, including increased proteinuria, mesangial thickening, glomerulosclerosis, and accumulation of fibrillar adhesive proteins. Additionally, there is significant thickening of the glomerular basement membrane and a reduced density of podocytes (179). Moreover, high glucose activates the JAK-STAT pathway, inhibiting podocyte autophagy and preventing the effective removal of damaged proteins and organelles. This contributes to cellular stress and death. Conversely, ruxolitinib, a JAK-STAT pathway inhibitor, significantly enhances autophagic flux and autophagy-related gene expression in high-glucose-treated podocytes (180), alleviating renal injury. A phase II clinical trial evaluating baricitinib for DKD treatment (181) found that, after 24 weeks, baricitinib significantly reduced the morning UACR and inflammatory markers, including urinary CCL2, serum TNF-R1, TNF-R2, and ICAM levels, compared to healthy controls. Consequently, baricitinib reduced albuminuria and ameliorated renal injury in patients with DKD. Suppressors of cytokine signaling (SOCS) function as endogenous inhibitors of the JAK-STAT pathway. Down-regulation of SOCS can activate the JAK1-STAT1 pathway, promoting the polarization of renal macrophages toward the M1 phenotype (182) and exacerbating inflammatory injury. Conversely, up-regulating SOCS to inhibit the JAK-STAT pathway has been proposed as a potential therapeutic strategy for DKD (183).

Toll-like receptors (TLRs) are a group of receptors that recognize molecular patterns in innate immunity. They contribute to aseptic inflammation by binding to endogenous ligands, such as damage-associated molecular patterns (DAMPs), as well as to pathogenic infections through exogenous receptors. TLR4 is currently the most extensively studied and significant member of the TLR family (184). TLR4 is classified as a type I transmembrane receptor consisting of three regions: extracellular, intracellular, and cytoplasmic. The cytoplasmic region is also known as the Toll/interleukin-1 receptor (TIR) domain. In diabetic kidney disease (DKD), conditions such as hyperglycemia, hypoxia, and lipid metabolism disorders upregulate levels of TLR4 ligands, including HMGB1, biglycan, and S100 calcium-binding protein (S100A8) (185–187). TLR4 binding to ligand molecules induces conformational and charge distribution changes that activate the cytoplasmic TIR region, subsequently initiating downstream pathways via either the myeloid differentiation factor 88 (MyD88)-dependent or MyD88-independent pathways (188). The MyD88-dependent mechanism involves two adapter proteins binding to the intracytoplasmic portion of TLR4: MyD88 and the TIR-containing adapter protein (TIRAP). This interaction recruits and activates IL-1 receptor-associated kinase 4 (IRAK4), leading to the activation of IRAK1 by phosphorylated IRAK4 (REF (189)). IRAK1 further recruits TNF receptor-associated factor 6 (TRAF6), resulting in the activation of downstream inhibitory kappa B kinase (IKK) and MAPK pathways. IKK, a complex composed of IKKα and IKKβ, regulates the NF-κB pathway and is also referred to as the NF-κB essential modulator (NEMO). NF-κB comprises five members: p50, p52, p65 (REL-A), REL-B, and c-REL, with the p65/p50 heterodimer being the most prevalent and significant. Under normal conditions, IκB binds to NF-κB and sequesters it in the cytoplasm (190). Upon TLR4 activation, IKK phosphorylates IκB, promoting its proteasomal degradation. This allows NF-κB to translocate to the nucleus and initiate the transcription of inflammation-related genes (191). Additionally, activated MAPK exerts pro-inflammatory activity by phosphorylating the transcription factor complex activator protein-1. This complex translocates to the nucleus and further induces the expression of inflammatory genes, including TNF, IL-6, IL-1β, and various chemotactic molecules. The MyD88-independent pathway involves TIR-containing adaptor inducing interferon-β (TRIF) and TRIF-related adaptor molecule (TRAM) (192). TLR4 activation signals activate TRAF3 via TRIF and TRAM, ultimately inducing IFN-β expression through associated pathways. Notably, renal TLR4 expression is significantly increased in patients with DKD compared to healthy controls. Mechanistically, high glucose activates TLR4 and upregulates TLR4 protein, IL-6, and MCP-1 expression via the PKC/IκB/NF-κB pathway, facilitating renal interstitial macrophage infiltration and inflammatory responses (191, 193). Conversely, inhibiting TLR4 significantly reduces renal interstitial fibrosis (191).

The NLRP3 inflammasome is the most extensively studied inflammasome to date. NLRP3 is a protein characterized by a nucleotide-binding oligomerization domain (NOD), a leucine-rich repeat (LRR), and a pyrin domain. It is classified as a cytoplasmic PRR. The NLRP3 inflammasome, in contrast, comprises one sensor (NLRP3), one adaptor protein (ASC), and an effector molecule (caspase-1) (194, 195). The activation state of the inflammasome depends on a complex regulatory mechanism characterized by two phases: initiation and activation. In the initiation phase, TLR ligands such as TNF-α, IL-1β, and HMGB1, which are upregulated in DKD, activate TLRs, subsequently activating IKK through specific signaling pathways. This activation facilitates the translocation of NF-κB into the nucleus, enhancing the expression of pro-inflammatory precursor molecules, including pro-IL-1β, pro-IL-18, and NLRP3 (185, 187, 196). Additionally, this phase can also induce self-repression of NLRP3 through post-translational modifications (195). During the subsequent activation phase, the expression and activity of NLRP3 are upregulated to prepare for full activation. However, most tissue cells cannot activate NLRP3 inflammasomes and instead constitutively express IL-1β due to weak initiation signals (197). A consistent model for the NLRP3 activation phase remains elusive. During DKD, sustained high glucose levels, lipid metabolism disorders, and tissue hypoxia are potential triggers (5). Mechanisms of activation may involve potassium or chloride ion efflux, calcium ion influx, lysosomal and mitochondrial dysfunction, and endoplasmic reticulum stress (195, 198). Following NLRP3 inflammasome activation, caspase-1 cleaves pro-IL-1β and pro-IL-18 into their mature forms, releasing them into the extracellular space and exacerbating inflammatory damage. Knockout of TLR4 improves high glucose-induced podocyte apoptosis and enhances cell viability via the NLRP3/ASC/caspase-1 signaling pathway (199). Shahzad et al. discovered that mice with podocyte-specific overexpression of NLRP3 exhibited increased proteinuria, mesangial proliferation, and basement membrane thickening. In contrast, mice with podocyte-specific knockout of NLRP3 or caspase-1 displayed renal protection. Additional cellular experiments indicate that podocyte-specific NLRP3 inflammasome activation may promote aseptic inflammation and glomerular injury in DKD kidney tissue (200). Furthermore, a high-glucose environment leads to ROS accumulation, which induces NLRP3 inflammasome activation, activates caspase-1, mediates IL-1β synthesis and secretion, and induces HK-2 cell apoptosis (148). Inhibiting mitochondrial ROS production by knocking out CD36 can suppress inflammasome activation and improve tubulointerstitial inflammation and apoptosis of renal tubular epithelial cells in db/db mice.

The canonical activation pathway of TGF-β1 primarily involves Smad proteins 2, 3, 4, and 7. Activated TGF-β1 binds to the type II membrane receptor (TβRII), subsequently recruiting and phosphorylating the type I TGF-β receptor (TβRI). This activated TGF-β1-TβRII-TβRI complex phosphorylates Smad2 and Smad3 while binding to Smad4 to form Smad complexes. These Smad complexes translocate to the nucleus, where they bind to Smad-binding elements (SBEs) to regulate gene transcription (10), including the synthesis of collagen, fibronectin, and α-smooth muscle actin (α-SMA). While Smad2, Smad3, and Smad4 proteins exert regulatory effects by forming complexes, they can have distinct or even opposing effects. Notably, Smad3 can directly bind to the promoter region of SBEs to enhance transcription, whereas Smad2 and Smad4 lack DNA-binding domains and instead regulate the transcription of Smad3-targeted genes (201, 202). Among Smad proteins, Smad7 can compete with Smad2 and Smad3 for binding and activation of TβRI, providing negative feedback regulation of the TGF-β/Smad classical signaling pathway (203). Due to ubiquitin-mediated degradation, the expression of Smad7 in the renal tissue of STZ-induced DKD animals is significantly reduced. The latent TGF-β1 complex can ameliorate kidney injury by inhibiting Arkadia-mediated Smad7 ubiquitin degradation (204), thereby upregulating Smad7 expression.





5 Interaction between intrinsic immunity and ferroptosis in DKD



5.1 Ferroptosis and intrinsic immune cells

Macrophages influence renal cell ferroptosis by maintaining iron ion metabolism homeostasis in both systemic and local renal environments and secreting immune molecules (Figure 3). Phosphatidylserine expression on aging red blood cells (RBCs) serves as an “eat me” signal (205), promoting macrophage phagocytosis in the spleen. Macrophages break down red blood cells and release iron ions back into circulation. In diabetes mellitus, chronic inflammation may stimulate macrophage clearance of RBCs. Concurrently, decreased hematopoietic function of the bone marrow and reduced charge selectivity of the glomerular filtration membrane lead to excess iron ions in renal tubular fluid and tissue. Furthermore, a lack of the labile iron pool (LIP) in renal macrophages (206), along with the outward migration of iron ions and abnormal iron metabolism in systemic and local macrophages, promotes renal iron overload and ferroptosis; circulating iron, however, remains deficient due to loss. Pro-inflammatory cytokines from M1 macrophages, including IL-1β, IL-6, and TNF-α, regulate the synthesis of iron homeostasis-associated proteins and play a role in ferroptosis regulation (207). Macrophages are involved in clearing various forms of dead cells, where SAPE-OOH molecules on the surface of ferroptosis cells act as “eat me” signals, promoting macrophage phagocytosis (208). The distinct clearance characteristics of macrophages can provide a basis for differentiating among various forms of cell death (209). Ferroptosis affects macrophages by facilitating the binding of DAMPs released from dissolved and ruptured cells to TLRs. This binding leads to the release of inflammatory factors such as IL-1β and TNF, promoting macrophage polarization toward M1 pro-inflammatory phenotypes. Additionally, macrophages themselves can undergo ferroptosis, which suppresses innate immunity (210). Inhibiting macrophage ferroptosis can alleviate macrophage-mediated renal tubular epithelial-to-mesenchymal transition (211) and downregulate fibrosis-related gene expression.




Figure 3 | Possible mechanisms of interaction between ferroptosis and innate immune inflammatory response in the context of DKD. The upper panel demonstrates the pattern of ferroptosis-inflammation interaction in the context of DKD, and the lower panel shows the important pathways involved in the interaction between the both. AGEs, advanced glycation end products; RAGE, receptor for AGEs; IIC, innate immune cells; RRCs, renal resident cells; DAMPs, Damage-Associated Molecular Patterns; Nrf2, Nuclear factor erythroid 2-related factor 2; mTOR, mammalian target of rapamycin; keap1, kelch-like ECH-associated protein-1; Cul3, Cullin-3; PI3K, Phosphoinositide 3-kinase; RhoA, Ras homolog gene family member A; Grb2, growth-factor receptor-bound protein-2; ERK, extracellular signal-regulated kinase.






5.2 Ferroptosis and intrinsic immune molecules

DKD mice with IL-1 receptor antagonist knockout exhibited severe renal dysfunction and anemia compared to wild-type DKD. This was accompanied by downregulation of renal hypoxia-inducible factor-2 and decreased expression of the bone marrow erythropoietin receptor and TFR (212). This downregulation can lead to intracellular iron accumulation and promote oxidative free radical production via the Fenton reaction. Administering the IL-1β monoclonal antibody, P2D7KK, improves systemic inflammation, renal function, and corrects anemia. IL-6 is a crucial immune molecule that regulates systemic iron metabolism during inflammatory responses. It binds to mIL-6R on liver cells, activating hepcidin expression via the JAK/STAT3 pathway (28). Elevated hepcidin in the renal circulation promotes the internalization and degradation of FPN1 from the membrane (213), potentially resulting in intracellular iron overload and ferroptosis in renal cells. In the context of chronic inflammation, insufficient expression of the anti-inflammatory cytokine IL-10 leads to downregulation of DDIT4, an mTOR inhibitory factor, in macrophages. This upregulates mTOR activity (163), which may inhibit xCT subunit activity, diminish cell resistance to lipid peroxides, and promote ferroptosis. Additionally, insufficient IL-10 expression may coincide with reduced mitochondrial autophagy, leading to decreased membrane potential and significant accumulation of ROS in mitochondria (214). This promotes abnormal NLRP3 inflammasome activation, resulting in IL-1β production and subsequent inflammatory damage.

High mobility group box 1 (HMGB1) is a nuclear protein that binds DNA and functions as a transcription cofactor. Under normal circumstances, HMGB1 resides exclusively in the nucleus and participates in various biological processes, including DNA repair and gene transcription (215). Highly conserved through evolution, HMGB1 is released by monocytes/macrophages undergoing lytic cell death or activation, subsequently triggering innate and inflammatory immune responses. HMGB1 plays a crucial role in the body’s endogenous resistance to adverse stimuli (216). An observational study indicated that serum and urine HMGB1 levels in DKD patients were significantly elevated compared to those in diabetic non-nephrotic individuals or healthy controls (89, 217). Mechanistic studies have shown that high glucose levels can upregulate HMGB1 expression in renal mesangial and tubular epithelial cells, leading to its abnormal localization in the cytoplasm and extracellular fluid (218). Furthermore, ferroptosis, a form of regulated cell death (219), occurs when the cell membrane ruptures due to lipid peroxide accumulation. Among the released cellular contents, HMGB1 is present (220). HMGB1 is recognized as a DAMP, with receptors such as RAGE, TLR-2, -4, and CXCR4 (215, 221). By binding to various receptors, HMGB1 elicits diverse effects, including chemotactic recruitment of inflammatory cells, upregulation of inflammatory levels, and promotion of fibrotic proliferation (215, 216, 222). Following receptor binding, HMGB1 upregulates pro-inflammatory gene expression by activating the NF-κB or NLRP3 inflammasome pathways, contributing to renal inflammatory damage and epithelial-mesenchymal transition (223). Inhibition of HMGB1 action using competitive antagonists (224) can effectively delay DKD progression. Beyond inducing innate immune activation, HMGB1 regulates high glucose-induced ferroptosis in glomerular mesangial cells. Mechanistically, HMGB1 activates the TLR4/NF-κB signaling pathway, leading to increased Nrf2 ubiquitination degradation, evidenced by downregulation of GPx4 and upregulation of ASCL4 expression, along with a decreased capacity for cellular iron ion storage (20, 225). Consequently, HMGB1 promotes ferroptosis in mesangial cells by disrupting intracellular iron homeostasis, impairing ferroptosis-related antioxidant systems, and increasing the synthesis of polyunsaturated fatty acid phospholipid peroxides. Montelukast targets the HMGB1/TLR4/NF-κB and inflammasome pathways to inhibit STZ-induced renal inflammation and fibrosis progression in DKD rats (226). Concurrently, montelukast can reduce levels of the ferroptosis marker MDA, indicating a significant improvement in the redox system.




5.3 Ferroptosis and intrinsic immune signaling pathways

Advanced glycation end products (AGEs) are formed through non-enzymatic reactions between reducing sugars, their metabolites, and proteins or amino acids. Major AGEs include methylglyoxal-derived hydroimidazolone (MG-H), Nϵ-(carboxymethyl)lysine (CML) derived from Nϵ-fructosyl lysine, and crosslinked glucosepane (227). Under normal conditions, dietary intake is the primary source of AGEs (228). In DKD, prolonged hyperglycemia accelerates protein glycosylation. Concurrently, renal function decline reduces the excretion of AGEs and their precursors, such as methylglyoxal, resulting in significant AGE accumulation—a notable feature in DKD patients (229). As post-translational modifications, AGEs persist in the body and may damage various tissues, particularly the kidneys (230). AGEs are closely linked to CKD and DKD (231). The receptors for AGEs include RAGE (receptor for AGE) and AGER (AGE receptor), with the former being extensively studied (232). Following AGE-RAGE activation, immune cell infiltration occurs through the upregulation of MCP-1 and ICAM-1 on endothelial cells in renal tissue (233). Additionally, it can directly induce oxidative stress in kidney cells by activating the NF-κB and NLRP3 inflammasome pathways (234). This activation enhances the release of inflammatory factors such as IL-1β, IL-18, and TNF-α, while also indirectly causing kidney damage. It achieves this by increasing macrophage cytoplasmic STAT1 phosphorylation and promoting the expression of inflammatory factors like IL-6 and TNF-α via the RAGE/ROS/TLR-4/STAT1 signaling pathway (235). Consequently, some researchers identify RAGE as a pattern recognition receptor (236). Additionally, AGEs downregulate endothelial nitric oxide synthase (eNOS) in renal cells, resulting in diminished NO synthesis and impaired endothelial relaxation. Conversely, AGEs/RAGE activation upregulates iNOS, thereby promoting inflammation. Studies indicate that AGEs activate the nuclear factor STAT5, upregulate the expression of cardiomyocyte-related transcription factor A, and damage glomerular mesangial cells (237). Furthermore, AGEs downregulate zonula occludin-1 expression via the PI3K/Akt signaling pathway, damaging the podocyte filtration barrier (238). This increases permeability and exacerbates proteinuria. Lowering serum AGEs levels through dietary modifications or AGE inhibitors (239), as well as utilizing RAGE antagonists (228, 234), significantly improves macrophage infiltration, reduces inflammation, and alleviates kidney damage. Regarding physiological parameters, the accumulation of AGE-related protein content can lead to renal hemodynamic disorders and promote the progression of DKD (240). Additionally, studies on the effects of high glucose or AGEs on glomerular mesangial cells and human tubular epithelial cells observed activation of inflammatory pathways, including NF-κB. Notably, MDA levels in the experimental group increased significantly, while SOD and GPx levels decreased (241). This suggests that AGEs heighten the sensitivity of renal cells to ferroptosis. Existing evidence suggests that, in the context of diabetes, accumulated AGEs promote complications by inducing ferroptosis, including diabetic cardiomyopathy and osteoporosis (242, 243). Further research is warranted to elucidate the mechanisms by which AGEs induce ferroptosis in renal cells and to determine whether this process significantly contributes to the pathogenesis of DKD.

Nrf2, a key member of the basic region leucine zipper (bZIP) family, plays a crucial role in combating intracellular oxidative stress (244). It belongs to the CNC (cap ‘n’ collar) subfamily, comprising seven functional regions known as Neh1-7. The Neh1 region, highly conserved, includes the CNC-bZIP domain involved in binding target genes and interacting with Nrf2 co-factors, such as the small musculoaponeurotic fibrosarcoma (sMaf) protein. The Neh2 region features two motifs, DLG and ETGE, that bind to Keap1, with ETGE exhibiting a stronger affinity (245). Neh3, Neh4, and Neh5 work synergistically to regulate the expression of Nrf2 target genes. Neh6 negatively regulates Nrf2 independent of Keap1, while Neh7 interacts with retinoid X receptor alpha, thereby inhibiting Nrf2 activity (244, 246). Nrf2 activation differs from conventional phosphorylation by protein kinases. Several hypotheses have emerged to elucidate the mechanisms of electron affinity activation of Nrf2 during oxidative stress, including the “hinge and latch” hypothesis (247) and the “conformational cycling model” (248). For example, under normal conditions, Keap1 homodimers bind to the ETGE and DLG motifs in the Neh2 region of Nrf2. ETGE is tightly bound to Keap1 (hinge), while DLG is loosely associated (latch). Thus, two Keap1 proteins and one Nrf2 form a complex. Mediated by Cullin-3 (Cul3), an E3 ligase, Nrf2 undergoes ubiquitination and subsequent degradation by the proteasome. Under oxidative stress, the electrophilic ligand disrupts the binding between DLG and Keap1. Although Nrf2 remains associated with Keap1 through ETGE, it cannot undergo ubiquitination, thus blocking its degradation pathway. Consequently, newly synthesized Nrf2 can translocate to the nucleus, where it interacts with the sMaf protein and other bZIP transcription factors to form a transcriptional activation complex. This complex subsequently binds to the ARE sequence in the promoter region of target genes, thereby upregulating their expression (247, 249, 250). Nrf2 regulates numerous target genes, all of which contain cis-acting enhancer sequences (5’-TGACnnGC-3’), a characteristic of ARE. The products of Nrf2 target genes can be categorized into three broad groups (250). First, proteins involved in the synthesis and regeneration of GSH (251), including GCL complex modification subunits, catalytic subunits, GSH reductase, xCT, GPx, and glutathione S-transferase (GST) (45). Second, enzymes that facilitate oxidation-reduction processes, such as thioredoxin and peroxide-reducing protein 1, are also regulated by Nrf2. Third, proteins involved in iron ion recovery and storage, including heme oxygenase-1 (HO-1) and ferritin heavy and light chains (250, 252). Thus, Nrf2 is closely tied to iron homeostasis and the clearance of lipid peroxides. Oxidative stress, inflammation, and innate immunity frequently interplay (250), making the Nrf2 pathway a crucial bridge linking ferroptosis and inflammatory stress. Persistent chronic inflammation in renal tissue is critical to the onset and progression of DKD. Observational studies indicate that Nrf2 expression is suppressed in DKD patients (88). In an Akita mouse model, Nrf2 knockout mice exhibited greater glomerular interstitial dissolution, mesangial proliferation, and increased tubular hyaline change, alongside heightened macrophage infiltration compared to control mice. In contrast, expression levels of GSH and its synthesis-related genes were markedly downregulated. Conversely, mice expressing higher levels of Nrf2 demonstrated significant renal tubular injury improvement, often lacking any tubular hyaline cast (253). Upregulation of Nrf2 through fenofibrate treatment inhibited ferroptosis in diabetic kidney cells, subsequently delaying DKD progression (254). These findings suggest that Nrf2 downregulation is a key contributor to oxidative stress and ferroptosis in renal tissue during DKD. Future research is essential to elucidate Nrf2 level changes in the renal tissue of DKD patients at various stages and to assess the distinct effects and sensitivity of Nrf2 pathways to oxidative stress across different cell types.

The TGF-β1/Smad signaling pathway interacts with several other signaling pathways. The mitogen-activated protein kinase (MAPK) family includes three major kinases: p38 MAPK, c-Jun N-terminal kinase (JNK), and extracellular-signal-regulated kinase (ERK). These kinases are activated by Ang II, AGEs, and pro-inflammatory cytokines, leading to the upregulation of TGF-β1 in various renal cell types, including mesangial and tubular epithelial cells. Once activated, TβRI functions as a tyrosine receptor kinase through phosphorylation, thereby activating the RhoA/Grb2/ERK signaling pathway (255) as well as p38 MAPK and JNK via the TNF receptor-associated factor 6 and TGF-β-activating enzyme-1/M3K7 pathways (256, 257). The mammalian target of rapamycin (mTOR) is a serine/threonine kinase comprising two distinct protein complexes: mTOR complex 1 (mTORC1) and mTOR complex 2 (mTORC2). These complexes independently activate downstream signaling pathways (258). Inhibition of mTORC1 activity by rapamycin promotes longevity, while inhibition of mTORC2 activity induces insulin resistance and disrupts glucose homeostasis (259). TGF-β1 activates the mTOR signaling pathway via the canonical Smad-dependent mechanism by inhibiting Deptor expression, a repressor of both TORC1 and TORC2. Additionally, it stimulates mTOR through the non-canonical PI3K/AKT pathway, promoting glomerular mesangial cell proliferation (95). Conversely, mTORC2 phosphorylates the xCT subunit, leading to its inhibition, which contributes to ferroptosis (50). The tumor suppressor p53 regulates cell differentiation, proliferation, and apoptosis. TGF-β1 induces phosphorylation and acetylation of p53 in renal tubular epithelial cells, forming the p53/Smad3 complex and promoting the expression of pro-fibrotic factors, a phenomenon observed in both renal tubular epithelial cells and fibroblasts (260–262). Evidence indicates a positive feedback loop among TGF-β1, miRNA-192, and p53 that accelerates the progression of diabetic kidney disease (DKD) (263). Meanwhile, p53 activation negatively regulates xCT, thereby increasing sensitivity to ferroptosis (47). In conclusion, TGF-β1 in DKD regulates inflammatory and fibrotic processes through the Smad pathway while also interacting with the p53 and mTOR pathways to modulate ferroptosis.





6 Drugs targeting ferroptosis and intrinsic immunity for the treatment of DKD



6.1 Sodium-glucose cotransporter protein-2 inhibitor

Sodium-glucose cotransporters (SGLTs) are transmembrane proteins crucial for transporting sodium ions and glucose (264). The two predominant isoforms, SGLT-1 and SGLT-2, have SGLT-2 highly expressed on the luminal surface of proximal tubular cells, responsible for approximately 90% of glucose reabsorption in glomerular filtrate. This process recycles absorbed sodium ions back into circulation through the basolateral Na+/K+ ATPase (265). This active transport process consumes energy, contributing to a hypoxic microenvironment in the kidney due to elevated glucose levels in glomerular ultrafiltrate, coupled with increased SGLT2 load and energy demand in DM. When glucose reabsorption transporters like SGLT2 fail to adequately handle the excess tubular fluid glucose, it results in glucose appearing in urine. Mechanistically, SGLT2i reduce glucose reabsorption by inhibiting SGLT2, effectively lowering blood glucose levels. Nonetheless, large clinical trials on SGLT2i continue to reveal new insights. Early studies investigating the effects of SGLT2i on cardiovascular disease outcomes in T2DM indicated that agents such as empagliflozin (266), dapagliflozin (267), and canagliflozin (268) significantly reduced the incidence of major adverse cardiovascular events, including cardiovascular death and myocardial infarction. This protective effect was particularly pronounced among patients with T2DM and poorer eGFR. Moreover, one study indicated that the renal composite outcome—including greater than 40% reduction in eGFR, renal replacement therapy, and death due to renal disease—was significantly improved in the trial group. Additionally, SGLT2i-related clinical trials focusing on adverse renal outcomes have demonstrated that, regardless of heart failure history (269), the SGLT2i group significantly delayed eGFR decline, improved proteinuria, and reduced the risks of ESRD, renal failure, and death due to renal disease compared to the placebo group (270–273). Consequently, the 2022 authoritative guidelines recommend SGLT2i as first-line agents for patients with diabetic CKD (274, 275). While the role of SGLT2 analogues in enhancing renal function in patients with DKD has been clinically validated and widely recognized, the specific mechanisms underlying their multi-organ benefits remain under investigation.

Research on the renal benefits of SGLT2i indicates that, beyond significantly lowering blood glucose levels and improving renal hemodynamics, the amelioration of inflammatory damage is a crucial contributing factor (276). Prospective cohorts (277–279) and small clinical trials (25) have demonstrated that patients receiving SGLT2i treatment exhibited notable reductions in serum inflammatory markers, such as TNF-α, TNFR1, IL-1, and IL-6, compared to control groups. A recent meta-analysis encompassing 30 studies examined the effects of SGLT2i drugs on common inflammatory markers in preclinical settings (280). The results revealed that the administration of SGLT2i agents, particularly dapagliflozin and empagliflozin, significantly lowered levels of MCP-1, IL-6, TNF-α, and C-reactive protein in rodent models. In patients with DKD, those treated with dapagliflozin showed a marked reduction in the urinary MCP-1/creatinine (Cr) ratio and IL-6/Cr ratio compared to placebo controls. This suggests that dapagliflozin alleviates renal inflammatory cell infiltration and inflammatory stress (281). The mechanisms through which SGLT2i mitigates renal inflammatory injury involve enhancing podocyte autophagy, promoting M2 cell polarization, and inhibiting the HMGB1-TLR4 inflammatory pathway (282–285). Moreover, research has explored the effect of SGLT2i on ferroptosis. Cross-sectional studies have revealed that SLC7A11 and GPx4 expression is significantly downregulated in DKD kidney biopsy tissues compared to those from non-diabetic nephropathy patients (286). In a prospective cohort study (278), diabetic patients on empagliflozin exhibited an increase in the serum anti-inflammatory molecule IL-10 and a decrease in blood leukocyte peroxides by week 24. GSH levels and GSH reductase activity also rose, indicating that empagliflozin may enhance the antioxidant capacity of diabetic patients (278) and potentially bolster the body’s resistance to ferroptosis. Animal and cellular experiments have demonstrated that SGLT2i drugs can ameliorate renal tubular ferroptosis in DKD through various pathways. For instance, canagliflozin activates the AMPK energy-regulated pathway (286), stimulating Nrf2 activity and subsequently upregulating GPx4, FTH, and SLC7A11 expression. Dapagliflozin inhibits the ubiquitylation-degradation of SLC7A11 (26), thereby stabilizing this protein. What’s more, canagliflozin improves fatty acid oxidation via the FOXA1-CPT1A axis (287) and mitigates renal tubular ferroptosis in DKD. Notably, recent evidence indicates that dapagliflozin downregulates the overactivated HIF1α/HO-1 axis in DKD, alleviating ferroptosis in renal tissues and mitigating disease progression (288).




6.2 Inhibition of the JAK-STAT pathway

Baricitinib, an oral small-molecule inhibitor of the JAK family of protein tyrosine kinases, has shown clear clinical efficacy in treating chronic inflammatory diseases, such as rheumatoid arthritis, via selective inhibition of JAK1 and JAK2 (289, 290). A clinical phase II double-blind, dose-ranging study explored the effects of baricitinib on proteinuria in T2DM patients at high risk of DKD progression. In total, 129 DKD participants, with an average age of 63 years, were enrolled, exhibiting baseline HbA1c and eGFR levels of 7.3 ± 1% and 45.0 ± 12.1 ml/min/1.73 m², respectively (181). After 24 weeks, the baricitinib group demonstrated a reduction in morning urine UACR of up to 41% compared to the placebo control group and showed lower albuminuria. Notably, the effects on UACR and albuminuria were maintained for four weeks post-discontinuation of the drug, suggesting that baricitinib may be nephroprotective (181, 291). Furthermore, the baricitinib group displayed significantly reduced inflammatory markers, including lower serum ICAM and urinary CCL2, indicative of improved renal innate immune cell infiltration (141). Additionally, lower serum TNF-R1 and TNF-R2 levels suggested a reduction in both renal tissue and systemic inflammation (161). Mechanistically, JAK inhibitors downregulate the activation of the JAK-STAT pathway in podocytes in response to high-glucose stimulation, leading to decreased pro-inflammatory gene expression and increased autophagy (180). Baricitinib specifically inhibits the JAK/STAT3 pathway (292) and may stabilize the labile iron pool by inhibiting iron-modulating hormone expression and upregulating FPN1 on the membrane, thereby counteracting ferroptosis. However, renal function indicators such as eGFR were not significantly altered in the baricitinib group compared to the placebo group (181). Consequently, further studies are warranted to assess the effects of JAK inhibitors on stricter endpoints, including eGFR, ESRD, and nephrogenic death. Baicalin, a flavonoid glycoside derived from Scutellaria baicalensis Georgi, is believed to exert multiple therapeutic effects, primarily due to its anti-inflammatory properties. Baicalin has been shown to ameliorate high glucose-induced kidney injury by inhibiting pro-inflammatory gene expression via the NF-κB and STAT3 pathways (293). Conversely, observational studies indicated that DKD patients receiving baicalein had significantly higher serum levels of superoxide dismutase (SOD) and GPx compared to control DKD patients on standard medication, alongside significantly lower NF-κB levels after six months of treatment (294). This suggests that baicalein enhances antioxidant levels in renal tissues and the systemic circulation, thereby inhibiting ferroptosis. Further investigation is necessary to determine whether baicalein can mitigate renal injury in DKD by inhibiting ferroptosis in renal cells.




6.3 Activation of Nrf2 pathway

Bardoxolone methyl (BM), the most extensively studied Nrf2 activator, belongs to a class of synthetic triterpenoid antioxidant modulators. Its capacity to effectively activate the Nrf2 pathway suggests that BM may regulate intracellular ROS levels and mitigate inflammatory damage (295). Additionally, BM inhibits the activation of the NF-κB and JAK/STAT pathways by down-regulating IKKβ and JAK1 protein levels. Early preclinical studies indicate that BM can induce differentiation, inhibit proliferation, and promote apoptosis in various cancer cell lines (296). In a Phase 1 clinical trial designed to identify the appropriate dose of BM (297), patients in the BM group exhibited a notable increase in serum NQO1 levels—one of the downstream target genes of Nrf2—reflecting successful activation of the Nrf2 pathway. Although the anticipated tumor response was suppressed, the study observed a significant increase in eGFR among participants receiving BM, highlighting its potential benefits for CKD. A subsequent Phase 2 double-blind RCT—the BEAM trial (NCT00811889) (298)—investigated the long-term effects of BM in individuals with CKD. It reported a significant improvement in eGFR in the BM group compared to the control, with mild muscle spasms being the most common adverse effect. Gastrointestinal issues followed closely. Notably, atrial fibrosis and renal failure events occurred exclusively in the BM group, even though the authors suggested that serious adverse reactions did not significantly differ between groups (298). The success of the BEAM trial laid the groundwork for a Phase 3 double-blind RCT aimed at assessing whether BM could reduce the risk of progression to ESRD or cardiovascular mortality among patients with stage 4 DKD (the BEACON trial, NCT01351675) (299). Although the trial enrolled 2,185 participants, it was prematurely terminated due to a higher incidence of cardiovascular deaths in the BM group (27) compared to the placebo group (19). Data indicated that BM significantly increased the risk of hospital admissions or death from heart failure (HR = 1.83, 95% CI = 1.32 - 2.55) (299). However, analyzing the role of BM in detail was complicated by the lack of baseline cardiac function metrics, such as echocardiography. The specific mechanisms through which BM may induce myocardial injury remain unclear. In patients with advanced DKD, factors such as high glucose levels, urinary toxin accumulation, and altered hemodynamics may heighten the risk of adverse events, including heart failure and sudden cardiac death. Consequently, the key pathways regulated by BM may render cardiac tissue more susceptible to these detrimental conditions.

The exploration of BM continues (300), with in-depth analyses of adverse side effects from the BEAM and BEACON trials. Notably, in BEACON, both eGFR and UACR were significantly higher in the BM group, which also observed fewer patients progressing to ESRD (43) compared to the placebo group (51). This suggests the presence of a nephroprotective effect of BM, although the impact on cardiac function in subjects was tightly constrained. Consequently, a phase 2 double-blind RCT, known as the TSUBAK trial, was conducted to evaluate whether BM could mitigate fluid retention risk and enhance eGFR in patients not at risk of heart failure (301). This trial implemented stringent exclusion criteria regarding cardiac function, including excluding patients with a baseline BNP >200 pg/ml or a history of severe cardiovascular disease. The results indicated no serious adverse events and a significant increase in eGFR within the BM group. These findings are promising for further clinical trials assessing the long-term safety and efficacy of BM in DKD under strict cardiac function limitations. For instance, the AYAME trial (NCT03550443) completed in July 2023, as referenced in the Clinical Trials Registry (https://www.clinicaltrials.gov/), is currently collating its results and is expected to publish findings soon (302).




6.4 Inhibition of AGEs/RAGE pathway

The accumulation of AGEs is a prominent characteristic of diabetes and its complications, particularly DKD. This phenomenon arises from the reduced renal excretion of AGEs and their precursors, leading to significant accumulation that exacerbates renal inflammatory injury (234). High serum levels of AGEs and soluble receptor for advanced glycation end-products have been associated with an increased risk of renal disease progression in patients with T2DM, with hazard ratios (HRs) of 1.21 and 1.20, respectively (303). Importantly, reducing AGEs or inhibiting their pathways can ameliorate renal function (228, 239). A clinical trial explored the potential of sevelamer carbonate to mitigate the AGEs-induced progression of diabetic CKD through an open-label, intention-to-treat crossover study design. The results indicated that sevelamer carbonate effectively inhibited intestinal absorption of AGEs by binding to them, without altering baseline medication, caloric intake, or AGEs consumption (241, 242). Consequently, the intervention group exhibited a significant reduction in AGEs and their precursors, along with improved markers of inflammation and oxidative stress (304). These findings suggest that sevelamer carbonate may play a role in slowing the progression of DKD.

Starowicz et al. screened 14 biological extracts commonly used in European cuisine for active ingredients that effectively inhibit AGEs. They found that cinnamon, cloves, and pimento exhibited high anti-glycosylation activity (305), offering beneficial alternatives for daily diets aimed at reducing AGEs. Catalpol, an extract from Rehmannia glutinosa, regulates nitric oxide production and ameliorates AGE-induced impairment of renal tubular endothelial function. This occurs through activation of the PI3K/Akt/eNOS signaling pathway and inhibition of the NF-κB/iNOS pathway (306). 4′-Methoxyresveratrol inhibits RAGE-mediated activation of the NF-κB and NLRP3 inflammasome pathways, exerting anti-inflammatory effects and countering AGE-induced inflammatory responses in macrophages (307). Cinnamaldehyde, the primary active constituent of Cinnamomum osmophloeum, protects renal tubular cells from AGE-induced damage by activating the NO pathway. This occurs through inhibition of JAK2-STAT2/STAT3 activation and upregulation of SCOS-3 protein levels (308). The loss of klotho is closely associated with CKD. Osthole, an anticancer and anti-inflammatory drug, ameliorates AGE-induced renal tubular cell hypertrophy by inducing upregulation of klotho and both SCOS1 and SCOS3 expression (309). Additionally, the biosynthetic drug gliclazide ameliorates high glucose or AGE-induced renal cell injury by inhibiting the RAGE-NADPH oxidase-NF-κB pathway (241).





7 Conclusion and perspective

Diabetic kidney disease is a prevalent complication of diabetes globally, significantly impacting patients’ health and quality of life. Factors such as persistent hyperglycemia and the accumulation of AGEs lead to the infiltration of inflammatory cells, particularly innate immune cells, triggering a subsequent inflammatory response in renal tissues. These processes are key mechanisms underlying inflammatory stress and the progression of fibrosis in DKD. Cell death is intricately linked to DKD progression, with ferroptosis—a newly identified form of regulated cell death marked by iron overload—playing a crucial role. Current pharmacological interventions that improve renal outcomes in DKD can inhibit ferroptosis in renal cells to varying extents. Thus, targeted ferroptosis inhibition represents a promising therapeutic approach for DKD. Ferroptosis bears a complex interrelationship with inflammatory stress. Innate immune cells, immune molecules, and inflammatory regulatory pathways modulate key processes of ferroptosis, including iron overload, antioxidant system dysfunction, and lipid peroxide accumulation. Conversely, ferroptosis can influence the immunological efficacy of inflammatory cells, release immune-related molecules, and engage in critical inflammatory signaling pathways. Both resident and inflammatory cells in the kidney are susceptible to ferroptosis and inflammatory responses. Currently, the understanding of the relationship between intrinsic immunity and DKD has advanced, but research on the involvement of ferroptosis in DKD is primarily focused on key pathways such as GPx4. Besides, the interplay between ferroptosis and intrinsic immunity remains largely speculative and requires further exploration through well-designed fundamental research in the future. As our understanding of DKD pathogenesis deepens, novel therapeutics targeting inflammation and ferroptosis are actively being explored. Nevertheless, the treatment and management of DKD remain challenging and prolonged, necessitating collaborative efforts across multiple disciplines.





Author contributions

JW: Formal analysis, Investigation, Project administration, Writing – original draft. HS: Formal analysis, Investigation, Writing – original draft. YY: Conceptualization, Funding acquisition, Methodology, Supervision, Writing – review & editing. XG: Conceptualization, Funding acquisition, Supervision, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. The work was supported by the Xinjiang Medical University Innovation Training Programme for Undergraduates (grant no.X202310760105), Xinjiang Outstanding Youth Science Fund Project (2023D01E04), State Key Laboratory of Pathogenesis, Prevention and Treatment of High Incidence Diseases in Central Asia (SKL-HIDCA-2022-DX3), Natural Science Foundation of Xinjiang Uygur Autonomous Region (2021D01C363).





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.





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.





References

1. DeFronzo, RA, Reeves, WB, and Awad, AS. Pathophysiology of diabetic kidney disease: impact of SGLT2 inhibitors. Nat Rev Nephrol. (2021) 17:319–34. doi: 10.1038/s41581-021-00393-8

2. Gupta, S, Dominguez, M, and Golestaneh, L. Diabetic Kidney Disease: An Update. Med Clin North Am. (2023) 107:689–705. doi: 10.1016/j.mcna.2023.03.004

3. Kim, HJ, and Song, SH. Steps to understanding diabetes kidney disease: a focus on metabolomics. Korean J Intern Med. (2024) 39:898–905. doi: 10.3904/kjim.2024.111

4. Akhtar, M, Taha, NM, Nauman, A, Mujeeb, IB, and Al-Nabet, ADMH. Diabetic Kidney Disease: Past and Present. Adv Anat Pathol. (2020) 27:87–97. doi: 10.1097/PAP.0000000000000257

5. Tang, SCW, and Yiu, WH. Innate immunity in diabetic kidney disease. Nat Rev Nephrol. (2020) 16:206–22. doi: 10.1038/s41581-019-0234-4

6. Tang, PM, Nikolic-Paterson, DJ, and Lan, HY. Macrophages: versatile players in renal inflammation and fibrosis. Nat Rev Nephrol. (2019) 15:144–58. doi: 10.1038/s41581-019-0110-2

7. Daehn, IS, and Duffield, JS. The glomerular filtration barrier: a structural target for novel kidney therapies. Nat Rev Drug Discovery. (2021) 20:770–88. doi: 10.1038/s41573-021-00242-0

8. Youssef, N, Noureldein, MH, Riachi, ME, Haddad, A, and Eid, AA. Macrophage polarization and signaling in diabetic kidney disease: a catalyst for disease progression. Am J Physiol Renal Physiol. (2024). doi: 10.1152/ajprenal.00266.2023

9. Jin, Y, Liu, R, Xie, J, Xiong, H, He, JC, and Chen, N. Interleukin-10 deficiency aggravates kidney inflammation and fibrosis in the unilateral ureteral obstruction mouse model. Lab Invest. (2013) 93:801–11. doi: 10.1038/labinvest.2013.64

10. Zhao, L, Zou, Y, and Liu, F. transforming growth factor-beta1 in diabetic kidney disease. Front Cell Dev Biol. (2020) 8:187. doi: 10.3389/fcell.2020.00187

11. Huang, R, Fu, P, and Ma, L. Kidney fibrosis: from mechanisms to therapeutic medicines. Signal Transduct Target Ther. (2023) 8:129. doi: 10.1038/s41392-023-01379-7

12. Chen, J, Liu, Q, He, J, and Li, Y. Immune responses in diabetic nephropathy: Pathogenic mechanisms and therapeutic target. Front Immunol. (2022) 13:958790. doi: 10.3389/fimmu.2022.958790

13. Rayego-Mateos, S, Morgado-Pascual, JL, Opazo-Ríos, L, Guerrero-Hue, M, García-Caballero, C, Vázquez-Carballo, C, et al. Pathogenic pathways and therapeutic approaches targeting inflammation in diabetic nephropathy. Int J Mol Sci. (2020) 21:3798. doi: 10.3390/ijms21113798

14. Zhang, R, Bian, C, Gao, J, and Ren, H. Endoplasmic reticulum stress in diabetic kidney disease: adaptation and apoptosis after three UPR pathways. Apoptosis. (2023) 28:977–96. doi: 10.1007/s10495-023-01858-w

15. Forbes, JM, and Thorburn, DR. Mitochondrial dysfunction in diabetic kidney disease. Nat Rev Nephrol. (2018) 14:291–312. doi: 10.1038/nrneph.2018.9

16. Sanz, AB, Sanchez-Niño, MD, Ramos, AM, and Ortiz, A. Regulated cell death pathways in kidney disease. Nat Rev Nephrol. (2023) 19:281–99. doi: 10.1038/s41581-023-00694-0

17. Stockwell, BR, Friedmann Angeli, JP, Bayir, H, Bush, AI, Conrad, M, Dixon, SJ, et al. Ferroptosis: A regulated cell death nexus linking metabolism, redox biology, and disease. Cell. (2017) 171:273–85. doi: 10.1016/j.cell.2017.09.021

18. Fang, X, Ardehali, H, Min, J, and Wang, F. The molecular and metabolic landscape of iron and ferroptosis in cardiovascular disease. Nat Rev Cardiol. (2023) 20:7–23. doi: 10.1038/s41569-022-00735-4

19. Lu, J, Li, XQ, Chen, PP, Zhang, JX, Li, L, Wang, GH, et al. Acetyl-CoA synthetase 2 promotes diabetic renal tubular injury in mice by rewiring fatty acid metabolism through SIRT1/ChREBP pathway. Acta Pharmacol Sin. (2024) 45:366–77. doi: 10.1038/s41401-023-01160-0

20. Wu, Y, Zhao, Y, Yang, HZ, Wang, YJ, and Chen, Y. HMGB1 regulates ferroptosis through Nrf2 pathway in mesangial cells in response to high glucose. Biosci Rep. (2021). doi: 10.1042/BSR20202924

21. Liang, Q, Liu, T, Guo, T, Tao, W, Chen, X, Chen, W, et al. ATF4 promotes renal tubulointerstitial fibrosis by suppressing autophagy in diabetic nephropathy. Life Sci. (2021) 264:118686. doi: 10.1016/j.lfs.2020.118686

22. El-Deeb, OS, Hafez, YM, Eltokhy, AK, Awad, MM, El-Shaer, RAA, Abdel Ghafar, MT, et al. Stimulator of interferon genes/Interferon regulatory factor 3 (STING-IRF3) and inflammasome-activation mediated pyroptosis biomarkers: a network of integrated pathways in diabetic nephropathy. J Diabetes Metab Disord. (2023) 22:1471–80. doi: 10.1007/s40200-023-01270-w

23. Wang, H, Liu, D, Zheng, B, Yang, Y, Qiao, Y, Li, S, et al. Emerging Role of ferroptosis in diabetic kidney disease: molecular mechanisms and therapeutic opportunities. Int J Biol Sci. (2023) 19:2678–94. doi: 10.7150/ijbs.81892

24. Mengstie, MA, Seid, MA, Gebeyehu, NA, Adella, GA, Kassie, GA, Bayih, WA, et al. Ferroptosis in diabetic nephropathy: Mechanisms and therapeutic implications. Metabol Open. (2023) 18:100243. doi: 10.1016/j.metop.2023.100243

25. Sato, T, Aizawa, Y, Yuasa, S, Fujita, S, Ikeda, Y, and Okabe, M. The effect of dapagliflozin treatment on epicardial adipose tissue volume and p-wave indices: an ad-hoc analysis of the previous randomized clinical trial. J Atheroscler Thromb. (2020) 27:1348–58. doi: 10.5551/jat.48009

26. Huang, B, Wen, W, and Ye, S. Dapagliflozin ameliorates renal tubular ferroptosis in diabetes via SLC40A1 stabilization. Oxid Med Cell Longev. (2022) 2022:9735555. doi: 10.1155/2022/9735555

27. Vogt, AS, Arsiwala, T, Mohsen, M, Vogel, M, Manolova, V, and Bachmann, MF. On iron metabolism and its regulation. Int J Mol Sci. (2021) 22:4591. doi: 10.3390/ijms22094591

28. Nemeth, E, and Ganz, T. Hepcidin and iron in health and disease. Annu Rev Med. (2023) 74:261–77. doi: 10.1146/annurev-med-043021-032816

29. Slusarczyk, P, and Mleczko-Sanecka, K. The multiple facets of iron recycling. Genes (Basel). (2021) 12:1364. doi: 10.3390/genes12091364

30. Knutson, MD. Non-transferrin-bound iron takes the driver's seat. Blood. (2023) 141:214–6. doi: 10.1182/blood.2022019049

31. Illés, E, Patra, SG, Marks, V, Mizrahi, A, and Meyerstein, D. The FeII(citrate) Fenton reaction under physiological conditions. J Inorg Biochem. (2020) 206:111018. doi: 10.1016/j.jinorgbio.2020.111018

32. Parrow, NL, and Fleming, RE. Transferrin receptor 1: keeper of HFE. Blood. (2023) 141:332–3. doi: 10.1182/blood.2022018740

33. Nemeth, E, and Ganz, T. Hepcidin-ferroportin interaction controls systemic iron homeostasis. Int J Mol Sci. (2021) 22:6493. doi: 10.3390/ijms22126493

34. Shesh, BP, and Connor, JR. A novel view of ferritin in cancer. Biochim Biophys Acta Rev Cancer. (2023) 1878:188917. doi: 10.1016/j.bbcan.2023.188917

35. Möller, HE, Bossoni, L, Connor, JR, Crichton, RR, Does, MD, Ward, RJ, et al. Iron, myelin, and the brain: neuroimaging meets neurobiology. Trends Neurosci. (2019) 42:384–401. doi: 10.1016/j.tins.2019.03.009

36. Yanatori, I, Richardson, DR, Dhekne, HS, Toyokuni, S, and Kishi, F. CD63 is regulated by iron via the IRE-IRP system and is important for ferritin secretion by extracellular vesicles. Blood. (2021) 138:1490–503. doi: 10.1182/blood.2021010995

37. Babitt, JL. Erythroferrone in iron regulation and beyond. Blood. (2022) 139:319–21. doi: 10.1182/blood.2021014326

38. Zhang, XD, Liu, ZY, Wang, MS, Guo, YX, Wang, XK, Luo, K, et al. Mechanisms and regulations of ferroptosis. Front Immunol. (2023) 14:1269451. doi: 10.3389/fimmu.2023.1269451

39. Nakamura, T, Hipp, C, Santos Dias Mourão, A, Borggräfe, J, Aldrovandi, M, Henkelmann, B, et al. Phase separation of FSP1 promotes ferroptosis. Nature. (2023) 619:371–7. doi: 10.1038/s41586-023-06255-6

40. Kraft, VAN, Bezjian, CT, Pfeiffer, S, Ringelstetter, L, Müller, C, Zandkarimi, F, et al. GTP cyclohydrolase 1/tetrahydrobiopterin counteract ferroptosis through lipid remodeling. ACS Cent Sci. (2020) 6:41–53. doi: 10.1021/acscentsci.9b01063

41. Mao, C, Liu, X, Zhang, Y, Lei, G, Yan, Y, Lee, H, et al. DHODH-mediated ferroptosis defence is a targetable vulnerability in cancer. Nature. (2021) 593:586–90. doi: 10.1038/s41586-021-03539-7

42. Li, P, Jiang, M, Li, K, Li, H, Zhou, Y, Xiao, X, et al. Glutathione peroxidase 4-regulated neutrophil ferroptosis induces systemic autoimmunity. Nat Immunol. (2021) 22:1107–17. doi: 10.1038/s41590-021-00993-3

43. Li, Z, Ferguson, L, Deol, KK, Roberts, MA, Magtanong, L, Hendricks, JM, et al. Ribosome stalling during selenoprotein translation exposes a ferroptosis vulnerability. Nat Chem Biol. (2022) 18:751–61. doi: 10.1038/s41589-022-01033-3

44. Lee, J, and Roh, JL. SLC7A11 as a Gateway of Metabolic Perturbation and Ferroptosis Vulnerability in Cancer. Antioxidants (Basel). (2022) 11:2444. doi: 10.3390/antiox11122444

45. Wang, B, Jin, Y, Liu, J, Liu, Q, Shen, Y, Zuo, S, et al. EP1 activation inhibits doxorubicin-cardiomyocyte ferroptosis via Nrf2. Redox Biol. (2023) 65:102825. doi: 10.1016/j.redox.2023.102825

46. He, F, Zhang, P, Liu, J, Wang, R, Kaufman, RJ, Yaden, BC, et al. ATF4 suppresses hepatocarcinogenesis by inducing SLC7A11 (xCT) to block stress-related ferroptosis. J Hepatol. (2023) 79:362–77. doi: 10.1016/j.jhep.2023.03.016

47. Yang, Y, Ma, Y, Li, Q, Ling, Y, Zhou, Y, Chu, K, et al. STAT6 inhibits ferroptosis and alleviates acute lung injury via regulating P53/SLC7A11 pathway. Cell Death Dis. (2022) 13:530. doi: 10.1038/s41419-022-04971-x

48. Wang, W, Green, M, Choi, JE, Gijón, M, Kennedy, PD, Johnson, JK, et al. CD8+ T cells regulate tumour ferroptosis during cancer immunotherapy. Nature. (2019) 569:270–4. doi: 10.1038/s41586-019-1170-y

49. Linher-Melville, K, Haftchenary, S, Gunning, P, and Singh, G. Signal transducer and activator of transcription 3 and 5 regulate system Xc- and redox balance in human breast cancer cells. Mol Cell Biochem. (2015) 405:205–21. doi: 10.1007/s11010-015-2412-4

50. Gu, Y, Albuquerque, CP, Braas, D, Zhang, W, Villa, GR, Bi, J, et al. mTORC2 regulates amino acid metabolism in cancer by phosphorylation of the cystine-glutamate antiporter xCT. Mol Cell. (2017) 67:128–138.e7. doi: 10.1016/j.molcel.2017.05.030

51. Kagan, VE, Mao, G, Qu, F, Angeli, JP, Doll, S, Croix, CS, et al. Oxidized arachidonic and adrenic PEs navigate cells to ferroptosis. Nat Chem Biol. (2017) 13:81–90. doi: 10.1038/nchembio.2238

52. Egalini, F, Guardamagna, O, Gaggero, G, Varaldo, E, Giannone, B, Beccuti, G, et al. The effects of omega 3 and omega 6 fatty acids on glucose metabolism: An updated review. Nutrients. (2023) 15:2672. doi: 10.3390/nu15122672

53. Hao, L, Chen, CY, Nie, YH, Kaliannan, K, and Kang, JX. Differential interventional effects of omega-6 and omega-3 polyunsaturated fatty acids on high fat diet-induced obesity and hepatic pathology. Int J Mol Sci. (2023) 24:17261. doi: 10.3390/ijms242417261

54. Xie, LH, Fefelova, N, Pamarthi, SH, and Gwathmey, JK. Molecular mechanisms of ferroptosis and relevance to cardiovascular disease. Cells. (2022) 11:2726. doi: 10.3390/cells11172726

55. Ding, K, Liu, C, Li, L, Yang, M, Jiang, N, Luo, S, et al. Acyl-CoA synthase ACSL4: an essential target in ferroptosis and fatty acid metabolism. (Engl). (2023) 136:2521–37. doi: 10.1097/CM9.0000000000002533

56. Sui, X, Wang, J, Zhao, Z, Liu, B, Liu, M, Liu, M, et al. Phenolic compounds induce ferroptosis-like death by promoting hydroxyl radical generation in the Fenton reaction. Commun Biol. (2024) 7:199. doi: 10.1038/s42003-024-05903-5

57. O'Donnell, VB, Aldrovandi, M, Murphy, RC, and Krönke, G. Enzymatically oxidized phospholipids assume center stage as essential regulators of innate immunity and cell death. Sci Signal. (2019). doi: 10.1126/scisignal.aau2293

58. Yang, WS, SriRamaratnam, R, Welsch, ME, Shimada, K, Skouta, R, Viswanathan, VS, et al. Regulation of ferroptotic cancer cell death by GPX4. Cell. (2014) 156:317–31. doi: 10.1016/j.cell.2013.12.010

59. Wang, B, and Tontonoz, P. Phospholipid Remodeling in Physiology and Disease. Annu Rev Physiol. (2019) 81:165–88. doi: 10.1146/annurev-physiol-020518-114444

60. Venkatesh, D, O'Brien, NA, Zandkarimi, F, Tong, DR, Stokes, ME, Dunn, DE, et al. MDM2 and MDMX promote ferroptosis by PPARα-mediated lipid remodeling. Genes Dev. (2020) 34:526–43. doi: 10.1101/gad.334219.119

61. Lee, H, Zandkarimi, F, Zhang, Y, Meena, JK, Kim, J, Zhuang, L, et al. Energy-stress-mediated AMPK activation inhibits ferroptosis. Nat Cell Biol. (2020) 22:225–34. doi: 10.1038/s41556-020-0461-8

62. Cheng, X, Li, Y, Chen, L, Jiang, C, Peng, S, Yao, P, et al. Excess iron accumulation mediated senescence in diabetic kidney injury. J Biochem Mol Toxicol. (2024) 38:e23683. doi: 10.1002/jbt.23683

63. Hanna, RM, Streja, E, and Kalantar-Zadeh, K. Burden of Anemia in Chronic Kidney Disease: Beyond Erythropoietin. Adv Ther. (2021) 38:52–75. doi: 10.1007/s12325-020-01524-6

64. Rayego-Mateos, S, Rodrigues-Diez, RR, Fernandez-Fernandez, B, Mora-Fernández, C, Marchant, V, Donate-Correa, J, et al. Targeting inflammation to treat diabetic kidney disease: the road to 2030. Kidney Int. (2023) 103:282–96. doi: 10.1016/j.kint.2022.10.030

65. Bosman, DR, Winkler, AS, Marsden, JT, Macdougall, IC, and Watkins, PJ. Anemia with erythropoietin deficiency occurs early in diabetic nephropathy. Diabetes Care. (2001) 24:495–9. doi: 10.2337/diacare.24.3.495

66. Howard, RL, Buddington, B, and Alfrey, AC. Urinary albumin, transferrin and iron excretion in diabetic patients. Kidney Int. (1991) 40:923–6. doi: 10.1038/ki.1991.295

67. Gonzalez, S, and Vargas, L. Diabetogenic transferrin damages podocytes in early human diabetic nephropathy. Horm Metab Res. (2001) 33:84–8. doi: 10.1055/s-2001-12406

68. Zhao, L, Zou, Y, Zhang, J, Zhang, R, Ren, H, Li, L, et al. Serum transferrin predicts end-stage Renal Disease in Type 2 Diabetes Mellitus patients. Int J Med Sci. (2020) 17:2113–24. doi: 10.7150/ijms.46259

69. Matsumoto, M, Sasaki, N, Tsujino, T, Akahori, H, Naito, Y, and Masuyama, T. Iron restriction prevents diabetic nephropathy in Otsuka Long-Evans Tokushima fatty rat. Ren Fail. (2013) 35:1156–62. doi: 10.3109/0886022X.2013.819729

70. van Raaij, S, van Swelm, R, Bouman, K, Cliteur, M, van den Heuvel, MC, Pertijs, J, et al. Publisher Correction: Tubular iron deposition and iron handling proteins in human healthy kidney and chronic kidney disease. Sci Rep. (2018) 8:13390. doi: 10.1038/s41598-018-31457-8

71. Wu, K, Fei, L, Wang, X, Lei, Y, Yu, L, Xu, W, et al. ZIP14 is involved in iron deposition and triggers ferroptosis in diabetic nephropathy. Metallomics. (2022) 14:mfac034. doi: 10.1093/mtomcs/mfac034

72. Soofi, A, Li, V, Beamish, JA, Abdrabh, S, Hamad, M, Das, NK, et al. Renal-specific loss of ferroportin disrupts iron homeostasis and attenuates recovery from acute kidney injury. Am J Physiol Renal Physiol. (2024) 326:F178–88. doi: 10.1152/ajprenal.00184.2023

73. Zhao, QX, Yan, SB, Wang, F, Li, XX, Shang, GK, Zheng, ZJ, et al. STING deficiency alleviates ferroptosis through FPN1 stabilization in diabetic kidney disease. Biochem Pharmacol. (2024) 222:116102. doi: 10.1016/j.bcp.2024.116102

74. Decout, A, Katz, JD, Venkatraman, S, and Ablasser, A. The cGAS-STING pathway as a therapeutic target in inflammatory diseases. Nat Rev Immunol. (2021) 21:548–69. doi: 10.1038/s41577-021-00524-z

75. Levi, S, Yewdall, SJ, Harrison, PM, Santambrogio, P, Cozzi, A, Rovida, E, et al. Evidence of H- and L-chains have co-operative roles in the iron-uptake mechanism of human ferritin. Biochem J. (1992) Pt 2):591–6. doi: 10.1042/bj2880591

76. McCullough, K, and Bolisetty, S. Ferritins in kidney disease. Semin Nephrol. (2020) 40:160–72. doi: 10.1016/j.semnephrol.2020.01.007

77. Smith, CP, Lee, WK, Haley, M, Poulsen, SB, Thévenod, F, and Fenton, RA. Proximal tubule transferrin uptake is modulated by cellular iron and mediated by apical membrane megalin-cubilin complex and transferrin receptor 1. J Biol Chem. (2019) 294:7025–36. doi: 10.1074/jbc.RA118.006390

78. Chu, J, Wang, K, Lu, L, Zhao, H, Hu, J, Xiao, W, et al. Advances of iron and ferroptosis in diabetic kidney disease. Kidney Int Rep. (2024) 9:1972–85. doi: 10.1016/j.ekir.2024.04.012

79. Tao, WH, Shan, XS, Zhang, JX, Liu, HY, Wang, BY, Wei, X, et al. Dexmedetomidine attenuates ferroptosis-mediated renal ischemia/reperfusion injury and inflammation by inhibiting ACSL4 via α2-AR. Front Pharmacol. (2022) 13:782466. doi: 10.3389/fphar.2022.782466

80. Ma, J, Li, C, Liu, T, Zhang, L, Wen, X, Liu, X, et al. Identification of markers for diagnosis and treatment of diabetic kidney disease based on the ferroptosis and immune. Oxid Med Cell Longev. (2022) 2022:9957172. doi: 10.1155/2022/9957172

81. Badri, S, Vahdat, S, Pourfarzam, M, Assarzadeh, S, Seirafian, S, and Ataei, S. Potential benefits of selenium supplementation in patients with kidney disease. J Res Pharm Pract. (2022) 10:149–58. doi: 10.4103/jrpp.jrpp_3_22

82. Iglesias, P, Selgas, R, Romero, S, and Díez, JJ. Selenium and kidney disease. J Nephrol. (2013) 26:266–72. doi: 10.5301/jn.5000213

83. Salehi, M, Sohrabi, Z, Ekramzadeh, M, Fallahzadeh, MK, Ayatollahi, M, Geramizadeh, B, et al. Selenium supplementation improves the nutritional status of hemodialysis patients: a randomized, double-blind, placebo-controlled trial. Nephrol Dial Transplant. (2013) 28:716–23. doi: 10.1093/ndt/gfs170

84. Xie, C, Zeng, M, Shi, Z, Li, S, Jiang, K, and Zhao, Y. Association between selenium status and chronic kidney disease in middle-aged and older chinese based on CHNS data. Nutrients. (2022) 14:2695. doi: 10.3390/nu14132695

85. Ingold, I, Berndt, C, Schmitt, S, Doll, S, Poschmann, G, Buday, K, et al. Selenium utilization by GPX4 Is required to prevent hydroperoxide-induced ferroptosis. Cell. (2018) 172:409–422.e21. doi: 10.1016/j.cell.2017.11.048

86. Wang, YH, Chang, DY, Zhao, MH, and Chen, M. Glutathione peroxidase 4 is a predictor of diabetic kidney disease progression in type 2 diabetes mellitus. Oxid Med Cell Longev. (2022) 2022:2948248. doi: 10.1155/2022/2948248

87. Fu, S, Zhang, L, Ma, F, Xue, S, Sun, T, and Xu, Z. Effects of selenium on chronic kidney disease: a mendelian randomization study. Nutrients. (2022) 14:4458. doi: 10.3390/nu14214458

88. Juul-Nielsen, C, Shen, J, Stenvinkel, P, and Scholze, A. Systematic review of the nuclear factor erythroid 2-related factor 2 (NRF2) system in human chronic kidney disease: alterations, interventions and relation to morbidity. Nephrol Dial Transplant. (2022) 37:904–16. doi: 10.1093/ndt/gfab031

89. Liu, T, Zhao, H, Wang, Y, Qu, P, Wang, Y, Wu, X, et al. Serum high mobility group box 1 as a potential biomarker for the progression of kidney disease in patients with type 2 diabetes. Front Immunol. (2024) 15:1334109. doi: 10.3389/fimmu.2024.1334109

90. Mo, C, Huang, Q, Li, L, Long, Y, Shi, Y, Lu, Z, et al. High-mobility group box 1 and its related receptors: potential therapeutic targets for contrast-induced acute kidney injury. Int Urol Nephrol. (2024) 56:2291–9. doi: 10.1007/s11255-024-03981-2

91. Qiao, X, Li, W, Zheng, Z, Liu, C, Zhao, L, He, Y, et al. Inhibition of the HMGB1/RAGE axis protects against cisplatin-induced ototoxicity via suppression of inflammation and oxidative stress. Int J Biol Sci. (2024) 20:784–800. doi: 10.7150/ijbs.82003

92. Jia, M, Qin, D, Zhao, C, Chai, L, Yu, Z, Wang, W, et al. Redox homeostasis maintained by GPX4 facilitates STING activation. Nat Immunol. (2020) 21:727–35. doi: 10.1038/s41590-020-0699-0

93. Ma, Z, Li, L, Livingston, MJ, Zhang, D, Mi, Q, Zhang, M, et al. p53/microRNA-214/ULK1 axis impairs renal tubular autophagy in diabetic kidney disease. J Clin Invest. (2020) 130:5011–26. doi: 10.1172/JCI135536

94. Berthier, CC, Zhang, H, Schin, M, Henger, A, Nelson, RG, Yee, B, et al. Enhanced expression of Janus kinase-signal transducer and activator of transcription pathway members in human diabetic nephropathy. Diabetes. (2009) 58:469–77. doi: 10.2337/db08-1328

95. Meng, XM, Nikolic-Paterson, DJ, and Lan, HY. TGF-β: the master regulator of fibrosis. Nat Rev Nephrol. (2016) 12:325–38. doi: 10.1038/nrneph.2016.48

96. Kim, DH, Kim, WD, Kim, SK, Moon, DH, and Lee, SJ. TGF-β1-mediated repression of SLC7A11 drives vulnerability to GPX4 inhibition in hepatocellular carcinoma cells. Cell Death Dis. (2020) 11:406. doi: 10.1038/s41419-020-2618-6

97. Patterson, E, Wall, R, Fitzgerald, GF, Ross, RP, and Stanton, C. Health implications of high dietary omega-6 polyunsaturated Fatty acids. J Nutr Metab. (2012) 2012:539426. doi: 10.1155/2012/539426

98. Gao, L, Zhang, J, Yang, T, Jiang, L, Liu, X, Wang, S, et al. STING/ACSL4 axis-dependent ferroptosis and inflammation promote hypertension-associated chronic kidney disease. Mol Ther. (2023) 31:3084–103. doi: 10.1016/j.ymthe.2023.07.026

99. Wang, Y, Bi, R, Quan, F, Cao, Q, Lin, Y, Yue, C, et al. Ferroptosis involves in renal tubular cell death in diabetic nephropathy. Eur J Pharmacol. (2020) 888:173574. doi: 10.1016/j.ejphar.2020.173574

100. Akira, S, Uematsu, S, and Takeuchi, O. Pathogen recognition and innate immunity. Cell. (2006) 124:783–801. doi: 10.1016/j.cell.2006.02.015

101. Zhang, X, Chao, P, Zhang, L, Xu, L, Cui, X, Wang, S, et al. Single-cell RNA and transcriptome sequencing profiles identify immune-associated key genes in the development of diabetic kidney disease. Front Immunol. (2023) 14:1030198. doi: 10.3389/fimmu.2023.1030198

102. Zhang, H, Hu, J, Zhu, J, Li, Q, and Fang, L. Machine learning-based metabolism-related genes signature and immune infiltration landscape in diabetic nephropathy. Front Endocrinol (Lausanne). (2022) 13:1026938. doi: 10.3389/fendo.2022.1026938

103. Zhou, H, Mu, L, Yang, Z, and Shi, Y. Identification of a novel immune landscape signature as effective diagnostic markers related to immune cell infiltration in diabetic nephropathy. Front Immunol. (2023) 14:1113212. doi: 10.3389/fimmu.2023.1113212

104. Zhou, W, Liu, Y, Hu, Q, Zhou, J, and Lin, H. The landscape of immune cell infiltration in the glomerulus of diabetic nephropathy: evidence based on bioinformatics. BMC Nephrol. (2022) 23:303. doi: 10.1186/s12882-022-02906-4

105. Fu, J, Akat, KM, Sun, Z, Zhang, W, Schlondorff, D, Liu, Z, et al. Single-cell RNA profiling of glomerular cells shows dynamic changes in experimental diabetic kidney disease. J Am Soc Nephrol. (2019) 30:533–45. doi: 10.1681/ASN.2018090896

106. Gu, HF, Ma, J, Gu, KT, and Brismar, K. Association of intercellular adhesion molecule 1 (ICAM1) with diabetes and diabetic nephropathy. Front Endocrinol (Lausanne). (2013) 3:179. doi: 10.3389/fendo.2012.00179

107. Zhang, X, Seman, NA, Falhammar, H, Brismar, K, and Gu, HF. Genetic and biological effects of ICAM-1 E469K polymorphism in diabetic kidney disease. J Diabetes Res. (2020) 2020:8305460. doi: 10.1155/2020/8305460

108. Siddiqui, K, George, TP, Mujammami, M, Isnani, A, and Alfadda, AA. The association of cell adhesion molecules and selectins (VCAM-1, ICAM-1, E-selectin, L-selectin, and P-selectin) with microvascular complications in patients with type 2 diabetes: A follow-up study. Front Endocrinol (Lausanne). (2023) 14:1072288. doi: 10.3389/fendo.2023.1072288

109. Singh, V, Kaur, R, Kumari, P, Pasricha, C, and Singh, R. ICAM-1 and VCAM-1: Gatekeepers in various inflammatory and cardiovascular disorders. Clin Chim Acta. (2023) 548:117487. doi: 10.1016/j.cca.2023.117487

110. Chang, TT, Li, SY, Lin, LY, Chen, C, and Chen, JW. Macrophage inflammatory protein-1β as a novel therapeutic target for renal protection in diabetic kidney disease. BioMed Pharmacother. (2023) 161:114450. doi: 10.1016/j.biopha.2023.114450

111. Usui, HK, Shikata, K, Sasaki, M, Okada, S, Matsuda, M, Shikata, Y, et al. Macrophage scavenger receptor-a-deficient mice are resistant against diabetic nephropathy through amelioration of microinflammation. Diabetes. (2007) 56:363–72. doi: 10.2337/db06-0359

112. Li, X, Liu, J, Zeng, M, Yang, K, Zhang, S, Liu, Y, et al. GBP2 promotes M1 macrophage polarization by activating the notch1 signaling pathway in diabetic nephropathy. Front Immunol. (2023) 14:1127612. doi: 10.3389/fimmu.2023.1127612

113. Ishizuka, EK, Ferreira, MJ, Grund, LZ, Coutinho, EM, Komegae, EN, Cassado, AA, et al. Role of interplay between IL-4 and IFN-γ in the in regulating M1 macrophage polarization induced by Nattectin. Int Immunopharmacol. (2012) 14:513–22. doi: 10.1016/j.intimp.2012.08.009

114. Chen, T, Cao, Q, Wang, Y, and Harris, DCH. M2 macrophages in kidney disease: biology, therapies, and perspectives. Kidney Int. (2019) 95:760–73. doi: 10.1016/j.kint.2018.10.041

115. Fu, J, Sun, Z, Wang, X, Zhang, T, Yuan, W, Salem, F, et al. The single-cell landscape of kidney immune cells reveals transcriptional heterogeneity in early diabetic kidney disease. Kidney Int. (2022) 102:1291–304. doi: 10.1016/j.kint.2022.08.026

116. Yu, A, Zhang, X, Li, M, Ye, P, Duan, H, Zhang, T, et al. Tim-3 enhances brain inflammation by promoting M1 macrophage polarization following intracerebral hemorrhage in mice. Int Immunopharmacol. (2017) 53:143–8. doi: 10.1016/j.intimp.2017.10.023

117. Katagata, M, Okayama, H, Nakajima, S, Saito, K, Sato, T, Sakuma, M, et al. TIM-3 Expression and M2 Polarization of Macrophages in the TGFβ-Activated Tumor Microenvironment in Colorectal Cancer. Cancers (Basel). (2023) 15:4943. doi: 10.3390/cancers15204943

118. Yang, H, Xie, T, Li, D, Du, X, Wang, T, Li, C, et al. Tim-3 aggravates podocyte injury in diabetic nephropathy by promoting macrophage activation via the NF-κB/TNF-α pathway. Mol Metab. (2019) 23:24–36. doi: 10.1016/j.molmet.2019.02.007

119. Ji, L, Chen, Y, Wang, H, Zhang, W, He, L, Wu, J, et al. Overexpression of Sirt6 promotes M2 macrophage transformation, alleviating renal injury in diabetic nephropathy. Int J Oncol. (2019) 55:103–15. doi: 10.3892/ijo.2019.4800

120. Zhang, X, Zhao, Y, Zhu, X, Guo, Y, Yang, Y, Jiang, Y, et al. Active vitamin D regulates macrophage M1/M2 phenotypes via the STAT-1-TREM-1 pathway in diabetic nephropathy. J Cell Physiol. (2019) 234:6917–26. doi: 10.1002/jcp.27450

121. Jiang, WJ, Xu, CT, Du, CL, Dong, JH, Xu, SB, Hu, BF, et al. Tubular epithelial cell-to-macrophage communication forms a negative feedback loop via extracellular vesicle transfer to promote renal inflammation and apoptosis in diabetic nephropathy. Theranostics. (2022) 12:324–39. doi: 10.7150/thno.63735

122. Zhu, QJ, Zhu, M, Xu, XX, Meng, XM, and Wu, YG. Exosomes from high glucose-treated macrophages activate glomerular mesangial cells via TGF-β1/Smad3 pathway in vivo and in vitro. FASEB J. (2019) 33:9279–90. doi: 10.1096/fj.201802427RRR

123. Abedini, A, Levinsohn, J, Klötzer, KA, Dumoulin, B, Ma, Z, Frederick, J, et al. Single-cell multi-omic and spatial profiling of human kidneys implicates the fibrotic microenvironment in kidney disease progression. Nat Genet. (2024) 56:1712–24. doi: 10.1038/s41588-024-01802-x

124. Zheng, JM, Yao, GH, Cheng, Z, Wang, R, and Liu, ZH. Pathogenic role of mast cells in the development of diabetic nephropathy: a study of patients at different stages of the disease. Diabetologia. (2012) 55:801–11. doi: 10.1007/s00125-011-2391-2

125. Yin, DD, Luo, JH, Zhao, ZY, Liao, YJ, and Li, Y. Tranilast prevents renal interstitial fibrosis by blocking mast cell infiltration in a rat model of diabetic kidney disease. Mol Med Rep. (2018) 17:7356–64. doi: 10.3892/mmr.2018.8776

126. Bivona, BJ, Takai, S, Seth, DM, Satou, R, and Harrison-Bernard, LM. Chymase inhibition retards albuminuria in type 2 diabetes. Physiol Rep. (2019) 7:e14302. doi: 10.14814/phy2.14302

127. Garg, P, Shetty, M, and Krishnamurthy, V. Correlation of Urinary Neutrophil Gelatinase with the Histopathological Extent of Kidney Damage in Patients with Diabetic Nephropathy. Saudi J Kidney Dis Transpl. (2023) 34(Suppl 1):S112–21. doi: 10.4103/sjkdt.sjkdt_95_22

128. Watanabe, A, Tomino, Y, Yokoyama, K, and Koide, H. Production of hydrogen peroxide by neutrophilic polymorphonuclear leukocytes in patients with diabetic nephropathy. J Clin Lab Anal. (1993) 7:209–13. doi: 10.1002/jcla.1860070404

129. Zheng, F, Ma, L, Li, X, Wang, Z, Gao, R, Peng, C, et al. Neutrophil Extracellular Traps Induce Glomerular Endothelial Cell Dysfunction and Pyroptosis in Diabetic Kidney Disease. Diabetes. (2022) 71:2739–50. doi: 10.2337/db22-0153

130. Kawamoto, R, Ninomiya, D, Kikuchi, A, Akase, T, Kasai, Y, Kusunoki, T, et al. Association of neutrophil-to-lymphocyte ratio with early renal dysfunction and albuminuria among diabetic patients. Int Urol Nephrol. (2019) 51:483–90. doi: 10.1007/s11255-018-02065-2

131. Li, X, Wang, L, Liu, M, Zhou, H, and Xu, H. Association between neutrophil-to-lymphocyte ratio and diabetic kidney disease in type 2 diabetes mellitus patients: a cross-sectional study. Front Endocrinol (Lausanne). (2024) 14:1285509. doi: 10.3389/fendo.2023.1285509

132. Yoshimura, T, Li, C, Wang, Y, and Matsukawa, A. The chemokine monocyte chemoattractant protein-1/CCL2 is a promoter of breast cancer metastasis. Cell Mol Immunol. (2023) 20:714–38. doi: 10.1038/s41423-023-01013-0

133. Sanajou, D, Ghorbani Haghjo, A, Argani, H, and Aslani, S. AGE-RAGE axis blockade in diabetic nephropathy: Current status and future directions. Eur J Pharmacol. (2018) 833:158–64. doi: 10.1016/j.ejphar.2018.06.001

134. Rungratanawanich, W, Qu, Y, Wang, X, Essa, MM, and Song, BJ. Advanced glycation end products (AGEs) and other adducts in aging-related diseases and alcohol-mediated tissue injury. Exp Mol Med. (2021) 53:168–88. doi: 10.1038/s12276-021-00561-7

135. Liu, Y, Xu, K, Xiang, Y, Ma, B, Li, H, Li, Y, et al. Role of MCP-1 as an inflammatory biomarker in nephropathy. Front Immunol. (2024) 14:1303076. doi: 10.3389/fimmu.2023.1303076

136. Scurt, FG, Menne, J, Brandt, S, Bernhardt, A, Mertens, PR, Haller, H, et al. Monocyte chemoattractant protein-1 predicts the development of diabetic nephropathy. Diabetes Metab Res Rev. (2022) 38:e3497. doi: 10.1002/dmrr.3497

137. Phanish, MK, Chapman, AN, Yates, S, Price, R, Hendry, BM, Roderick, PJ, et al. Evaluation of urinary biomarkers of proximal tubular injury, inflammation, and fibrosis in patients with albuminuric and nonalbuminuric diabetic kidney disease. Kidney Int Rep. (2021) 6:1355–67. doi: 10.1016/j.ekir.2021.01.012

138. Siddiqui, K, Joy, SS, and Al-Rubeaan, K. Association of urinary monocyte chemoattractant protein-1 (MCP-1) and kidney injury molecule-1 (KIM-1) with risk factors of diabetic kidney disease in type 2 diabetes patients. Int Urol Nephrol. (2019) 51:1379–86. doi: 10.1007/s11255-019-02201-6

139. Viedt, C, and Orth, SR. Monocyte chemoattractant protein-1 (MCP-1) in the kidney: does it more than simply attract monocytes? Nephrol Dial Transplant. Nephrol Dial Transplant. (2002) 17:2043–7. doi: 10.1093/ndt/17.12.2043

140. Singh, S, Anshita, D, and Ravichandiran, V. MCP-1: Function, regulation, and involvement in disease. Int Immunopharmacol. (2021) 101:107598. doi: 10.1016/j.intimp.2021.107598

141. Chow, FY, Nikolic-Paterson, DJ, Ozols, E, Atkins, RC, and Tesch, GH. Intercellular adhesion molecule-1 deficiency is protective against nephropathy in type 2 diabetic db/db mice. J Am Soc Nephrol. (2005) 16:1711–22. doi: 10.1681/ASN.2004070612

142. Seok, SJ, Lee, ES, Kim, GT, Hyun, M, Lee, JH, Chen, S, et al. Blockade of CCL2/CCR2 signalling ameliorates diabetic nephropathy in db/db mice. Nephrol Dial Transplant. (2013) 28:1700–10. doi: 10.1093/ndt/gfs555

143. de Zeeuw, D, Bekker, P, Henkel, E, Hasslacher, C, Gouni-Berthold, I, Mehling, H, et al. The effect of CCR2 inhibitor CCX140-B on residual albuminuria in patients with type 2 diabetes and nephropathy: a randomised trial. Lancet Diabetes Endocrinol. (2015) 3:687–96. doi: 10.1016/S2213-8587(15)00261-2

144. Veiras, LC, Bernstein, EA, Cao, D, Okwan-Duodu, D, Khan, Z, Gibb, DR, et al. Tubular IL-1β induces salt sensitivity in diabetes by activating renal macrophages. Circ Res. (2022) 131:59–73. doi: 10.1161/CIRCRESAHA.121.320239

145. Song, W, Xu, M, Sun, X, and Rao, X. Effects of liraglutide on extraglycemic inflammatory markers and renal hemodynamic parameters in diabetic kidney disease (DKD). Med (Baltimore). (2023) 102:e35046. doi: 10.1097/MD.0000000000035046

146. Liu, GW, Zeng, JE, and Li, LF. Correlation analysis of serum IGF-1 and IL-6 and urinary albumin/creatinine ratio in patients with type 2 diabetic kidney disease. Front Endocrinol (Lausanne). (2022) 13:1082492. doi: 10.3389/fendo.2022.1082492

147. Chen, YL, Qiao, YC, Xu, Y, Ling, W, Pan, YH, Huang, YC, et al. Serum TNF-α concentrations in type 2 diabetes mellitus patients and diabetic nephropathy patients: A systematic review and meta-analysis. Immunol Lett. (2017) 186:52–8. doi: 10.1016/j.imlet.2017.04.003

148. Hou, Y, Wang, Q, Han, B, Chen, Y, Qiao, X, and Wang, L. CD36 promotes NLRP3 inflammasome activation via the mtROS pathway in renal tubular epithelial cells of diabetic kidneys. Cell Death Dis. (2021) 12:523. doi: 10.1038/s41419-021-03813-6

149. Huang, J, Kuang, W, and Zhou, Z. IL-1 signaling pathway, an important target for inflammation surrounding in myocardial infarction. Inflammopharmacology. (2024) 32:2235–52. doi: 10.1007/s10787-024-01481-4

150. Lei, Y, Devarapu, SK, Motrapu, M, Cohen, CD, Lindenmeyer, MT, Moll, S, et al. Interleukin-1β Inhibition for Chronic Kidney Disease in Obese Mice With Type 2 Diabetes. Front Immunol. (2019) 10:1223. doi: 10.3389/fimmu.2019.01223

151. Lemos, DR, McMurdo, M, Karaca, G, Wilflingseder, J, Leaf, IA, Gupta, N, et al. Interleukin-1β activates a myc-dependent metabolic switch in kidney stromal cells necessary for progressive tubulointerstitial fibrosis. J Am Soc Nephrol. (2018) 29:1690–705. doi: 10.1681/ASN.2017121283

152. Feigerlová, E, and Battaglia-Hsu, SF. IL-6 signaling in diabetic nephropathy: From pathophysiology to therapeutic perspectives. Cytokine Growth Factor Rev. (2017) 37:57–65. doi: 10.1016/j.cytogfr.2017.03.003

153. Kreiner, FF, Kraaijenhof, JM, von Herrath, M, Hovingh, GKK, and von Scholten, BJ. Interleukin 6 in diabetes, chronic kidney disease, and cardiovascular disease: mechanisms and therapeutic perspectives. Expert Rev Clin Immunol. (2022) 18:377–89. doi: 10.1080/1744666X.2022.2045952

154. Lei, CT, Su, H, Ye, C, Tang, H, Gao, P, Wan, C, et al. The classic signalling and trans-signalling of interleukin-6 are both injurious in podocyte under high glucose exposure. J Cell Mol Med. (2018) 22:251–60. doi: 10.1111/jcmm.13314

155. Jo, HA, Kim, JY, Yang, SH, Han, SS, Joo, KW, Kim, YS, et al. The role of local IL6/JAK2/STAT3 signaling in high glucose-induced podocyte hypertrophy. Kidney Res Clin Pract. (2016) 35:212–8. doi: 10.1016/j.krcp.2016.09.003

156. Tang, P, Xu, Y, Zhang, J, Nan, J, Zhong, R, Luo, J, et al. miR-223-3p mediates the diabetic kidney disease progression by targeting IL6ST/STAT3 pathway. Biochem Biophys Res Commun. (2023) 648:50–8. doi: 10.1016/j.bbrc.2023.01.045

157. Chertow, GM, Chang, AM, Felker, GM, Heise, M, Velkoska, E, Fellström, B, et al. IL-6 inhibition with clazakizumab in patients receiving maintenance dialysis: a randomized phase 2b trial. Nat Med. (2024) 30:2328–36. doi: 10.1038/s41591-024-03043-1

158. El-Tahir, F, Esh, A, Ghorab, A, and Shendi, AM. Chemerin, TNF - α and the degree of albuminuria in patients with diabetic kidney disease. Cytokine. (2024) 184:156772. doi: 10.1016/j.cyto.2024.156772

159. van Loo, G, and Bertrand, MJM. Death by TNF: a road to inflammation. Nat Rev Immunol. (2023) 23:289–303. doi: 10.1038/s41577-022-00792-3

160. Kamei, N, Yamashita, M, Nishizaki, Y, Yanagisawa, N, Nojiri, S, Tanaka, K, et al. Association between circulating tumor necrosis factor-related biomarkers and estimated glomerular filtration rate in type 2 diabetes. Sci Rep. (2018) 8:15302. doi: 10.1038/s41598-018-33590-w

161. Taguchi, S, Azushima, K, Yamaji, T, Urate, S, Suzuki, T, Abe, E, et al. Effects of tumor necrosis factor-α inhibition on kidney fibrosis and inflammation in a mouse model of aristolochic acid nephropathy. Sci Rep. (2021) 11:23587. doi: 10.1038/s41598-021-02864-1

162. Bando, JK, Gilfillan, S, Di Luccia, B, Fachi, JL, Sécca, C, Cella, M, et al. ILC2s are the predominant source of intestinal ILC-derived IL-10. J Exp Med. (2020) 217:e20191520. doi: 10.1084/jem.20191520

163. Ip, WKE, Hoshi, N, Shouval, DS, Snapper, S, and Medzhitov, R. Anti-inflammatory effect of IL-10 mediated by metabolic reprogramming of macrophages. Science. (2017) 356:513–9. doi: 10.1126/science.aal3535

164. Massagué, J, and Sheppard, D. TGF-β signaling in health and disease. Cell. (2023) 186:4007–37. doi: 10.1016/j.cell.2023.07.036

165. Kim, KK, Sheppard, D, and Chapman, HA. TGF-β1 Signaling and Tissue Fibrosis. Cold Spring Harb Perspect Biol. (2018). doi: 10.1101/cshperspect.a022293

166. Jobling, MF, Mott, JD, Finnegan, MT, Jurukovski, V, Erickson, AC, Walian, PJ, et al. Isoform-specific activation of latent transforming growth factor beta (LTGF-beta) by reactive oxygen species. Radiat Res. (2006) 166:839–48. doi: 10.1667/RR0695.1

167. Volpe, CMO, Villar-Delfino, PH, Dos Anjos, PMF, and Nogueira-Machado, JA. Cellular death, reactive oxygen species (ROS) and diabetic complications. Cell Death Dis. (2018) 9:119. doi: 10.1038/s41419-017-0135-z

168. Zhang, Y, Jin, D, Kang, X, Zhou, R, Sun, Y, Lian, F, et al. Signaling pathways involved in diabetic renal fibrosis. Front Cell Dev Biol. (2021) 9:696542. doi: 10.3389/fcell.2021.696542

169. Sweetwyne, MT, and Murphy-Ullrich, JE. Thrombospondin1 in tissue repair and fibrosis: TGF-β-dependent and independent mechanisms. Matrix Biol. (2012) 31:178–86. doi: 10.1016/j.matbio.2012.01.006

170. Yung, S, Lee, CY, Zhang, Q, Lau, SK, Tsang, RC, and Chan, TM. Elevated glucose induction of thrombospondin-1 up-regulates fibronectin synthesis in proximal renal tubular epithelial cells through TGF-beta1 dependent and TGF-beta1 independent pathways. Nephrol Dial Transplant. (2006) 21:1504–13. doi: 10.1093/ndt/gfl017

171. Naito, T, Masaki, T, Nikolic-Paterson, DJ, Tanji, C, Yorioka, N, and Kohno, N. Angiotensin II induces thrombospondin-1 production in human mesangial cells via p38 MAPK and JNK: a mechanism for activation of latent TGF-beta1. Am J Physiol Renal Physiol. (2004). doi: 10.1152/ajprenal.00139.2003

172. Kumar, R, Mickael, C, Kassa, B, Sanders, L, Hernandez-Saavedra, D, Koyanagi, DE, et al. Interstitial macrophage-derived thrombospondin-1 contributes to hypoxia-induced pulmonary hypertension. Cardiovasc Res. (2020) 116:2021–30. doi: 10.1093/cvr/cvz304

173. Wu, CF, Chiang, WC, Lai, CF, Chang, FC, Chen, YT, Chou, YH, et al. Transforming growth factor β-1 stimulates profibrotic epithelial signaling to activate pericyte-myofibroblast transition in obstructive kidney fibrosis. Am J Pathol. (2013) 182:118–31. doi: 10.1016/j.ajpath.2012.09.009

174. Hu, X, Li, J, Fu, M, Zhao, X, and Wang, W. The JAK/STAT signaling pathway: from bench to clinic. Signal Transduct Target Ther. (2021) 6:402. doi: 10.1038/s41392-021-00791-1

175. Kawata, T, Shevchenko, A, Fukuzawa, M, Jermyn, KA, Totty, NF, Zhukovskaya, NV, et al. SH2 signaling in a lower eukaryote: a STAT protein that regulates stalk cell differentiation in dictyostelium. Cell. (1997) 89:909–16. doi: 10.1016/s0092-8674(00)80276-7

176. Shuai, K, Horvath, CM, Huang, LH, Qureshi, SA, Cowburn, D, and Darnell, JE Jr.. Interferon activation of the transcription factor Stat91 involves dimerization through SH2-phosphotyrosyl peptide interactions. Cell. (1994) 76:821–8. doi: 10.1016/0092-8674(94)90357-3

177. Barrat, FJ, Crow, MK, and Ivashkiv, LB. Interferon target-gene expression and epigenomic signatures in health and disease. Nat Immunol. (2019) 20:1574–83. doi: 10.1038/s41590-019-0466-2

178. Liu, Y, Wang, W, Zhang, J, Gao, S, Xu, T, and Yin, Y. JAK/STAT signaling in diabetic kidney disease. Front Cell Dev Biol. (2023) 11:1233259. doi: 10.3389/fcell.2023.1233259

179. Zhang, H, Nair, V, Saha, J, Atkins, KB, Hodgin, JB, Saunders, TL, et al. Podocyte-specific JAK2 overexpression worsens diabetic kidney disease in mice. Kidney Int. (2017) 92:909–21. doi: 10.1016/j.kint.2017.03.027

180. Chen, D, Liu, Y, Chen, J, Lin, H, Guo, H, Wu, Y, et al. JAK/STAT pathway promotes the progression of diabetic kidney disease via autophagy in podocytes. Eur J Pharmacol. (2021) 902:174121. doi: 10.1016/j.ejphar.2021.174121

181. Tuttle, KR, Brosius, FC 3rd, Adler, SG, Kretzler, M, Mehta, RL, Tumlin, JA, et al. JAK1/JAK2 inhibition by baricitinib in diabetic kidney disease: results from a Phase 2 randomized controlled clinical trial. Nephrol Dial Transplant. (2018) 33:1950–9. doi: 10.1093/ndt/gfx377

182. Liang, YB, Tang, H, Chen, ZB, Zeng, LJ, Wu, JG, Yang, W, et al. Downregulated SOCS1 expression activates the JAK1/STAT1 pathway and promotes polarization of macrophages into M1 type. Mol Med Rep. (2017) 16:6405–11. doi: 10.3892/mmr.2017.7384

183. Ortiz-Muñoz, G, Lopez-Parra, V, Lopez-Franco, O, Fernandez-Vizarra, P, Mallavia, B, Flores, C, et al. Suppressors of cytokine signaling abrogate diabetic nephropathy. J Am Soc Nephrol. (2010) 21:763–72. doi: 10.1681/ASN.2009060625

184. Kim, HJ, Kim, H, Lee, JH, and Hwangbo, C. Toll-like receptor 4 (TLR4): new insight immune and aging. Immun Ageing. (2023) 20:67. doi: 10.1186/s12979-023-00383-3

185. Nebbioso, M, Lambiase, A, Armentano, M, Tucciarone, G, Bonfiglio, V, Plateroti, R, et al. The complex relationship between diabetic retinopathy and high-mobility group box: a review of molecular pathways and therapeutic strategies. Antioxidants (Basel). (2020) 9:666. doi: 10.3390/antiox9080666

186. Thompson, J, Wilson, P, Brandewie, K, Taneja, D, Schaefer, L, Mitchell, B, et al. Renal accumulation of biglycan and lipid retention accelerates diabetic nephropathy. Am J Pathol. (2011) 179:1179–87. doi: 10.1016/j.ajpath.2011.05.016

187. Kuwabara, T, Mori, K, Mukoyama, M, Kasahara, M, Yokoi, H, Saito, Y, et al. Exacerbation of diabetic nephropathy by hyperlipidaemia is mediated by Toll-like receptor 4 in mice. Diabetologia. (2012) 55:2256–66. doi: 10.1007/s00125-012-2578-1

188. Lin, M, and Tang, SC. Toll-like receptors: sensing and reacting to diabetic injury in the kidney. Nephrol Dial Transplant. (2014) 29:746–54. doi: 10.1093/ndt/gft446

189. Lin, C, Wang, H, Zhang, M, Mustafa, S, Wang, Y, Li, H, et al. TLR4 biased small molecule modulators. Pharmacol Ther. (2021) 228:107918. doi: 10.1016/j.pharmthera.2021.107918

190. Guo, Q, Jin, Y, Chen, X, Ye, X, Shen, X, Lin, M, et al. NF-κB in biology and targeted therapy: new insights and translational implications. Signal Transduct Target Ther. (2024) 9:53. doi: 10.1038/s41392-024-01757-9

191. Wu, J, Li, K, Zhou, M, Gao, H, Wang, W, and Xiao, W. Natural compounds improve diabetic nephropathy by regulating the TLR4 signaling pathway. J Pharm Anal. (2024) 14:100946. doi: 10.1016/j.jpha.2024.01.014

192. Palmer, C, Facchini, FA, Jones, RP, Neumann, F, Peri, F, and Pirianov, G. Synthetic glycolipid-based TLR4 antagonists negatively regulate TRIF-dependent TLR4 signalling in human macrophages. Innate Immun. (2021) 27:275–84. doi: 10.1177/17534259211005840

193. Kaur, H, Chien, A, and Jialal, I. Hyperglycemia induces Toll like receptor 4 expression and activity in mouse mesangial cells: relevance to diabetic nephropathy. Am J Physiol Renal Physiol. (2012). doi: 10.1152/ajprenal.00319.2012

194. Kelley, N, Jeltema, D, Duan, Y, and He, Y. The NLRP3 inflammasome: An overview of mechanisms of activation and regulation. Int J Mol Sci. (2019) 20:3328. doi: 10.3390/ijms20133328

195. Swanson, KV, Deng, M, and Ting, JP. The NLRP3 inflammasome: molecular activation and regulation to therapeutics. Nat Rev Immunol. (2019) 19:477–89. doi: 10.1038/s41577-019-0165-0

196. Xing, Y, Yao, X, Li, H, Xue, G, Guo, Q, Yang, G, et al. Cutting edge: TRAF6 mediates tlr/il-1r signaling-induced nontranscriptional priming of the NLRP3 inflammasome. J Immunol. (2017) 199:1561–6. doi: 10.4049/jimmunol.1700175

197. Liu, T, Zhang, L, Joo, D, and Sun, SC. NF-κB signaling in inflammation. Signal Transduct Target Ther. (2017) 2:17023. doi: 10.1038/sigtrans.2017.23

198. Fang, L, Xie, D, Wu, X, Cao, H, Su, W, and Yang, J. Involvement of endoplasmic reticulum stress in albuminuria induced inflammasome activation in renal proximal tubular cells. PloS One. (2013) 8:e72344. doi: 10.1371/journal.pone.0072344

199. Liu, Y, Xu, Z, Ma, F, Jia, Y, and Wang, G. Knockdown of TLR4 attenuates high glucose-induced podocyte injury via the NALP3/ASC/Caspase-1 signaling pathway. BioMed Pharmacother. (2018) 107:1393–401. doi: 10.1016/j.biopha.2018.08.134

200. Shahzad, K, Fatima, S, Khawaja, H, Elwakiel, A, Gadi, I, Ambreen, S, et al. Podocyte-specific Nlrp3 inflammasome activation promotes diabetic kidney disease. Kidney Int. (2022) 102:766–79. doi: 10.1016/j.kint.2022.06.010

201. Dennler, S, Itoh, S, Vivien, D, ten Dijke, P, Huet, S, and Gauthier, JM. Direct binding of Smad3 and Smad4 to critical TGF beta-inducible elements in the promoter of human plasminogen activator inhibitor-type 1 gene. EMBO J. (1998) 17:3091–100. doi: 10.1093/emboj/17.11.3091

202. Piek, E, Ju, WJ, Heyer, J, Escalante-Alcalde, D, Stewart, CL, Weinstein, M, et al. Functional characterization of transforming growth factor beta signaling in Smad2- and Smad3-deficient fibroblasts. J Biol Chem. (2001) 276:19945–53. doi: 10.1074/jbc.M102382200

203. Gu, YY, Liu, XS, Huang, XR, Yu, XQ, and Lan, HY. Diverse Role of TGF-β in Kidney Disease. Front Cell Dev Biol. (2020) 8:123. doi: 10.3389/fcell.2020.00123

204. Wu, W, Huang, XR, You, Y, Xue, L, Wang, XJ, Meng, X, et al. Latent TGF-β1 protects against diabetic kidney disease via Arkadia/Smad7 signaling. Int J Biol Sci. (2021) 17:3583–94. doi: 10.7150/ijbs.61647

205. de Back, DZ, Kostova, EB, van Kraaij, M, van den Berg, TK, and van Bruggen, R. Of macrophages and red blood cells; a complex love story. Front Physiol. (2014) 5:9. doi: 10.3389/fphys.2014.00009

206. Patino, E, Bhatia, D, Vance, SZ, Antypiuk, A, Uni, R, Campbell, C, et al. Iron therapy mitigates chronic kidney disease progression by regulating intracellular iron status of kidney macrophages. JCI Insight. (2023) 8:e159235. doi: 10.1172/jci.insight.159235

207. Ueda, N, and Takasawa, K. Impact of inflammation on ferritin, hepcidin and the management of iron deficiency anemia in chronic kidney disease. Nutrients. (2018) 10:1173. doi: 10.3390/nu10091173

208. Luo, X, Gong, HB, Gao, HY, Wu, YP, Sun, WY, Li, ZQ, et al. Oxygenated phosphatidylethanolamine navigates phagocytosis of ferroptotic cells by interacting with TLR2. Cell Death Differ. (2021) 28:1971–89. doi: 10.1038/s41418-020-00719-2

209. Klöditz, K, and Fadeel, B. Three cell deaths and a funeral: macrophage clearance of cells undergoing distinct modes of cell death. Cell Death Discovery. (2019) 5:65. doi: 10.1038/s41420-019-0146-x

210. Youssef, LA, Rebbaa, A, Pampou, S, Weisberg, SP, Stockwell, BR, Hod, EA, et al. Increased erythrophagocytosis induces ferroptosis in red pulp macrophages in a mouse model of transfusion. Blood. (2018) 131:2581–93. doi: 10.1182/blood-2017-12-822619

211. Wu, L, Lin, H, Li, S, Huang, Y, Sun, Y, Shu, S, et al. Macrophage iron dyshomeostasis promotes aging-related renal fibrosis. Aging Cell. (2024) 23:e14275. doi: 10.1111/acel.14275

212. Bandach, I, Segev, Y, and Landau, D. Experimental modulation of Interleukin 1 shows its key role in chronic kidney disease progression and anemia. Sci Rep. (2021) 11:6288. doi: 10.1038/s41598-021-85778-2

213. Camaschella, C, Nai, A, and Silvestri, L. Iron metabolism and iron disorders revisited in the hepcidin era. Haematologica. (2020) 105:260–72. doi: 10.3324/haematol.2019.232124

214. Minton, K. Immune regulation: IL-10 targets macrophage metabolism. Nat Rev Immunol. (2017) 17:345. doi: 10.1038/nri.2017.57

215. Liu, T, Li, Q, Jin, Q, Yang, L, Mao, H, Qu, P, et al. Targeting HMGB1: A potential therapeutic strategy for chronic kidney disease. Int J Biol Sci. (2023) 19:5020–35. doi: 10.7150/ijbs.87964

216. Xue, J, Suarez, JS, Minaai, M, Li, S, Gaudino, G, Pass, HI, et al. HMGB1 as a therapeutic target in disease. J Cell Physiol. (2021) 236:3406–19. doi: 10.1002/jcp.30125

217. Wu, H, Chen, Z, Xie, J, Kang, LN, Wang, L, and Xu, B. High mobility group box-1: a missing link between diabetes and its complications. Mediators Inflamm. (2016) 2016:3896147. doi: 10.1155/2016/3896147

218. Wu, K, Zha, H, Wu, T, Liu, H, Peng, R, Lin, Z, et al. Cytosolic Hmgb1 accumulation in mesangial cells aggravates diabetic kidney disease progression via NFκB signaling pathway. Cell Mol Life Sci. (2024) 81:408. doi: 10.1007/s00018-024-05433-7

219. Tang, D, and Kroemer, G. Ferroptosis. Curr Biol. (2020) 30:R1292–7. doi: 10.1016/j.cub.2020.09.068

220. Wen, Q, Liu, J, Kang, R, Zhou, B, and Tang, D. The release and activity of HMGB1 in ferroptosis. Biochem Biophys Res Commun. (2019) 510:278–83. doi: 10.1016/j.bbrc.2019.01.090

221. Mudaliar, H, Pollock, C, Komala, MG, Chadban, S, Wu, H, and Panchapakesan, U. The role of Toll-like receptor proteins (TLR) 2 and 4 in mediating inflammation in proximal tubules. Am J Physiol Renal Physiol. (2013). doi: 10.1152/ajprenal.00398.2012

222. Zhang, Y. MiR-92d-3p suppresses the progression of diabetic nephropathy renal fibrosis by inhibiting the C3/HMGB1/TGF-β1 pathway. Biosci Rep. (2021) 41:BSR20203131. doi: 10.1042/BSR20203131

223. Jin, J, Gong, J, Zhao, L, Zhang, H, He, Q, and Jiang, X. Inhibition of high mobility group box 1 (HMGB1) attenuates podocyte apoptosis and epithelial-mesenchymal transition by regulating autophagy flux. J Diabetes. (2019) 11:826–36. doi: 10.1111/1753-0407.12914

224. Chen, X, Ma, J, Kwan, T, Stribos, EGD, Messchendorp, AL, Loh, YW, et al. Blockade of HMGB1 Attenuates Diabetic Nephropathy in Mice. Sci Rep. (2018) 8:8319. doi: 10.1038/s41598-018-26637-5

225. Tan, H, Chen, J, Li, Y, Li, Y, Zhong, Y, Li, G, et al. Glabridin, a bioactive component of licorice, ameliorates diabetic nephropathy by regulating ferroptosis and the VEGF/Akt/ERK pathways. Mol Med. (2022) 28:58. doi: 10.1186/s10020-022-00481-w

226. Awad, AM, Elshaer, SL, Gangaraju, R, Abdelaziz, RR, and Nader, MA. Ameliorative effect of montelukast against STZ induced diabetic nephropathy: targeting HMGB1, TLR4, NF-κB, NLRP3 inflammasome, and autophagy pathways. Inflammopharmacology. (2024) 32:495–508. doi: 10.1007/s10787-023-01301-1

227. Rabbani, N, and Thornalley, PJ. Advanced glycation end products in the pathogenesis of chronic kidney disease. Kidney Int. (2018) 93:803–13. doi: 10.1016/j.kint.2017.11.034

228. Fotheringham, AK, Gallo, LA, Borg, DJ, and Forbes, JM. Advanced glycation end products (AGEs) and chronic kidney disease: does the modern diet AGE the kidney? Nutrients. Nutrients. (2022) 14:2675. doi: 10.3390/nu14132675

229. Wu, XQ, Zhang, DD, Wang, YN, Tan, YQ, Yu, XY, and Zhao, YY. AGE/RAGE in diabetic kidney disease and ageing kidney. Free Radic Biol Med. (2021) 171:260–71. doi: 10.1016/j.freeradbiomed.2021.05.025

230. Davis, KE, Prasad, C, Vijayagopal, P, Juma, S, and Imrhan, V. Advanced Glycation end products, inflammation, and chronic metabolic diseases: links in a chain? Crit Rev Food Sci Nutr. (2016) 56:989–98. doi: 10.1080/10408398.2012.744738

231. Bettiga, A, Fiorio, F, Di Marco, F, Trevisani, F, Romani, A, Porrini, E, et al. The modern western diet rich in advanced glycation end-products (AGEs): An overview of its impact on obesity and early progression of renal pathology. Nutrients. (2019) 11:1748. doi: 10.3390/nu11081748

232. Zhou, M, Zhang, Y, Shi, L, Li, L, Zhang, D, Gong, Z, et al. Activation and modulation of the AGEs-RAGE axis: Implications for inflammatory pathologies and therapeutic interventions - A review. Pharmacol Res. (2024) 206:107282. doi: 10.1016/j.phrs.2024.107282

233. Gu, L, Hagiwara, S, Fan, Q, Tanimoto, M, Kobata, M, Yamashita, M, et al. Role of receptor for advanced glycation end-products and signalling events in advanced glycation end-product-induced monocyte chemoattractant protein-1 expression in differentiated mouse podocytes. Nephrol Dial Transplant. (2006) 21:299–313. doi: 10.1093/ndt/gfi210

234. Yeh, WJ, Yang, HY, Pai, MH, Wu, CH, and Chen, JR. Long-term administration of advanced glycation end-product stimulates the activation of NLRP3 inflammasome and sparking the development of renal injury. J Nutr Biochem. (2017) 39:68–76. doi: 10.1016/j.jnutbio.2016.09.014

235. Liu, Z, Ma, Y, Cui, Q, Xu, J, Tang, Z, Wang, Y, et al. Toll-like receptor 4 plays a key role in advanced glycation end products-induced M1 macrophage polarization. Biochem Biophys Res Commun. (2020) 531:602–8. doi: 10.1016/j.bbrc.2020.08.014

236. Teissier, T, and Boulanger, É. The receptor for advanced glycation end-products (RAGE) is an important pattern recognition receptor (PRR) for inflammaging. Biogerontology. (2019) 20:279–301. doi: 10.1007/s10522-019-09808-3

237. Chen, Q, Huang, J, Gong, W, Chen, Z, Huang, J, Liu, P, et al. MRTF-A mediated FN and ICAM-1 expression in AGEs-induced rat glomerular mesangial cells via activating STAT5. Mol Cell Endocrinol. (2018) 460:123–33. doi: 10.1016/j.mce.2017.07.014

238. Ha, TS. High-glucose and advanced glycosylation end products increased podocyte permeability via PI3-K/Akt signaling. J Mol Med (Berl). (2010) 88:391–400. doi: 10.1007/s00109-009-0575-8

239. Vlassara, H, Uribarri, J, Ferrucci, L, Cai, W, Torreggiani, M, Post, JB, et al. Identifying advanced glycation end products as a major source of oxidants in aging: implications for the management and/or prevention of reduced renal function in elderly persons. Semin Nephrol. (2009) 29:594–603. doi: 10.1016/j.semnephrol.2009.07.013

240. Normand, G, Lemoine, S, Villien, M, Le Bars, D, Merida, I, Irace, Z, et al. AGE content of a protein load is responsible for renal performances: A pilot study. Diabetes Care. (2018) 41:1292–4. doi: 10.2337/dc18-0131

241. Yang, PY, Li, PC, and Feng, B. Protective effects of gliclazide on high glucose and AGEs-induced damage of glomerular mesangial cells and renal tubular epithelial cells via inhibiting RAGE-p22phox-NF-kB pathway. Eur Rev Med Pharmacol Sci. (2019) 23:9099–107. doi: 10.26355/eurrev_201910_19313

242. Wang, X, Chen, X, Zhou, W, Men, H, Bao, T, Sun, Y, et al. Ferroptosis is essential for diabetic cardiomyopathy and is prevented by sulforaphane via AMPK/NRF2 pathways. Acta Pharm Sin B. (2022) 12:708–22. doi: 10.1016/j.apsb.2021.10.005

243. Ge, W, Jie, J, Yao, J, Li, W, Cheng, Y, and Lu, W. Advanced glycation end products promote osteoporosis by inducing ferroptosis in osteoblasts. Mol Med Rep. (2022) 25:140. doi: 10.3892/mmr.2022.12656

244. Saha, S, Buttari, B, Panieri, E, Profumo, E, and Saso, L. An Overview of Nrf2 Signaling Pathway and Its Role in Inflammation. Molecules. (2020) 25:5474. doi: 10.3390/molecules25225474

245. Tong, KI, Padmanabhan, B, Kobayashi, A, Shang, C, Hirotsu, Y, Yokoyama, S, et al. Different electrostatic potentials define ETGE and DLG motifs as hinge and latch in oxidative stress response. Mol Cell Biol. (2007) 27:7511–21. doi: 10.1128/MCB.00753-07

246. Ahmed, SM, Luo, L, Namani, A, Wang, XJ, and Tang, X. Nrf2 signaling pathway: Pivotal roles in inflammation. Biochim Biophys Acta Mol Basis Dis. (2017) 1863:585–97. doi: 10.1016/j.bbadis.2016.11.005

247. Zipper, LM, and Mulcahy, RT. The Keap1 BTB/POZ dimerization function is required to sequester Nrf2 in cytoplasm. J Biol Chem. (2002) 277:36544–52. doi: 10.1074/jbc.M206530200

248. Baird, L, Llères, D, Swift, S, and Dinkova-Kostova, AT. Regulatory flexibility in the Nrf2-mediated stress response is conferred by conformational cycling of the Keap1-Nrf2 protein complex. Proc Natl Acad Sci U.S.A. (2013) 110:15259–64. doi: 10.1073/pnas.1305687110

249. Hashemi, M, Zandieh, MA, Ziaolhagh, S, Mojtabavi, S, Sadi, FH, Koohpar, ZK, et al. Nrf2 signaling in diabetic nephropathy, cardiomyopathy and neuropathy: Therapeutic targeting, challenges and future prospective. Biochim Biophys Acta Mol Basis Dis. (2023) 1869:166714. doi: 10.1016/j.bbadis.2023.166714

250. Battino, M, Giampieri, F, Pistollato, F, Sureda, A, de Oliveira, MR, Pittalà, V, et al. Nrf2 as regulator of innate immunity: A molecular Swiss army knife! Biotechnol Adv. Biotechnol Adv. (2018) 36:358–70. doi: 10.1016/j.biotechadv.2017.12.012

251. Gorrini, C, Harris, IS, and Mak, TW. Modulation of oxidative stress as an anticancer strategy. Nat Rev Drug Discovery. (2013) 12:931–47. doi: 10.1038/nrd4002

252. Uruno, A, and Yamamoto, M. The KEAP1-NRF2 system and neurodegenerative diseases. Antioxid Redox Signal. (2023) 38(13-15):974–88. doi: 10.1089/ars.2023.0234

253. Liu, Y, Uruno, A, Saito, R, Matsukawa, N, Hishinuma, E, Saigusa, D, et al. Nrf2 deficiency deteriorates diabetic kidney disease in Akita model mice. Redox Biol. (2022) 58:102525. doi: 10.1016/j.redox.2022.102525

254. Li, S, Zheng, L, Zhang, J, Liu, X, and Wu, Z. Inhibition of ferroptosis by up-regulating Nrf2 delayed the progression of diabetic nephropathy. Free Radic Biol Med. (2021) 162:435–49. doi: 10.1016/j.freeradbiomed.2020.10.323

255. Lee, MK, Pardoux, C, Hall, MC, Lee, PS, Warburton, D, Qing, J, et al. TGF-beta activates Erk MAP kinase signalling through direct phosphorylation of ShcA. EMBO J. (2007) 26:3957–67. doi: 10.1038/sj.emboj.7601818

256. Chin, BY, Mohsenin, A, Li, SX, Choi, AM, and Choi, ME. Stimulation of pro-alpha(1)(I) collagen by TGF-beta(1) in mesangial cells: role of the p38 MAPK pathway. Am J Physiol Renal Physiol. (2001). doi: 10.1152/ajprenal.2001.280.3.F495

257. Bakin, AV, Rinehart, C, Tomlinson, AK, and Arteaga, CL. p38 mitogen-activated protein kinase is required for TGFbeta-mediated fibroblastic transdifferentiation and cell migration. J Cell Sci. (2002). doi: 10.1242/jcs.115.15.3193

258. Lieberthal, W, and Levine, JS. Mammalian target of rapamycin and the kidney. Am J Physiol Renal Physiol. (2012). doi: 10.1152/ajprenal.00014.2012

259. Lamming, DW, Ye, L, Katajisto, P, Goncalves, MD, Saitoh, M, Stevens, DM, et al. Rapamycin-induced insulin resistance is mediated by mTORC2 loss and uncoupled from longevity. Science. (2012) 335:1638–43. doi: 10.1126/science.1215135

260. Samarakoon, R, Dobberfuhl, AD, Cooley, C, Overstreet, JM, Patel, S, Goldschmeding, R, et al. Induction of renal fibrotic genes by TGF-β1 requires EGFR activation, p53 and reactive oxygen species. Cell Signal. (2013) 25:2198–209. doi: 10.1016/j.cellsig.2013.07.007

261. Overstreet, JM, Samarakoon, R, Meldrum, KK, and Higgins, PJ. Redox control of p53 in the transcriptional regulation of TGF-β1 target genes through SMAD cooperativity. Cell Signal. (2014) 26:1427–36. doi: 10.1016/j.cellsig.2014.02.017

262. Overstreet, JM, Samarakoon, R, Cardona-Grau, D, Goldschmeding, R, and Higgins, PJ. Tumor suppressor ataxia telangiectasia mutated functions downstream of TGF-β1 in orchestrating profibrotic responses. FASEB J. (2015) 29:1258–68. doi: 10.1096/fj.14-262527

263. Deshpande, SD, Putta, S, Wang, M, Lai, JY, Bitzer, M, Nelson, RG, et al. Transforming growth factor-β-induced cross talk between p53 and a microRNA in the pathogenesis of diabetic nephropathy. Diabetes. (2013) 62:3151–62. doi: 10.2337/db13-0305

264. Pawlos, A, Broncel, M, Woźniak, E, and Gorzelak-Pabiś, P. Neuroprotective effect of SGLT2 inhibitors. Molecules. (2021) 26:7213. doi: 10.3390/molecules26237213

265. Zelniker, TA, and Braunwald, E. Mechanisms of cardiorenal effects of sodium-glucose cotransporter 2 inhibitors: JACC state-of-the-art review. J Am Coll Cardiol. (2020) 75:422–34. doi: 10.1016/j.jacc.2019.11.031

266. Zinman, B, Wanner, C, Lachin, JM, Fitchett, D, Bluhmki, E, Hantel, S, et al. Empagliflozin, Cardiovascular Outcomes, and Mortality in Type 2 Diabetes. N Engl J Med. (2015) 373:2117–28. doi: 10.1056/NEJMoa1504720

267. Wiviott, SD, Raz, I, Bonaca, MP, Mosenzon, O, Kato, ET, Cahn, A, et al. Dapagliflozin and Cardiovascular Outcomes in Type 2 Diabetes. N Engl J Med. (2019) 380:347–57. doi: 10.1056/NEJMoa1812389

268. Neal, B, Perkovic, V, Mahaffey, KW, de Zeeuw, D, Fulcher, G, Erondu, N, et al. Canagliflozin and cardiovascular and renal events in type 2 diabetes. N Engl J Med. (2017) 377:644–57. doi: 10.1056/NEJMoa1611925

269. Butler, J, Zannad, F, Fitchett, D, Zinman, B, Koitka-Weber, A, von Eynatten, M, et al. Empagliflozin improves kidney outcomes in patients with or without heart failure. Circ Heart Fail. (2019) 12:e005875. doi: 10.1161/CIRCHEARTFAILURE.118.005875

270. Wanner, C, Inzucchi, SE, Lachin, JM, Fitchett, D, von Eynatten, M, Mattheus, M, et al. Empagliflozin and progression of kidney disease in type 2 diabetes. N Engl J Med. (2016) 375:323–34. doi: 10.1056/NEJMoa1515920

271. Perkovic, V, Jardine, MJ, Neal, B, Bompoint, S, Heerspink, HJL, Charytan, DM, et al. Canagliflozin and renal outcomes in type 2 diabetes and nephropathy. N Engl J Med. (2019) 380:2295–306. doi: 10.1056/NEJMoa1811744

272. Heerspink, HJL, Stefánsson, BV, Correa-Rotter, R, Chertow, GM, Greene, T, Hou, FF, et al. Dapagliflozin in patients with chronic kidney disease. N Engl J Med. (2020) 383:1436–46. doi: 10.1056/NEJMoa2024816

273. The EMPA-KIDNEY Collaborative Group, Herrington, WG, Staplin, N, Wanner, C, Green, JB, Hauske, SJ, et al. Empagliflozin in patients with chronic kidney disease. N Engl J Med. (2023) 388:117–27. doi: 10.1056/NEJMoa2204233

274. Navaneethan, SD, Zoungas, S, Caramori, ML, Chan, JCN, Heerspink, HJL, Hurst, C, et al. Diabetes management in chronic kidney disease: synopsis of the KDIGO 2022 clinical practice guideline update. Ann Intern Med. (2023) 176:381–7. doi: 10.7326/M22-2904

275. de Boer, IH, Khunti, K, Sadusky, T, Tuttle, KR, Neumiller, JJ, Rhee, CM, et al. Diabetes management in chronic kidney disease: a consensus report by the american diabetes association (ADA) and kidney disease: improving global outcomes (KDIGO). Diabetes Care. (2022) 45:3075–90. doi: 10.2337/dci22-0027

276. Bendotti, G, Montefusco, L, Pastore, I, Lazzaroni, E, Lunati, ME, and Fiorina, P. The anti-inflammatory and immunological properties of SGLT-2 inhibitors. J Endocrinol Invest. (2023) 46:2445–52. doi: 10.1007/s40618-023-02162-9

277. Heerspink, HJL, Perco, P, Mulder, S, Leierer, J, Hansen, MK, Heinzel, A, et al. Canagliflozin reduces inflammation and fibrosis biomarkers: a potential mechanism of action for beneficial effects of SGLT2 inhibitors in diabetic kidney disease. Diabetologia. (2019) 62:1154–66. doi: 10.1007/s00125-019-4859-4

278. Iannantuoni, F, de Marañon A, M, Diaz-Morales, N, Falcon, R, Bañuls, C, Abad-Jimenez, Z, et al. The SGLT2 Inhibitor Empagliflozin Ameliorates the Inflammatory Profile in Type 2 Diabetic Patients and Promotes an Antioxidant Response in Leukocytes. J Clin Med. (2019) 8:1814. doi: 10.3390/jcm8111814

279. Sardu, C, Massetti, M, Testa, N, Martino, LD, Castellano, G, Turriziani, F, et al. Effects of sodium-glucose transporter 2 inhibitors (sglt2-i) in patients with ischemic heart disease (IHD) treated by coronary artery bypass grafting via MiECC: Inflammatory burden, and clinical outcomes at 5 years of follow-up. Front Pharmacol. (2021) 12:777083. doi: 10.3389/fphar.2021.777083

280. Theofilis, P, Sagris, M, Oikonomou, E, Antonopoulos, AS, Siasos, G, Tsioufis, K, et al. The impact of SGLT2 inhibitors on inflammation: A systematic review and meta-analysis of studies in rodents. Int Immunopharmacol. (2022) 111:109080. doi: 10.1016/j.intimp.2022.109080

281. Koshino, A, Neuen, BL, Jongs, N, Pollock, C, Greasley, PJ, Andersson, EM, et al. Effects of dapagliflozin and dapagliflozin-saxagliptin on erythropoiesis, iron and inflammation markers in patients with type 2 diabetes and chronic kidney disease: data from the DELIGHT trial. Cardiovasc Diabetol. (2023) 22:330. doi: 10.1186/s12933-023-02027-8

282. Zhao, XY, Li, SS, He, YX, Yan, LJ, Lv, F, Liang, QM, et al. SGLT2 inhibitors alleviated podocyte damage in lupus nephritis by decreasing inflammation and enhancing autophagy. Ann Rheum Dis. (2023) 82:1328–40. doi: 10.1136/ard-2023-224242

283. Xu, L, Nagata, N, Nagashimada, M, Zhuge, F, Ni, Y, Chen, G, et al. SGLT2 inhibition by empagliflozin promotes fat utilization and browning and attenuates inflammation and insulin resistance by polarizing m2 macrophages in diet-induced obese mice. EBioMedicine. (2017) 20:137–49. doi: 10.1016/j.ebiom.2017.05.028

284. Ashrafi Jigheh, Z, Ghorbani Haghjo, A, Argani, H, Roshangar, L, Rashtchizadeh, N, Sanajou, D, et al. Empagliflozin alleviates renal inflammation and oxidative stress in streptozotocin-induced diabetic rats partly by repressing HMGB1-TLR4 receptor axis. Iran J Basic Med Sci. (2019) 22:384–90. doi: 10.22038/ijbms.2019.31788.7651

285. Yaribeygi, H, Butler, AE, Atkin, SL, Katsiki, N, and Sahebkar, A. Sodium-glucose cotransporter 2 inhibitors and inflammation in chronic kidney disease: Possible molecular pathways. J Cell Physiol. (2018) 234:223–30. doi: 10.1002/jcp.26851

286. Lu, Q, Yang, L, Xiao, JJ, Liu, Q, Ni, L, Hu, JW, et al. Empagliflozin attenuates the renal tubular ferroptosis in diabetic kidney disease through AMPK/NRF2 pathway. Free Radic Biol Med. (2023) 195:89–102. doi: 10.1016/j.freeradbiomed.2022.12.088

287. Gan, T, Wang, Q, Song, Y, Shao, M, Zhao, Y, Guo, F, et al. Canagliflozin improves fatty acid oxidation and ferroptosis of renal tubular epithelial cells via FOXA1-CPT1A axis in diabetic kidney disease. Mol Cell Endocrinol. (2024) 582:112139. doi: 10.1016/j.mce.2023.112139

288. Wang, YH, Chang, DY, Zhao, MH, and Chen, M. Dapagliflozin alleviates diabetic kidney disease via hypoxia inducible factor 1α/Heme oxygenase 1-mediated ferroptosis. Antioxid Redox Signal. (2024) 40:492–509. doi: 10.1089/ars.2022.0169

289. Genovese, MC, Kremer, J, Zamani, O, Ludivico, C, Krogulec, M, Xie, L, et al. Baricitinib in patients with refractory rheumatoid arthritis. N Engl J Med. (2016) 374:1243–52. doi: 10.1056/NEJMoa1507247

290. Szekanecz, Z, Buch, MH, Charles-Schoeman, C, Galloway, J, Karpouzas, GA, Kristensen, LE, et al. Efficacy and safety of JAK inhibitors in rheumatoid arthritis: update for the practising clinician. Nat Rev Rheumatol. (2024) 20:101–15. doi: 10.1038/s41584-023-01062-9

291. Brosius, FC, Tuttle, KR, and Kretzler, M. JAK inhibition in the treatment of diabetic kidney disease. Diabetologia. (2016) 59:1624–7. doi: 10.1007/s00125-016-4021-5

292. Patel, NM, Collotta, D, Aimaretti, E, Ferreira Alves, G, Kröller, S, Coldewey, SM, et al. Inhibition of the JAK/STAT pathway with baricitinib reduces the multiple organ dysfunction caused by hemorrhagic shock in rats. Ann Surg. (2023) 278:e137–46. doi: 10.1097/SLA.0000000000005571

293. Nam, JE, Jo, SY, Ahn, CW, and Kim, YS. Baicalin attenuates fibrogenic process in human renal proximal tubular cells (HK-2) exposed to diabetic milieu. Life Sci. (2020) 254:117742. doi: 10.1016/j.lfs.2020.117742

294. Yang, M, Kan, L, Wu, L, Zhu, Y, and Wang, Q. Effect of baicalin on renal function in patients with diabetic nephropathy and its therapeutic mechanism. Exp Ther Med. (2019) 17:2071–6. doi: 10.3892/etm.2019.7181

295. Dinkova-Kostova, AT, Liby, KT, Stephenson, KK, Holtzclaw, WD, Gao, X, Suh, N, et al. Extremely potent triterpenoid inducers of the phase 2 response: correlations of protection against oxidant and inflammatory stress. Proc Natl Acad Sci U S A. (2005) 102:4584–9. doi: 10.1073/pnas.0500815102

296. Zou, W, Liu, X, Yue, P, Zhou, Z, Sporn, MB, Lotan, R, et al. c-Jun NH2-terminal kinase-mediated up-regulation of death receptor 5 contributes to induction of apoptosis by the novel synthetic triterpenoid methyl-2-cyano-3,12-dioxooleana-1, 9-dien-28-oate in human lung cancer cells. Cancer Res. (2004) 64:7570–8. doi: 10.1158/0008-5472.CAN-04-1238

297. Hong, DS, Kurzrock, R, Supko, JG, He, X, Naing, A, Wheler, J, et al. A phase I first-in-human trial of bardoxolone methyl in patients with advanced solid tumors and lymphomas. Clin Cancer Res. (2012) 18:3396–406. doi: 10.1158/1078-0432.CCR-11-2703

298. Pergola, PE, Raskin, P, Toto, RD, Meyer, CJ, Huff, JW, Grossman, EB, et al. Bardoxolone methyl and kidney function in CKD with type 2 diabetes. N Engl J Med. (2011) 365:327–36. doi: 10.1056/NEJMoa1105351

299. de Zeeuw, D, Akizawa, T, Audhya, P, Bakris, GL, Chin, M, Christ-Schmidt, H, et al. Bardoxolone methyl in type 2 diabetes and stage 4 chronic kidney disease. N Engl J Med. (2013) 369:2492–503. doi: 10.1056/NEJMoa1306033

300. Tanase, DM, Gosav, EM, Anton, MI, Floria, M, Seritean Isac, PN, Hurjui, LL, et al. Oxidative stress and NRF2/KEAP1/ARE pathway in diabetic kidney disease (DKD): New perspectives. Biomolecules. (2022) 12:1227. doi: 10.3390/biom12091227

301. Nangaku, M, Kanda, H, Takama, H, Ichikawa, T, Hase, H, and Akizawa, T. Randomized clinical trial on the effect of bardoxolone methyl on gfr in diabetic kidney disease patients (TSUBAKI Study). Kidney Int Rep. (2020) 5:879–90. doi: 10.1016/j.ekir.2020.03.030

302. Nangaku, M, Takama, H, Ichikawa, T, Mukai, K, Kojima, M, Suzuki, Y, et al. Randomized, double-blind, placebo-controlled phase 3 study of bardoxolone methyl in patients with diabetic kidney disease: design and baseline characteristics of the AYAME study. Nephrol Dial Transplant. (2023) 38:1204–16. doi: 10.1093/ndt/gfac242

303. Thomas, MC, Woodward, M, Neal, B, Li, Q, Pickering, R, Marre, M, et al. Relationship between levels of advanced glycation end products and their soluble receptor and adverse outcomes in adults with type 2 diabetes. Diabetes Care. (2015) 38:1891–7. doi: 10.2337/dc15-0925

304. Vlassara, H, Uribarri, J, Cai, W, Goodman, S, Pyzik, R, Post, J, et al. Effects of sevelamer on HbA1c, inflammation, and advanced glycation end products in diabetic kidney disease. Clin J Am Soc Nephrol. (2012) 7:934–42. doi: 10.2215/CJN.12891211

305. Starowicz, M, and Zieliński, H. Inhibition of advanced glycation end-product formation by high antioxidant-leveled spices commonly used in european cuisine. Antioxidants (Basel). (2019) 8:100. doi: 10.3390/antiox8040100

306. Sun, W, Gao, Y, Ding, Y, Cao, Y, Chen, J, Lv, G, et al. Catalpol ameliorates advanced glycation end product-induced dysfunction of glomerular endothelial cells via regulating nitric oxide synthesis by inducible nitric oxide synthase and endothelial nitric oxide synthase. IUBMB Life. (2019) 71:1268–83. doi: 10.1002/iub.2032

307. Yu, W, Tao, M, Zhao, Y, Hu, X, and Wang, M. 4'-Methoxyresveratrol alleviated AGE-induced inflammation via RAGE-Mediated NF-κB and NLRP3 inflammasome pathway. Molecules. (2018) 23:1447. doi: 10.3390/molecules23061447

308. Huang, JS, Lee, YH, Chuang, LY, Guh, JY, and Hwang, JY. Cinnamaldehyde and nitric oxide attenuate advanced glycation end products-induced the Jak/STAT signaling in human renal tubular cells. J Cell Biochem. (2015) 116:1028–38. doi: 10.1002/jcb.25058

309. Kan, WC, Hwang, JY, Chuang, LY, Guh, JY, Ye, YL, Yang, YL, et al. Effect of osthole on advanced glycation end products-induced renal tubular hypertrophy and role of klotho in its mechanism of action. Phytomedicine. (2019) 53:205–12. doi: 10.1016/j.phymed.2018.09.030




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.

Copyright © 2025 Wang, Shi, Yang and Gong. 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.


OEBPS/Images/fimmu-16-1505794-g003.jpg
Interaction mode

pro-inflammatory cytokines _ impaired
AGEs disfunctional iron metabolism ~ innate immune AGEs
hyperglycemia < » hyperglycemia
:....> v».__,—"’ Rt TR 4....:
liCs lIiCs \
__DAMPs

(i a_.:/——’—N:f; TGF-B pathway ) O
\'ﬂﬂammatlon pathway // 5

i 9 y -
RRCs R ¥ RRCs
contribute to . aggravate
ferroptosis . inflammation
- 5 i
x X\ ,"'
B
>/ decreased
kidney function

/8

I-}/ropt03|s

//';\X%\\
& %y cus ROS | RhoA
Y /DLG¥E\ -~ N2 PIK
RS TGE —ju- =
4/4'?,0 ,09“11/ u‘%b Smad

‘?/,))7 Gy Ub X

S, N2

&% Sso% ﬁ , eplot ERK )

smac
5’(""\ 2
mTORC2 Y %
. = Q
protein /enzyme that involve in: >
1. GSH synthesis and regeneration cell
2. NADPH production behaviors

3. Iron ion recovery and storage

SLC7A11|

Ferropt03|s






OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu.2025.1505794_cover.jpg
’ frontiers | Frontiersin Immunology

Crosstalk between ferroptosis and innate
immune in diabetic kidney disease:
mechanisms and therapeutic implications





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Crosstalk between ferroptosis and innate immune in diabetic kidney disease: mechanisms and therapeutic implications

      

        		

          Highlights

        



        		

          Open question

        



        		

          1 Introduction

        



        		

          2 Core mechanisms of ferroptosis

        

          		

            2.1 Iron overload

          



          		

            2.2 Dysfunctional antioxidant systems

          



          		

            2.3 Lipid peroxidation

          



        



        



        		

          3 Ferroptosis and DKD

        

          		

            3.1 Disordered iron metabolism

          



          		

            3.2 Depressed lipid antioxidant system

          



          		

            3.3 Lipid remodeling

          



        



        



        		

          4 Innate immune and DKD

        

          		

            4.1 Intrinsic immune cells

          



          		

            4.2 Intrinsic immune molecules

          



          		

            4.3 Intrinsic immune signaling pathways

          



        



        



        		

          5 Interaction between intrinsic immunity and ferroptosis in DKD

        

          		

            5.1 Ferroptosis and intrinsic immune cells

          



          		

            5.2 Ferroptosis and intrinsic immune molecules

          



          		

            5.3 Ferroptosis and intrinsic immune signaling pathways

          



        



        



        		

          6 Drugs targeting ferroptosis and intrinsic immunity for the treatment of DKD

        

          		

            6.1 Sodium-glucose cotransporter protein-2 inhibitor

          



          		

            6.2 Inhibition of the JAK-STAT pathway

          



          		

            6.3 Activation of Nrf2 pathway

          



          		

            6.4 Inhibition of AGEs/RAGE pathway

          



        



        



        		

          7 Conclusion and perspective

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Generative AI statement

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu-16-1505794-g001.jpg
duodenum

Dysfunctional
antioxidant system

Glu \Sygtem Xc
1 SLC7A11

PUFA-PL

cysteine e’
; ® Y g cystine
Fe. = ‘.; 2 I, e
. 3 & ! sLC7AT
Fe* el Q
° e Foill— Gly|&® |

- | /GSH /N\r?\/ V\

+ ATF4  STAT1

PL-PUFA-OOH
) — GPx4"" GSR
[ ]
..':.4' Fenton  Heber-Weiss GSSG )
)
hepcidin| NAD(P)’ NAD(P)H
IRP-IRE YWY
system WAVAVAVAY NB———BH4 O,%
%
BH2
J": ;.\m D L -
e -CoQioH> FSP'L/ GOl

Ferr'op°tosis





OEBPS/Images/fimmu-16-1505794-g002.jpg
l Background

hyperglycaemia
ronic inflammation

Inflammation pathwa
l P y HMGB1. . : biglycan ECM|
o.r.r 'S100A8

= L. S
o8 S
ﬂ \ /‘%\?\P\? '97\4,/&\
SH2 i
STAT3 SOCSs &
K
= ) \ pSmadghT-“---f
imerizatiol A d2.
\(\’\ \ \ p SMa ‘(\p
o ,
-G = \ TRAF3
. \
s IKK
\(3“5;\ o® transcription of KK
o () feedback inhibitors
»
- \&, canonical
@B
7
&
<>
NLRP3! @‘?
ASC! “
S pro-CAsP1! type I
/V( y interferon
@)
Ry 9 v
pro-CASP1 pro-IL-1B
\ pro-IL-18
CASP1

1 B prolinﬂammatory
F IL-18 cytokines
K. Cl
s

(active)

} 4 & . v I %3
ca® ;
> h cleavage
pro-inflammatory pro-fibrotic | tgp





OEBPS/Images/crossmark.jpg
©

2

i

|





