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The global burden of renal diseases is increasingly severe, underscoring the need for in-depth exploration of the molecular mechanisms underlying renal disease progression and the development of potential novel biomarkers or therapeutic targets. Angiopoietin-like protein 4 (ANGPTL4) is a multifunctional cytokine involved in the regulation of key biological processes, such as glucose and lipid metabolism, inflammation, vascular permeability, and angiogenesis, all of which play crucial roles in the pathogenesis of kidney diseases. Over the past 2 decades, ANGPTL4 has been regarded as playing a pivotal role in the progression of various kidney diseases, prompting significant interest from the scientific community regarding its potential clinical utility in renal disorders. This review synthesizes the available literature, provides a concise overview of the molecular biological effects of ANGPTL4, and highlights its relationship with multiple renal diseases and recent research advancements. These findings underscore the important gaps that warrant further investigation to develop novel targets for the prediction or treatment of various renal diseases.
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1 INTRODUCTION
The global burden of kidney diseases is immense, contributing directly to worldwide morbidity and mortality and serving as a significant risk factor for cardiovascular diseases. According to recent epidemiological data, approximately 1.2 million deaths annually are attributed to chronic kidney disease (CKD), and by 2040, CKD is projected to become the fifth leading cause of death globally (The Lancet, 2018; The Lancet, 2020). Additionally, other kidney disorders, such as nephrotic syndrome, diabetic kidney disease (DKD), acute kidney injury (AKI), and renal tumors, further exacerbate the overall burden. The medical burden on end-stage renal disease patients is particularly severe, necessitating long-term renal replacement therapy, with poor prognosis and high mortality rates imposing substantial economic pressure on public health systems.
However, current therapeutic strategies predominantly focus on managing symptoms and slowing disease progression rather than targeting the underlying pathophysiological mechanisms. Given the diversity of kidney diseases and the limitations of existing diagnostic and treatment approaches, it is imperative to explore novel early detection biomarkers and therapeutic targets.
Angiopoietin-like protein 4 (ANGPTL4) was initially reported by three independent research groups in 2000 and was identified through various methods, including the screening of novel downstream targets of peroxisome proliferator-activated receptors (PPARs), the identification of new fasting-induced factors from the liver, and the PCR-based discovery of novel angiopoietin-related proteins (Kersten et al., 2000; Kim et al., 2000; Yoon et al., 2000). ANGPTL4 is a member of the angiogenesis-regulating and secretory protein superfamily, known as the ANGPTL1--8 family, which encompasses eight types of secreted glycoproteins. With the exception of ANGPTL5, all these genes have been identified in both humans and mice (Zhu et al., 2012). The human ANGPTL4 gene is highly conserved across species, with 77% and 99% amino acid sequence homology with that of mouse and chimpanzee, respectively (Zhu et al., 2002). Located on chromosome 19p13.3, this gene consists of seven exons and encodes a glycosylated secretory protein (fANGPTL4). This protein is subsequently cleaved after rapid translation, producing an N-terminal coiled-coil domain (nANGPTL4) and a C-terminal fibrinogen-like domain (cANGPTL4) (Zhu et al., 2012). Alternative splicing generates multiple transcript variants. Its complex structure and regulatory systems enable ANGPTL4 to participate in various biological functions but also lead to different roles under diverse pathological conditions (Liu and He, 2019). Currently, ANGPTL4 shows significant potential as a prognostic or predictive biomarker and as a therapeutic target for various diseases.
In kidney diseases, the expression and function of ANGPTL4 are particularly significant, especially in conditions such as nephrotic syndrome, DKD, lupus nephritis (LN), renal cell carcinoma (RCC), dyslipidemia-induced renal damage, and AKI. Numerous studies have elucidated the potential roles of ANGPTL4 in these renal disorders, underscoring the need for a systematic review and analysis of existing research to better understand its role. This paper provides a comprehensive summary of recent advancements in the understanding of ANGPTL4 and consolidates the existing data on its role in kidney diseases.
2 CHARACTERISTICS OF ANGPTL4
2.1 Structure of ANGPTL4
Angiopoietin-like proteins (ANGPTLs) constitute a family of secreted glycoproteins comprising eight members (ANGPTL1--8). These proteins share three conserved structural domains: a signal peptide (SP), a coiled-coil domain (CCD), and a fibrinogen-like domain (FLD). The only exception is ANGPTL8, which lacks the C-terminal FLD. (Figure 1).
[image: Figure 1]FIGURE 1 | Schematic representation of the ANGPTL1-8 structure. The ANGPTL family typically comprises three conserved structural domains: the signal peptide (SP, blue), the coiled-coil domain (CCD, green), and the fibrinogen-like domain (FLD, red). However, ANGPTL8 is an exception, as it lacks the C-terminal FLD.
ANGPTL4 consists of a secretory SP, an N-terminal CCD (nANGPTL4, 15 kDa), a linker region, and a C-terminal FLD (cANGPTL4, 35 kDa). (Ge et al., 2004; Zuo et al., 2023). The full-length ANGPTL4 (fANGPTL4, 45–65 kDa) undergoes proteolytic cleavage at R161RKR164 by proprotein convertases such as PCSK3, forming oligomeric nANGPTL4 and monomeric cANGPTL4 (Zhu et al., 2012; Fernández-Hernando and Suárez, 2020) (Figure 2). Before cleavage, fANGPTL4 forms higher-order structures via disulfide bonds. The cleavage patterns are tissue specific; adipose tissue secretes fANGPTL4, while the liver releases cleaved nANGPTL4. This structural complexity and tissue-specific expression highlight the diverse biological roles of ANGPTL4 (Zhu et al., 2012). Thus, the complex structure of ANGPTL4, along with its tissue-specific expression and cleavage patterns, underscores its multifaceted roles in various biological processes.
[image: Figure 2]FIGURE 2 | Structure and function of ANGPTL4. ANGPTL4 is composed of several distinct regions: the signal peptide, the N-terminal coiled-coil domain (nANGPTL4, 15 kDa), the linker region, and the C-terminal fibrinogen-like domain (cANGPTL4, 35 kDa). The glycosylated secretory protein (fANGPTL4, 45–65 kDa) undergoes proteolytic cleavage by proprotein convertases (including PCSK3, Furin, and PC5/6) at the amino acid sequence R161RKR164, as indicated by the scissor symbol. After cleavage, the ANGPTL4 domains are released from the cell, with nANGPTL4 remaining in an oligomeric state and cANGPTL4 dissociating into monomers. nANGPTL4 plays a crucial role in lipid metabolism, whereas cANGPTL4 is involved in several nonlipid-related processes. Created with BioRender.com.
ANGPTL4 shares structural homology with angiopoietins but does not bind to their ligands Tie1 or Tie2 (Zhu et al., 2012), initially classifying it as an orphan receptor. Subsequent research identified integrins β1, β5, αvβ3, and α5β1 as key receptors, with ANGPTL4 also interacting with VE-cadherin and claudin-5 to regulate endothelial junction integrity (Goh et al., 2010; Huang et al., 2011; Gomez Perdiguero et al., 2016). In scar tissue, ANGPTL4 binds cadherin-11, reducing collagen expression via DNA-binding inhibitor 3 (Teo et al., 2017). It forms a complex with heparan sulfate and the Wnt coreceptor LRP6, mediating intracellular signaling (Kirsch et al., 2017). ANGPTL4 also binds neurofibromin 1/2 in endothelial cells, contributing to diabetic macular edema (Sodhi et al., 2019), and interacts with epidermal growth factor receptor, inhibiting granulosa cell proliferation in polycystic ovary syndrome (Jiang et al., 2023). Thus, ongoing research into ANGPTL4 receptors has expanded, offering new therapeutic opportunities. Targeting these specific receptor interactions can modulate the various physiological and pathological effects of ANGPTL4, providing new treatment strategies for fibrosis, vascular diseases, and metabolic disorders.
2.2 Functions of ANGPTL4
ANGPTL4 regulates various biological functions through its N-terminal and C-terminal domains. nANGPTL4, in particular, inhibits lipoprotein lipase (LPL) activity, leading to elevated circulating triglyceride (TG) levels (Fernández-Hernando and Suárez, 2020; Kersten, 2021). Desai et al. reported that ANGPTL4-deficient mice presented increased LPL activity, enhanced TG clearance, and reduced plasma TG levels (Desai et al., 2007). ANGPTL4 monoclonal antibodies decreased TG levels in high-fat diet-fed mice and monkeys (Dewey et al., 2016). Genetic studies have also shown that ANGPTL4 loss-of-function variants lower TG levels and increase HDL levels (Yin et al., 2009).
ANGPTL4 is involved in energy expenditure and diverse nonlipid processes, such as glucose metabolism, angiogenesis, vascular permeability, wound healing, inflammation, and oxidative stress (Figure 1). Studies on ANGPTL4 overexpression in mice have reported various effects on glucose metabolism, ranging from no impact to improved or impaired glucose tolerance, likely due to differences in the site and extent of overexpression (Xu et al., 2005; Mandard et al., 2006; Wang et al., 2016; Okamoto et al., 2017). In contrast, ANGPTL4 deficiency in adipose tissue enhances glucose tolerance in fat-specific knockout mice fed a high-fat diet (Aryal et al., 2018; Singh et al., 2018). In colorectal cancer, ANGPTL4 regulates glucose transporter expression, promoting glucose metabolism (Mizuno et al., 2022).
In recent years, the role of ANGPTL4 in regulating angiogenesis and vascular permeability has been controversial. It has been shown to inhibit vascular permeability and angiogenesis (Okochi-Takada et al., 2014; Gomez Perdiguero et al., 2016; Liabotis et al., 2022), yet it also promotes angiogenesis and disrupts barrier stability (Chong et al., 2014; Sodhi et al., 2019; Qiu et al., 2021). These apparent discrepancies may stem from differences in animal models, in vitro models, and experimental methods, with most studies focusing on the paracrine effects of ANGPTL4 on endothelial cells. Recently, Chaube et al. (2023) suggested considering the potential endothelial cell-specific autocrine effects of ANGPTL4. Local injection of recombinant ANGPTL4 can accelerate wound healing in diabetic mice (Chong et al., 2014). In contrast, another study revealed that in high-glucose-induced fibroblasts and diabetic mouse skin, IL-7 stimulates fibroblasts to secrete ANGPTL4, leading to delayed wound healing (Gao et al., 2023).
ANGPTL4 has both anti-inflammatory and proinflammatory effects. In colitis models, it stabilizes chemokine transcripts to protect against inflammation (Phua et al., 2017), whereas in psoriasis, it can promote inflammatory responses through ERK1/2 and STAT3 signaling (Zuo et al., 2022). During the early stages of oral inflammation, ANGPTL4 promotes the elevation of inflammatory factors, whereas in the later stages, excessive ANGPTL4 production exerts anti-inflammatory effects (Tian et al., 2022). These dual roles underline its complex regulation and tissue-specific functions. Given its broad involvement in metabolic disorders, inflammation, and cancer, ANGPTL4 has potential as a therapeutic target, although further research is needed to clarify its diverse mechanisms.
2.3 Modulators of ANGPTL4
In mice, ANGPTL4 is expressed primarily in adipose tissue, with lower levels in the heart, liver, and other tissues, whereas in humans, it is produced predominantly in the liver, adipose tissue, plasma, and heart (Kersten et al., 2000; Zuo et al., 2023). Its expression is regulated by nutritional status (such as fasting and caloric restriction) and metabolic conditions (such as hypoxia) (Hato et al., 2008; Zuo et al., 2023). ANGPTL4 levels significantly increase in human and mouse adipose tissue and plasma following fasting, which is likely mediated by changes in plasma insulin, cortisol, and fatty acids (Koliwad et al., 2009; Ruppert et al., 2020). Hypoxic stimulation also elevates ANGPTL4 expression in adipocytes and cancer cells (González-Muniesa et al., 2011; Drager et al., 2013; Niu et al., 2020; Tang et al., 2022; Zhang et al., 2022).
In addition to the aforementioned stimuli, several studies have indicated that ANGPTL4 expression is regulated by specific activators and inhibitors, certain transcription factors, inflammatory molecules, and drugs (Figure 3). The key transcription factors that directly activate ANGPTL4 expression include hypoxia-inducible factor 1-alpha (HIF-1α) (Yang et al., 2019; Kang et al., 2021; Qi et al., 2023), signal transducer and activator of transcription 3 (STAT3) (Li et al., 2015; Avalle et al., 2022), PPARs (Alex et al., 2013; Cheng et al., 2021; Liu et al., 2023), retinoic acid receptor-related orphan receptor alpha (RORα) (Cho et al., 2019), c-Myc (Katanasaka et al., 2013), forkhead box A1 (FOXA1) (Mi et al., 2019), GA (Mi et al., 2019), and zinc finger and homeobox (ZHX) (Macé et al., 2020; Chugh and Clement, 2023). ANGPTL4 is also regulated by various agonists (such as PPAR and HIF-1α) and inhibitors (such as angiotensin blockers and insulin) (Grootaert et al., 2012; Shen et al., 2020; Zuo et al., 2023). Additionally, certain inflammatory factors (including lipases, TNF-α and others (Lu et al., 2010; Makoveichuk et al., 2017)) as well as various drugs (such as paeoniflorin, glucocorticoids and others (Chen et al., 2017; Lu et al., 2017; Pan et al., 2017; Yang et al., 2018; Hjelholt et al., 2020; Kang et al., 2020)) can modulate ANGPTL4 expression. Posttranslational modifications (such as sialylation, phosphorylation), cleavage, and subcellular localization further influence ANGPTL4 stability and function, increasing regulatory complexity (Zuo et al., 2023). Overall, the regulation of ANGPTL4 expression is a multifaceted process influenced by nutritional, metabolic, and environmental factors.
[image: Figure 3]FIGURE 3 | Modulators of ANGPTL4. ANGPTL4 expression is regulated by various factors, including specific nutritional and metabolic states, transcription factors, certain activators and inhibitors, inflammatory molecules, drugs, and posttranslational modifications. Created with BioRender.com.
3 ROLE OF ANGPTL4 IN RENAL DISEASES
To date, extensive research has demonstrated that ANGPTL4 is aberrantly expressed in various kidney diseases and is closely related to the progression of these conditions through multiple mechanisms. This review summarizes the abnormal expression of ANGPTL4 in various kidney diseases, its specific mechanisms, and its pathogenic functions (Table 1).
TABLE 1 | Roles of ANGPTL4 in renal diseases.
[image: Table 1]3.1 ANGPTL4 and nephrotic syndrome
Nephrotic syndrome is a kidney disorder characterized by damage to the glomerular filtration barrier and an increased filtration rate, resulting in significant proteinuria, hypoalbuminemia, edema, hyperlipidemia (elevated triglycerides and cholesterol), and lipiduria (Chugh et al., 2012). Common primary causes of nephrotic syndrome include minimal change disease (MCD), focal segmental glomerulosclerosis (FSGS), and membranous nephropathy (MN), all of which are forms of primary glomerular disease (Clement et al., 2015). Despite extensive research identifying key structural proteins that may lead to glomerular filtration defects, many pathogenic mechanisms underlying nephrotic syndrome remain unclear.
Recent studies suggest that ANGPTL4 may play a crucial role in the pathogenic mechanisms of nephrotic syndrome (Clement et al., 2014; Chugh and Clement, 2023). In a lipopolysaccharide (LPS)-induced nephropathy model, ANGPTL4 gene knockout alleviated hyperlipidemia and proteinuria (Li et al., 2023c). This improvement is associated with the downregulation of the actin cytoskeleton regulatory factors ACTN4 and podocin. Similarly, ANGPTL4 levels are significantly elevated in rat models induced by puromycin aminonucleoside (PAN) and in podocyte injury models. Overexpression and knockdown experiments revealed that ANGPTL4 can directly induce podocyte cytoskeletal rearrangement, reduce synaptopodin expression, and exacerbate PAN-induced podocyte apoptosis (Yang et al., 2006; Shen et al., 2020). Further research has shown that ANGPTL4 expression is significantly upregulated following doxorubicin treatment, whereas epigallocatechin gallate (EGCG) may alleviate FSGS by targeting the HIF-1α/ANGPTL4 pathway to inhibit oxidative stress and podocyte apoptosis (Liu and He, 2019). Downregulation of ANGPTL4 reduces cell apoptosis, improves podocyte injury, and decreases proteinuria, a process regulated by PPARγ (Lu et al., 2017; Wang et al., 2019). These findings collectively underscore the critical role of ANGPTL4 in the progression of nephrotic syndrome, particularly through its impact on podocyte structure and function and its involvement in disease pathogenesis. However, it is important to note that most existing research focuses on animal models and cellular studies, with a lack of validation in human subjects. Therefore, the potential mechanisms by which ANGPTL4 is involved in nephrotic syndrome require further investigation.
In clinical studies, increased serum ANGPTL4 levels have been observed in patients with MCD and MN compared with healthy controls, and serum ANGPTL4 levels are closely correlated with proteinuria and renal function in MCD patients (Shen et al., 2020). These findings suggest that ANGPTL4 may play a significant role in the pathological processes of these kidney diseases, especially when renal filtration barrier function is impaired. Surprisingly, another study revealed no significant associations between ANGPTL4 levels in blood or urine and proteinuria in MCD patients (Cara-Fuentes et al., 2017). Additionally, this study revealed that patients with severe proteinuria, regardless of whether they had MCD, FSGS, or MN, had significantly increased urinary excretion of ANGPTL4, with levels remaining elevated throughout the disease process (Cara-Fuentes et al., 2017). The discrepancies in these findings may stem from variations in sample size, individual differences, and experimental reagents. Future large-scale, multicenter clinical studies are needed to comprehensively assess the effectiveness and specificity of ANGPTL4 as a biomarker for nephrotic syndrome in blood and urine. These studies should consider different types of kidney diseases, disease stages, and patient variability and use standardized detection methods and criteria as much as possible.
Chugh and colleagues recently made a groundbreaking discovery emphasizing the critical role of low-sialylated ANGPTL4 in podocytes in understanding the major manifestations of human MCD (Chugh and Clement, 2023). They reported that podocytes secrete two distinct forms of ANGPTL4: one sialylated form with a neutral isoelectric point (pI) and another high pI form lacking sialic acid residues (lowly sialylated ANGPTL4), which is observed exclusively in the glomeruli and urine (Chugh and Clement, 2023). In studies involving glomerular endothelial cells cultured under oxidative stress, sialylated ANGPTL4 significantly reduced cell damage, whereas low-sialylated ANGPTL4 exacerbated damage (Clement et al., 2014). Furthermore, rats overexpressing ANGPTL4 specifically in podocytes presented high pI and low ANGPTL4 sialylation, accompanied by pronounced proteinuria, loss of glomerular basement membrane charge, and effacement of podocyte foot processes (Clement et al., 2011). These detrimental effects are attributed to the greater affinity of low-sialylated ANGPTL4 for integrins αvβ5 and α3β1 and its potential strong binding to proteoglycans such as transmembrane proteoglycans and basement membrane proteoglycans (Chugh and Clement, 2023).
Studies have shown that the nuclear factor ZHX1 significantly upregulates low-sialylated ANGPTL4, leading to glomerular injury associated with low sialylation (Clement et al., 2011). Additionally, in ANGPTL4 knockout mice, the administration of lipopolysaccharide or nephrotoxic serum significantly reduced proteinuria, whereas no significant difference was observed in the control groups (Clement et al., 2011). These findings indicate that low-sialylated ANGPTL4 secreted by podocytes plays a crucial role in nephrotic syndrome. Moreover, oral administration of low-dose N-acetyl-D-mannosamine (ManNAc) improved ANGPTL4 sialylation in vivo and significantly reduced proteinuria (Chugh et al., 2014). Therefore, sialic acid precursor therapy could be a potential treatment to reduce proteinuria in certain nephrotic syndromes. However, the long-term safety and efficacy of ManNAc or other sialic acid precursors as therapeutic agents for nephrotic syndrome need to be evaluated in future clinical trials.
Low sialylated ANGPTL4 is more likely to bind with glomeruli, while the majority of ANGPTL4 circulating in the bloodstream is a sialylated protein with a neutral pI secreted by peripheral tissues (adipose tissue, skeletal muscle, heart, and liver), with a smaller fraction of low sialylated ANGPTL4 also being secreted into the circulation by podocytes (Clement et al., 2011). The overexpression of adipose tissue-specific ANGPTL4 in transgenic rats results in increased circulating ANGPTL4 levels without accompanying proteinuria, highlighting the specificity and significance of podocyte-derived ANGPTL4 in proteinuric diseases. Analysis of ANGPTL4 oligomer formation in transgenic rats revealed that the majority of ANGPTL4 in the glomeruli is in the form of monomers or low-order oligomers, whereas circulating ANGPTL4 predominantly exists as intermediate- and high-order oligomers, which may account for why the circulating form of ANGPTL4 does not penetrate the glomerular basement membrane (Clement et al., 2011). The secretion of circulating ANGPTL4 occurs when proteinuria reaches the nephrotic threshold, with a negative feedback loop wherein circulating ANGPTL4 interacts with glomerular integrin αvβ5 to mitigate proteinuria. However, in minimal change disease (MCD), this feedback loop is compromised by the deleterious and overwhelming effects mediated by low sialylated ANGPTL4 (Chugh et al., 2014; Clement et al., 2014; Macé and Chugh, 2014).
Additionally, circulating ANGPTL4 induces hypertriglyceridemia by inhibiting LPL. Studies have shown that intravenous administration of recombinant mutant human ANGPTL4, which modifies key interaction sites with LPL, significantly reduces proteinuria in FSGS-afflicted animals without altering plasma TG levels (Clement et al., 2014; Del Nogal-Avila et al., 2016). Thus, recombinant mutant human ANGPTL4 is being developed as a promising therapeutic approach for nephropathy. In summary, the mechanistic role of ANGPTL4 in renal diseases, particularly proteinuric disorders, is complex and multifaceted. The low level of sialylated ANGPTL4 produced by podocytes plays a crucial role in the onset and progression of proteinuria, while circulating ANGPTL4 secreted by peripheral tissues affects lipid metabolism and glomerular function through different mechanisms. Future research should continue to explore the various forms of ANGPTL4 and their specific roles in nephropathy, with a particular focus on the clinical potential of sialic acid precursors and recombinant mutant ANGPTL4 as therapeutic strategies for nephrotic syndrome. Figure 4 summarizes the role of ANGPTL4 in primary nephrotic syndrome.
[image: Figure 4]FIGURE 4 | Role of ANGPTL4 in primary nephrotic syndrome. The specific regulatory mechanisms and intervention targets of podocytes and circulating ANGPTL4 in the pathogenesis of primary nephrotic syndrome are delineated. Podocyte-secreted ANGPTL4 modulates various cellular functions, including oxidative stress, apoptosis and cytoskeletal rearrangement. In contrast, circulating ANGPTL4 undergoes negative feedback regulation in response to substantial proteinuria. The intricate mechanistic actions of these ANGPTL4 entities are explained in the text. The arrows in the figure signify promoting effects, whereas the blocked arrows denote inhibitory effects. Created with BioRender.com.
3.2 ANGPTL4 and diabetic kidney disease (DKD)
DKD is one of the most prevalent complications of diabetes and a leading cause of end-stage renal disease worldwide (Ogurtsova et al., 2017; Lv and Zhang, 2019; Saeedi et al., 2019). Pathologically, DKD is characterized by histological features, including glomerular and tubular basement membrane thickening, mesangial expansion, extracellular matrix accumulation, podocyte cytoskeletal rearrangement, and tubular cell injury (Remuzzi et al., 1997; Bose et al., 2017). Recent research has highlighted the significant potential of ANGPTL4 in the early diagnosis of DKD, particularly in detecting podocyte dysfunction, indicating promising application prospects.
In studies using streptozotocin (STZ)-induced diabetic rats and spontaneous diabetic db/db model mice, ANGPTL4 expression in renal tissues was found to be significantly elevated. Additionally, ANGPTL4 levels are increased in the urine of STZ-induced diabetic patients, with ANGPTL4 expression in renal tissues and urine closely correlated with urinary ALB levels (Ma et al., 2015; Wang et al., 2022). These findings suggest that ANGPTL4 may serve as a novel and potential diagnostic and therapeutic biomarker for DKD. In vitro studies evaluating ANGPTL4 under high glucose (HG) conditions revealed that high glucose stimulation significantly increased ANGPTL4 expression, whereas ANGPTL4 knockdown markedly inhibited HG-induced cell proliferation and inflammatory responses (Qin et al., 2019). Moreover, comprehensive bioinformatics analysis of transcriptomic data from widely used tetracycline and STZ-induced DKD models, with validation in db/db mice, indicated that ANGPTL4 could be a key gene in the pathogenesis of DKD (Xu et al., 2023), although its precise mechanisms warrant further investigation. Gao et al. (2022) reported that the upregulation of ANGPTL4 was associated with podocyte damage in DKD mice. Under HG conditions, ANGPTL4 overexpression in vitro counteracted the protective effects of ManNAc against podocyte injury via the ROS/NLRP3 signaling pathway. Similarly, ANGPTL4 upregulation activated the integrin-β1/FAK signaling pathway, promoting podocyte apoptosis and actin cytoskeletal disruption, which could be reversed by ANGPTL4-neutralizing antibodies or ManNAc supplementation (Guo et al., 2020). These findings suggest that targeting ANGPTL4-related signaling pathways has therapeutic potential for DKD. Future research should continue to explore the specific mechanisms of ANGPTL4 in diabetic kidney disease and develop ANGPTL4-based diagnostic and therapeutic strategies to provide more effective treatment options for DKD patients.
In clinical studies, circulating ANGPTL4 levels are significantly elevated in patients with DKD. Interestingly, this elevation is specific to the renal disease state, with comparable ANGPTL4 levels in type 2 diabetes patients and controls (Al Shawaf et al., 2019). Furthermore, serum ANGPTL4 levels positively correlate with clinical biomarkers of DKD (such as the urine albumin-to-creatinine ratio and serum creatinine) and negatively correlate with the estimated glomerular filtration rate (eGFR) (Al Shawaf et al., 2019), suggesting that circulating ANGPTL4 may serve as a biochemical marker for detecting renal disease status in diabetic patients. A single-center cross-sectional study by Bano et al. (2023) further supported this finding. Their research indicated that, compared with DKD patients with normal albuminuria, those with heavy albuminuria presented significantly higher levels of ANGPTL4 in the urine, which was negatively correlated with the eGFR and increased with worsening renal function. Even after adjusting for demographic, clinical, and laboratory parameters, urine ANGPTL4 levels remained significantly associated with DKD. Their study also demonstrated that urine ANGPTL4 performed exceptionally well in DKD diagnosis, with AUC values of 0.90 and 1.00 for the microalbuminuria and heavy albuminuria groups, respectively, and specificities of 93.3% and 97.8%, respectively. These findings suggest that urine ANGPTL4 expression could serve as a preliminary diagnostic marker for DKD and that its diagnostic efficacy may be enhanced when it is combined with other indicators. However, despite these encouraging findings, further longitudinal studies across diverse large ethnic populations are necessary to validate its applicability.
In summary, the role and potential of ANGPTL4 in DKD are progressively being revealed, with its expression levels in both circulation and urine significantly correlating with renal function indicators, demonstrating its potential as a diagnostic and prognostic marker. Future research should continue to explore the specific mechanisms of ANGPTL4, particularly in larger and more diverse populations, to provide more feasible and effective diagnostic and therapeutic strategies for DKD patients.
3.3 ANGPTL4 and lupus nephritis (LN)
Systemic lupus erythematosus (SLE) is a chronic, systemic autoimmune disorder characterized by heterogeneous clinical manifestations and multiorgan involvement (Tanaka, 2022). LN damage results from SLE and is one of the most severe organ manifestations of the disease, potentially progressing to end-stage renal disease in its late stages and serving as a major cause of mortality in SLE patients (Anders et al., 2020). In recent years, researchers have extensively studied biomarkers for LN as alternatives to renal biopsy, the gold standard (Soliman and Mohan, 2017; Vanarsa et al., 2020). These studies aim to facilitate more convenient longitudinal monitoring of patients, enabling close tracking of disease progression and timely adjustments to treatment regimens.
Vanarsa et al. (2020) employed a novel quantitative planar protein microarray to screen 1,000 proteins in the urine of SLE patients and reported that ANGPTL4 levels were significantly elevated in the urine of patients with active renal SLE compared with healthy controls and were markedly higher than those in patients with active nonrenal SLE. In the diagnosis of LN, urine ANGPTL4 demonstrated excellent performance, with an AUC of 0.96 and a specificity of 87.5%, suggesting that ANGPTL4 could serve as a diagnostic biomarker for LN in SLE patients. Additionally, during follow-up examinations of LN patients, urine ANGPTL4 was found to be present either prior to or concomitantly with worsening of the SLEDAI or rSLEDAI, indicating its reliability and significance as a clinical marker of disease activity and suggesting its utility as a novel urinary biomarker for tracking LN disease activity. However, urine ANGPTL4 requires further independent validation in larger cohorts. The specific mechanisms of ANGPTL4 in LN remain unclear. Recent studies have indicated that silencing ANGPTL4 significantly reduces urinary protein, creatinine, and urea nitrogen levels in MRL/LPR mice and improves renal pathological changes (Luo et al., 2023). This effect may be related to inactivation of the NLRP3 inflammasome, thereby suppressing inflammatory responses, such as the inhibition of TNF-α, IL-17, and monocyte chemoattractant protein-1, in MRL/LPR mice with lupus nephritis (Luo et al., 2023). These findings suggest that targeting ANGPTL4 expression may represent a viable new therapeutic approach for LN, but further validation is needed in other lupus nephritis animal models and clinical trials. In summary, the role of ANGPTL4 in SLE, particularly LN, is gaining increasing attention. Its expression levels in urine are closely associated with LN diagnosis and disease activity, demonstrating promising potential as a biomarker for both the diagnosis and monitoring of LN.
3.4 ANGPTL4 and renal cell carcinoma (RCC)
RCC is a malignancy originating from the renal tubular epithelium and accounts for more than 90% of kidney cancers. Among RCC subtypes, clear cell renal cell carcinoma (ccRCC) is the most prevalent and aggressive, accounting for 75% of RCC cases, and is associated with a high mortality rate (Hsieh et al., 2017). The pathogenesis of RCC is intricate and multifaceted, with a lack of distinctive clinical features in the early stages; consequently, 25%–30% of patients present with metastasis at diagnosis (Ljungberg, 2007). The risk of metastasis and recurrence remains high following local renal tumor resection, and RCC is resistant to chemotherapy and radiotherapy, leading to a poor prognosis (Cohen and McGovern, 2005; Wood, 2007). Thus, identifying biomarkers for early diagnosis and therapeutic targets is crucial for RCC.
ANGPTL4 is highly expressed in various cancers, including colorectal, prostate, breast, and liver cancers, where it plays roles in regulating tumor growth, angiogenesis, redox balance, tumor invasion, and metastasis (Ma B. et al., 2023). In ccRCC tumor tissues, ANGPTL4 expression is also significantly elevated (Le Jan et al., 2003; Verine et al., 2010), suggesting a potential role for ANGPTL4 in ccRCC. Moreover, serum ANGPTL4 levels are even higher in RCC patients than in patients with other solid tumors (Dong et al., 2017), indicating that ANGPTL4 may play a more specific role in the development and progression of kidney cancer. Previous studies identified ANGPTL4 mRNA expression as a diagnostic marker for both primary and metastatic RCC but lacked prognostic value (Verine et al., 2010). In contrast, other studies suggest that serum ANGPTL4 may serve not only as a diagnostic marker but also as a prognostic biomarker for RCC (Dong et al., 2017). This discrepancy might be due to differences between the mRNA and protein expression levels, which reflect various aspects of the disease and different detection methodologies. Future research should validate the diagnostic efficacy and prognostic value of serum ANGPTL4 in RCC patients within larger cohorts.
Recent advancements in bioinformatics have accelerated the screening and study of characteristic genes in RCC. For example, machine learning algorithms and databases have identified ANGPTL4 as a potential prognostic biomarker for ccRCC patients (Wang et al., 2018; Zhang et al., 2020; Han and Song, 2022; Li L. et al., 2023). In disease prognostic models, ANGPTL4 has demonstrated diagnostic potential, with an AUC of 0.7665, and its expression in RCC tumor samples is significantly greater than that in normal kidney tissue (Li L. et al., 2023). However, most of these studies remain at the bioinformatics level and lack validation from large clinical samples or in vitro and in vivo experiments. Apanovich et al. (2020) employed microarray expression databases to identify the top 20 genes expressed in ccRCC tumors and further examined these genes in 68 paired ccRCC tumor and normal samples. The results revealed that ANGPTL4 expression was elevated in stage I/II ccRCC samples compared with normal kidney tissue but was significantly reduced in stage IV samples, which may be associated with the expression levels of inducible HIF-1 genes (Zhang et al., 2013; Apanovich et al., 2021). Under hypoxic conditions during the development of stage I/II ccRCC tumors, ANGPTL4 might promote tumor progression by preventing apoptosis and modulating the redox shift toward ROS formation (Zhu et al., 2011; Baba et al., 2017).
Studies indicate the presence of multiple hypoxia-related tumor microenvironment cell subpopulations in ccRCC, with ANGPTL4+ endothelial cells potentially playing a pivotal role in tumor angiogenesis, indicating significant prognostic value. In vitro experiments suggest that the knockdown of ANGPTL4 may impact ccRCC cell proliferation by modulating the ERK/P38 signaling pathway (Ma B. et al., 2023). Additionally, knockdown of HOTAIRM1 lncRNA in CAKI-1 cells led to increased HIF-1α protein expression, thereby activating ANGPTL4 expression (Hamilton et al., 2020). These findings reveal that high ANGPTL4 expression in ccRCC may facilitate tumor growth and angiogenesis, while ANGPTL4 inhibition might suppress tumor cell proliferation by regulating key signaling pathways. In summary, through bioinformatics analysis and preliminary experimental validation, the role and potential of ANGPTL4 in RCC are becoming increasingly evident. Future research should delve deeper into the specific mechanisms of ANGPTL4 in RCC and validate its application value through larger clinical samples and comprehensive in vitro and in vivo experiments, providing new insights and methods for the early diagnosis and treatment of RCC.
3.5 ANGPTL4 and hyperlipidemia-induced renal injury
Dyslipidemia is a crucial marker of CKD progression, and dyslipidemia has been identified as an independent risk factor for CKD management (National Library of Medicine, 2002). Dyslipidemia adversely affects visceral organs, particularly the kidneys. Renal damage caused by dyslipidemia is related not only to lipotoxicity but also to oxidative stress, endoplasmic reticulum stress, and inflammatory responses (Chen et al., 2023). Since Moorhead et al. (1982) proposed the “lipid nephrotoxicity hypothesis” in 1982, accumulating evidence has supported the notion that lipid abnormalities can lead to glomerulosclerosis and interstitial kidney disease (Tomiyama-Hanayama et al., 2009; Liu, 2011). However, the specific mechanisms by which dyslipidemia significantly impacts the progression and development of renal damage remain inadequately understood.
ANGPTL4 is a key molecule involved in regulating lipid metabolism. Studies have shown that ANGPTL4 gene knockout mice exhibit significantly reduced TG levels and increased LPL activity (Adachi et al., 2009; Nyrén et al., 2019). In contrast, transgenic mice with high ANGPTL4 expression present markedly elevated TG levels (Clement et al., 2014), resulting in disrupted lipid metabolism. Compared with healthy controls, patients with dyslipidemic renal damage have significantly elevated ANGPTL4 levels in both the serum and urine. Serum ANGPTL4 levels are positively correlated with blood lipid levels, whereas urinary ANGPTL4 levels are positively correlated with urinary protein levels (Gao et al., 2020). However, whether serum and urinary ANGPTL4 levels independently influence blood lipid or urinary protein levels in dyslipidemic patients requires validation through larger cohort studies. Research on the mechanisms of ANGPTL4 in dyslipidemia-induced renal damage remains limited. Li et al. (2022) were the first to investigate ANGPTL4 expression in a high-fat renal injury animal model and reported that under high-fat conditions, ANGPTL4 expression in wild-type mouse renal tissues was significantly upregulated and increased progressively with increasing duration of feeding. ANGPTL4 gene knockout significantly reduced dyslipidemia, proteinuria, and podocyte foot process effacement in mice, potentially implicating ANGPTL4 in the pathogenesis of dyslipidemia-induced renal damage by affecting podocyte ACTN4 expression. Recent studies have shown that ANGPTL4 levels are markedly increased in the urine and renal tissues of rats fed a high-fat diet, and lipid accumulation in human podocytes treated with palmitic acid is accompanied by increased ANGPTL4, suggesting that ANGPTL4 may be a critical factor in dyslipidemic renal damage (Qiu et al., 2023). Further research revealed that activation of the AMPK/ACC signaling pathway can downregulate ANGPTL4 expression in podocytes, offering protective effects against saturated fatty acid-induced podocyte injury (Qiu et al., 2023). However, these results need further validation through additional experiments. Future studies should continue to explore the specific mechanisms of ANGPTL4 in dyslipidemia-induced renal damage and evaluate its potential as a novel biomarker for treating dyslipidemic kidney disease.
3.6 ANGPTL4 and other renal diseases
Acute decompensated heart failure (ADHF)-induced AKI studies in sheep models have identified ANGPTL4 as a potential candidate biomarker for long-term renal impairment associated with acute ADHF on the basis of transcriptomic analyses (Rademaker et al., 2021). These findings offer new insights into the molecular mechanisms underlying ADHF-related renal injury. Additionally, in a cisplatin-induced acute kidney injury mouse model, increased ANGPTL4 expression was observed alongside reduced LPL activity, predominantly in the proximal tubular segments (Li et al., 2012), suggesting that ANGPTL4 may be involved in the AKI mechanism by regulating LPL activity. However, definitive mechanistic studies and clinical validation are currently lacking and warrant further exploration.
Analysis of plasma and urinary samples from patients with IgA nephropathy (IgAN) revealed significantly elevated levels of ANGPTL4, which was positively correlated with the extent of podocyte damage (Jia et al., 2020). These findings suggest the potential of ANGPTL4 as a tool for assessing the severity of IgAN and suggest its potential as a future therapeutic target for IgAN. Despite its importance, further large-scale studies are necessary to validate its clinical applicability.
Previous reports indicate that serum ANGPTL4 levels in patients undergoing chronic hemodialysis are more than five times higher than those in healthy controls (Baranowski et al., 2011), suggesting a significant role of ANGPTL4 in the dialysis process. Mahmood et al. reported a similar phenomenon: during chronic hemodialysis, the use of low-molecular-weight heparin for anticoagulation resulted in the release of ANGPTL4 from tissues into the bloodstream, whereas citric acid anticoagulation significantly reduced ANGPTL4 levels (Mahmood et al., 2014). These findings suggest that different anticoagulation strategies may differentially affect ANGPTL4 release and expression, although the exact mechanisms remain to be elucidated in future studies.
Our previous research preliminarily indicated that in an adenine-induced CKD interstitial fibrosis rat model, ANGPTL4 expression in renal tissue was significantly upregulated and positively correlated with renal injury markers (Li et al., 2023b). These findings suggest a potentially crucial role for ANGPTL4 in the pathology of CKD-related interstitial fibrosis. Subsequent studies in hypoxia-induced human renal tubular epithelial cell fibrosis revealed that both knockdown and overexpression of ANGPTL4 could either alleviate or exacerbate cell fibrosis progression, involving a regulatory loop with HIF-1α in CKD interstitial fibrosis progression (Li et al., 2024). These findings indicate that ANGPTL4 may be a key factor in CKD interstitial fibrosis. However, further in vivo and in vitro studies are needed to elucidate its precise mechanisms and assess its potential as a diagnostic and therapeutic target for renal fibrosis.
4 OTHER ANGPTLS IN RENAL DISEASES
In addition to ANGPTL4, other members of the ANGPTL family play critical roles in renal diseases. Current research on ANGPTL3 has made significant strides, particularly in DKD and nephrotic syndrome. Studies by Ma et al. demonstrated that the deletion of ANGPTL3 ameliorates podocyte injury, epithelial-to-mesenchymal transition, and macrophage polarization from the M1 phenotype to the M2 phenotype by modulating the NLRP3 signaling pathway, revealing a novel immune mechanism underlying diabetic kidney damage (Ma et al., 2023b). Moreover, adjunctive therapy with anti-ANGPTL3 antibodies or the absence of ANGPTL3 significantly alleviates podocyte injury in DKD mouse models (Ma Q. et al., 2022; Ma et al., 2023c). In non-DKD individuals, ANGPTL3 deletion or suppression similarly has protective effects. In models of nephropathy induced by adriamycin or puromycin, as well as LPS-induced AKI, the inhibition of ANGPTL3 markedly reduces proteinuria, podocyte apoptosis, and renal functional impairment (Zhao et al., 2021; Ma Y. et al., 2022; Ji et al., 2023). Furthermore, downregulation of ANGPTL3 activates the PI3K/AKT signaling pathway, inhibiting TGF-β1-induced renal interstitial fibrosis (Yang et al., 2024). In addition, ANGPTL2 deficiency or knockdown has been shown to have protective effects on unilateral ureteral obstruction and hypoxia/reoxygenation-induced injury models (Morinaga et al., 2016; Xiang et al., 2020). ANGPTL2 also plays a role in immune modulation, with its deficiency promoting CD8+ T-cell infiltration and delaying tumor progression in RCC models (Kadomatsu et al., 2023). ANGPTL8, which is predominantly associated with metabolic kidney diseases, is correlated with an increased risk of renal dysfunction, particularly DKD, where it holds potential as a prognostic biomarker (Issa et al., 2019; Meng et al., 2021).
In summary, other members of the ANGPTL family, including ANGPTL2, ANGPTL3, and ANGPTL8, also contribute to the regulation of inflammation, fibrosis, and metabolic disturbances in kidney diseases. Future research should aim to elucidate their precise molecular mechanisms and develop targeted interventions for specific ANGPTL family members, thereby advancing therapeutic strategies for renal disorders.
5 CONCLUSION AND PERSPECTIVES
Current evidence indicates that ANGPTL4 plays a crucial role in the pathogenesis and progression of various kidney diseases. It may contribute to renal pathology through multiple mechanisms, including the regulation of inflammation, apoptosis, oxidative stress, hypoxia, tumor growth, and angiogenesis. Elevated ANGPTL4 expression has been observed in renal tissues across various kidney diseases, and its inhibition has shown promise in effectively halting disease progression in both in vitro and in vivo models, making ANGPTL4 an appealing therapeutic target. However, the precise mechanisms through which ANGPTL4 affects different kidney diseases remain inadequately understood. Increasing data suggest that ANGPTL4 levels in blood and/or urine could serve as biomarkers for multiple renal disorders, although issues such as sample size, individual variability, and reagent differences present ongoing debates. Future research with larger cohorts is essential for confirming its role in the early dynamic detection of kidney diseases. Additionally, targeting ANGPTL4 with approaches such as recombinant mutant human angiopoietin-like 4, anti-ANGPTL4 antibodies, and sialic acid precursor therapy could offer novel treatment strategies, although their safety and efficacy require further investigation.
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the integrin-B1/FAK signaling
pathway, alleviating podocyte
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inflammatory cytokines in the
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