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Cross-talk of renal cells through WNT signal transduction in the development of fibrotic kidneys
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Chronic kidney disease (CKD) is a progressive condition that can lead to chronic renal failure (CRF), affecting 8%–16% of adults globally and imposing a significant burden on healthcare systems. Renal fibrosis is a key pathological hallmark of CKD progression and is linked to poor prognosis. Multiple signaling pathways, including WNT/β-catenin.Aberrant activation of WNT/β-catenin is implicated in renal fibrosis. The roles of renal macrophages and fibroblasts are pivotal in fibrosis progression and prognosis.
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INTRODUCTION
Chronic kidney disease (CKD) has been demonstrated to be a progressive disease that can gradually advance to chronic renal failure (CRF) (Bikbov et al., 2020). Research indicates that 8%–16% of the adult population globally is affected by CKD, and its high prevalence and cost of treatment impose a substantial burden on global healthcare systems (Bikbov et al., 2020; Chen et al., 2019). Renal fibrosis represents a pivotal pathological feature of CKD progression (Chen et al., 2019), and fibrosis is associated with disease progression and poor prognosis (Ruiz-Ortega et al., 2020; Breyer and Susztak, 2016).
Kidney fibrosis is a complex and irreversible pathology involving the activation of multiple signaling pathways, including the WNT/β-catenin signaling pathway, the TGF-β-Smad signaling pathway, and the Notch pathway (Liu, 2011; Ding et al., 2014; Murea et al., 2010). Among these, the WNT/β-catenin signaling pathway plays a significant role in the process of renal fibrosis. WNT signaling is a key regulator in renal development, regulating cell proliferation, differentiation, and tissue patterning, thereby directing normal renal development (Little and McMahon, 2012). WNT/β-catenin signaling is relatively silent in normal adult kidney; however, it is aberrantly activated in various diseases of the renal, and is implicated in diverse renal pathologies, including renal fibrosis and acute kidney injury (AKI) in CKD (He et al., 2009; Luo et al., 2018).
Despite significant advances in understanding the regulation of WNT/β-catenin pathway expression and its mechanism of action in renal injury have been greatly discovered and elaborated in recent years, the kidney remains a functionally highly differentiated organ, comprising a diverse range of immune cells. Furthermore, renal fibrosis is a progressive disease that is accompanied by the infiltration of a variety of immune cells during its development. The role and function of macrophages undergo significant changes, especially. These changes not only affect the progression of renal fibrosis, but also determine the severity and prognosis of the disease. The role of renal macrophages and fibroblasts in renal fibrosis is discussed in the following section.
WNT signal composition
The WNT signaling pathways comprise both canonical and non-canonical signaling pathways. The canonical WNT signaling pathway is also known as the WNT/β-catenin pathway. The non-canonical WNT signaling pathways include the WNT/Ca2⁺ pathway and the WNT/PCP pathway also known as the WNT/c-JNK signaling pathway (Chae and Bothwell, 2018). From lower organisms to higher organisms, the WNT signaling pathway has retained a high degree of conservation across species. Accumulating evidence indicates that the WNT signaling pathway plays important roles in both disease and health. The canonical WNT signaling pathway exerts significant influence over cell proliferation, differentiation and polarisation during embryonic development. It plays a key role in maintaining tissue homeostasis, stem cell differentiation and self-renewal, and is linked to cancer development. The non-canonical WNT signaling pathway is instrumental for regulating cell polarity, shape and migration, and plays a pivotal role in tissue pattern formation and cell migration during embryonic development (Nusse and Clevers, 2017; Miao et al., 2020; Clevers and Nusse, 2012; Liu et al., 2022; Dapkunas et al., 2019).
The role of β-catenin-dependent signaling in kidney fibrosis
WNT/β-catenin signaling is relatively quiescent in normal adult kidneys. However, aberrant activation of WNT/β-catenin signaling has been observed in renal injury, particularly within the renal tubules (Luo et al., 2018; DiRocco et al., 2013) (Table 1). In mice with tubular β-catenin deletion, the renal function remained normal in the steady state. Conversely, the induction of AKI following the specific knockdown of β-catenin revealed that the absence of endogenous β-catenin exacerbates renal tubular injury and acute renal failure, while also promoting promotes renal tubular cell apoptosis. Under this condition, the mice that had undergone IRI/AKI exhibited more pronounced renal damage.
TABLE 1 | The role of WNT/β-catenin signaling in various kidney diseases and renal injury repair.
[image: Table 1]Some of the subjects died as a result. The stable activation of β-catenin in the tubule of AKI mice has been demonstrated to reduce the apoptosis and necroptosis of renal tubular cell caused by AKI, thereby restoring mitochondrial homeostasis.
This is achieved by increasing mitochondrial biosynthesis and restoring mitochondrial quality (Li et al., 2022a). In IRI/AKI kidneys, knockdown of WNT7B resulted in a reduced response of the canonical WNT pathway and a significant reduction in the kidney’s ability to repair damage. Conversely, renal repair was enhanced by injection of WNT pathway agonists (Lin et al., 2010). This suggests that the transient activation of renal β-catenin in the setting of AKI is a protective response that reduces apoptosis and enhances proximal tubular proliferation, facilitating tissue repair and cell regeneration. In light of these findings Tian et al. (2020). proposed that sequential combination therapy comprising an initial treatment with a WNT agonist, followed by a WNT antagonist treatment, could prove an effective strategy for reducing the risk of death and fibrosis associated with AKI. On the other side, prolonged β-catenin-dependent signalling activation has been linked to renal fibrosis development.
This is due to the fact that severe IRI results in prolonged and uncontrolled activation of the Wnt/β-catenin pathway, which in turn leads to the development of kidney fibrosis. This is characterized by the activation of interstitial myofibroblasts and the excessive deposition of extracellular matrix deposition (Zhou et al., 2012; Xiao et al., 2016). FoxO1/3 transcription factors compete with TCF/LEF for binding to β-catenin, leading to a shift in signaling from TCF/LEF-dependent pathways to FoxO3-dependent pathways (Figure 1). This inhibits TCF/LEF-dependent transcription and prevents renal tubular epithelial cell (TEC) apoptosis. Accordingly Nlandu-Khodo et al. (2020) propose that the activation of the β-catenin-dependent signaling pathway in the proximal renal tubule exerts antifibrotic and renal function-protective effects during both periods of unilateral ischemia-reperfusion and aristolochic acid-induced AKI to CKD models, contingent on the presence of FoxO3 transcription factors in vivo.
[image: Figure 1]FIGURE 1 | Activation or silencing of WNT signaling pathway in the presence or absence of WNT ligands 1. Absence of Wnt ligand: In the absence of WNT ligands, the “destruction complex” continues to function and binds to cytoplasmic β-catenin. The rupture complex is mainly composed of Axin, APC, CK1, and GSK3β. The main role of this complex is to phosphorylate cytoplasmic β-catenin, thereby promoting its degradation. In the “destruction complex”, Axin acts as a scaffolding protein, responsible for assembling other proteins. APC regulates the phosphorylation and binding of β-catenin, and GSK3β and CK1 phosphorylate β-catenin. Phosphorylated β-catenin is ubiquitinated and then degraded by the proteasome. The continuous degradation of β-catenin leads to the inability of β-catenin to accumulate in the cytoplasm, preventing it from entering the nucleus to bind to the TCF/LEF transcription factor. In the absence of β-catenin, Groucho binds to TCF/LEF and hinders the transcriptional activation of genes, thus inhibiting the expression of Wnt target genes. FoxO1 and FoxO3 can competitively bind to β-catenin, and this binding prevents the binding of β-catenin to TCF/LEF, thus affecting the downstream of Wnt signaling. Klotho can bind to Wnt (not β-catenin) to block Wnt-triggered β-catenin activation and nuclear translocation. 2. Presence of Wnt signal ligand Binding of Wnt ligands to Frizzled (Fz) and co-receptors LRP5/6 on the cell membrane surface activates Dishevelled (Dsh/DVL) proteins, which inhibit the activity of the “destruction complex”. Axin binds to phosphorylated LRP5/6 and forms a signalling complex that prevents the assembly of the β-catenin destruction complex. GSK3β activity is inhibited, and β-catenin is no longer phosphorylated and degraded, thus accumulating in the cytoplasm. The stabilised β-catenin gradually accumulates and is transferred to the nucleus, where β-catenin binds to TCF/LEF transcription factors to form a transcriptional activation complex, which initiates the expression of Wnt target genes, such as Snail, MMP-7, Twistl, FN1, WISPI, c-Myc, Cyclin D1, Axin2 and LEF1.3 Aberrant activation of the Wnt signaling pathway Aberrant activation of Snail1 inhibits the expression of E-cadherin, and MMP-7, with its proteolytic activity, is able to degrade E-cadherin. E-cadherin and β-catenin form a complex on the cell membrane to maintain the membrane localization of β-catenin. When E-cadherin is degraded, β-catenin, which was originally bound to E-cadherin, is released and accumulates in the cytoplasm. β-Catenin translocates into the nucleus and binds to TCF/LEF transcription factor to initiate the expression of Wnt target gene.
The WNT signaling pathway promotes renal fibrosis by activating the β-catenin signaling pathway, which subsequently drives the process of epithelial-mesenchymal transition (EMT). Partial epithelial-mesenchymal transition (p-EMT) refers to a transitional phenotype in which renal tubular epithelial cells (TECs), under specific stimuli, partially lose their epithelial characteristics without fully acquiring mesenchymal cell traits (Sheng and Zhuang, 2020). Unlike complete EMT, p-EMT cells retain some epithelial features, such as the expression of E-cadherin, while simultaneously expressing certain mesenchymal markers, such as α-SMA or fibronectin. This hybrid phenotype is widely observed in kidney fibrosis and represents a dynamic response of TECs to signals from a damaging microenvironment. Furthermore, fibrotic responses activated through EMT may not require epithelial cells to fully transition into myofibroblasts. Instead, p-EMT cells acquire the ability to produce pro-fibrotic cytokines and growth factors. The p-EMT process is sufficient to induce TEC dysfunction by triggering cell cycle arrest and inflammation, which, in turn, promotes the secretion of pro-fibrotic factors (Lovisa et al., 2015). This cascade facilitates fibroblast activation and exacerbates kidney fibrosis. p-EMT is an indispensable stage in the development of fibrosis. By intervening in the EMT signaling pathways, particularly the Wnt/β-catenin pathway, potential strategies for treating kidney fibrosis can be developed (Hu et al., 2022).
During renal fibrosis, the activation of the WNT signaling pathway has been observed to promote the expression of Snail1 (a member of the zinc finger family of transcription factors), which remains silent throughout the course of kidney development (Figure 1). Aberrant activation of Snail1 directly inhibits the expression of E-cadherin, which blocks and disrupts adhesion between epithelial cells and triggers EMT, thereby initiating a vicious cycle of fibroblast activation and ECM deposition, which exacerbates the fibrosis process. During renal fibrosis, Snai1 not only acts as a target of WNT/β-catenin to regulate the EMT process, but also cooperates with WNT ligands to induce signaling. Snail1 can induce renal tubular epithelial cells (TECs) to acquire a partial epithelial-mesenchymal transition (p-EMT) phenotype. The secretion of fibrosis-related cytokines and growth factors can further activate surrounding stromal cells and immune cells, creating a feedback loop that promotes fibrosis. Modulating p-EMT, rather than complete EMT, may be an effective strategy for treating kidney fibrosis (Grande et al., 2015).
Decreased expression of E-cadherin leads to release of β-catenin from adherens junctions and its subsequent translocation to the nucleus (Schunk et al., 2021; Boutet et al., 2006; Wang et al., 2010). Conversely, conditional knockout of Snai1 inhibiting the EMT process maintains the integrity of renal tubular epithelial cells and reduces immune cell infiltration in renal fibrosis, while restoring proliferation, dedifferentiation-related repair and regeneration of the renal parenchyma and thereby reducing interstitial fibrosis (Lovisa et al., 2015; Qi et al., 2021) (Figure 1). Expression of RSPO1 is increased in the kidney of obese mice induced by high-fat diet. Knockdown of RSPO1 attenuated renal injury and fibrosis. By binding to LGR4, RSPO1 enhanced β-catenin activity and redistribution in renal tubular cells. This activation of the Wnt/β-catenin signaling pathway promotes the EMT process (Su et al., 2021).
WNT and macrophage
In the event of kidney injury occurs, macrophages undergo a phenotypic shift and release multiple WNT ligands, which act on epithelial and mesenchymal cells to induce repair and tissue regeneration (Lin et al., 2010). The secretion of the WNT ligands by renal tubules in a fibrotic environment can significantly has been demonstrated to exert a significant influence on the activity and function of macrophages. Furthermore, activated macrophages have been observed to secrete a diverse range of cytokines, which in turn stimulate the proliferation and activation of fibroblasts. This process ultimately leads to the production of a substantial quantity collagen and other extracellular matrix components by the fibroblasts, resulting in the hyperplasia and exacerbation of renal interstitial fibrosis. The over-activation of fibroblasts further promotes the recruitment and activation of macrophages, thereby forming a vicious circle (Figure 2).
[image: Figure 2]FIGURE 2 | Role of WNT/β-catenin in regulating interactions of renal tubular epithelia/fibroblasts/macrophages. In the early stages of fibrosis, injured renal tubular epithelial cells release pro-inflammatory mediators and chemokines, among others, to recruit and activate macrophages. Macrophages undergo M1 polarization, and M1 macrophages clear pathogens while secreting large amounts of pro-inflammatory factors, exacerbating tubular and interstitial damage. In the later stages of fibrosis, M2 macrophages (alternatively activated macrophages) gradually replace M1 macrophages. M2 macrophages promote the proliferation and activation of fibroblasts into myofibroblasts by secreting pro-fibrotic factors such as TGF-β and PDGF. Myofibroblasts synthesize large amounts of ECM, including collagen, fibronectin and hyaluronic acid. Fibroblasts promote macrophage activation, and activated macrophages can become myofibroblasts (MMT). The population of inflammatory fibroblasts is part of the intermediate state. In the process of differentiation from fibroblasts to myofibroblasts. Inflammatory fibroblast populations attract macrophages in the early stages of fibrosis and induce monocytes to differentiate into FOLR2+ macrophages. Subsequently, these FOLR2+ macrophages induce the transformation of pro-inflammatory fibroblast populations into myofibroblasts via the WNT/β-catenin pathway. Excessive ECM deposition disrupts the normal structure of renal tissue, leading to progressive irreversibility of fibrosis. Myofibroblasts can also originate from activated macrophages (MMT). Injured renal tubular epithelial cells undergo EMT, and Snail, Twist, ZEB, FOXC, and Ets are important transcription factors in the process of EMT. During EMT, renal tubular epithelial cells lose their polarity and tight junctions, and are gradually transformed into mesenchymal cells with fibroblast-like features, expressing mesenchymal markers such as α-SMA, and producing ECM components (especially Fibronectin) bind to Integrins in the tubular epithelium, altering cell adhesion properties and further inducing EMT. Meanwhile, the mechanical stress of ECM, which increases during fibrosis, can activate mechanosensory signaling pathways in the epithelium, which can also transmit signals via Integrins for the development of EMT. In normal tissue repair, MMPs maintain the dynamic balance of the ECM to promote tissue repair and regeneration by removing damaged tissue and degrading ECM components. But MMPs are over-activated in fibrotic environments, and MMPs not only degrade the basement membrane, making it easier for cells to migrate and facilitating the EMT process, but also participate in the degradation and remodelling of the ECM, which provides space for fibrotic tissue to expand, and release some pro-fibrotic cytokines that are bound and stored by the ECM, such as TGF-β, which further facilitates the activation of fibroblasts and ECM deposition, leading to increased fibrosis. Epithelial cells can autocrine WNT ligand in a fibrotic environment, activating WNT/β-catenin signaling to generate EMT, which allows epithelial cells to progressively lose epithelial properties (cell polarity and tight junctions) and to acquire fibroblastic properties. Paracrine WNT ligand activates neighbouring fibroblasts to promote their proliferation and activation into myofibroblasts, resulting in excessive ECM deposition. Paracrine WNT ligands also modulate the behaviour of macrophages, which undergo M2 polarisation and release pro-fibrotic factors. In fibroblasts, the maintenance of their activated state and pro-fibrotic phenotype is helped by autocrine and paracrine WNT. Activation of the WNT pathway induces pro-inflammatory activation of macrophages and polarization to the M2 phenotype, whereas macrophage-derived WNT affects fibroblast activation and proliferation. Similarly, renal tubular cells can directly interact with WNT ligands derived from macrophages and fibroblasts.
WNT ligands mediate macrophage activation and polarization
WNT signaling plays a pivotal role in the regulation of organ fibrosis in inflammatory monocytes and tissue-resident macrophages. Activation of WNT3a/β-catenin signaling pathway has been observed to induce phosphorylation and nuclear translocation of STAT3, which in turn has been demonstrated to aggravate macrophages M2 polarization and promote the process of renal fibrosis. On the other hand, the deletion of β-catenin in macrophages reduces macrophage M2 polarization and diminishes renal fibrosis (Feng et al., 2018).
WNT ligands have been induced in several types of kidney cells, including tubular epithelial cells, mesenchymal fibroblasts, and fibroblasts (Schunk et al., 2021). Fibroblasts promote the activation of macrophages, and activated macrophages can be transformed into myofibroblasts. This transformation process is also known as MMT (Chen et al., 2022) (Figure 2). Macrophage ablation improves myofibroblast activation and prevents myofibroblast accumulation and tissue fibrosis (Pai et al., 2020). Inflammatory fibroblast populations were found to belong to an intermediate state in the differentiation process from fibroblasts to myofibroblasts using single-cell sequencing technology. In the early stage of fibrosis, the inflammatory fibroblast population attracts macrophages and induces monocytes to differentiate into FOLR2+ macrophages. Subsequently, these FOLR2+ macrophages induce the transformation of pro-inflammatory fibroblast populations into secreting myofibroblasts via activation of the WNT/β-catenin pathway. Inhibition of the β-catenin/TCF interaction or blockade of WNT ligand secretion can block the macrophage-induced transformation of pro-inflammatory fibroblast populations into ECM-secreting myofibroblasts (Cohen et al., 2024) (Figure 2). In cancer and diabetic nephropathy, inflammatory fibroblast populations attract CD14+ monocytes and induce their polarization into FOLR2+ macrophages (Fu et al., 2022; Timperi et al., 2022). Yi-Lin Zhang et al. found that extracellular matrix remodeling-associated macrophages (EAM) differentiated from infiltrating monocytes were associated with renal fibrosis, and that macrophages and damaged tubules in the later stages of fibrosis were spatially closer to fibroblasts, whereas renal-resident macrophages mainly behaved in a way that promoted tissue repair (Zhang et al., 2024).
Macrophage-derived WNT signal and the effect of macrophage on WNT signaling pathway
In the kidney, macrophages are an important source of WNT ligands. Macrophage-derived WNTs induced M2 polarization in resting macrophages while expressing fibrosis-associated proteins such as fibronectin, collagen, and α-SMA (Tian et al., 2024). Macrophage-derived WNT7b can stimulate epithelial responses in damaged kidney tissue and participate in renal or intestinal epithelial repair (Saha et al., 2016), M2-macrophage-derived WNT7a also promotes the differentiation of lung-resident mesenchymal stem cells into myofibroblasts (Hou et al., 2018).Blockade of WNT secretion from mouse macrophages resulted in reduced β-catenin activation, decreased macrophage infiltration and activation, suppressed expression of inflammatory cytokines, inhibited activation and proliferation of mesenchymal fibroblasts, attenuated renal inflammation after obstructive injury, and ameliorated renal fibrotic lesions. The Wnt signaling derived from myeloid cells is a major signaling source during the progression of kidney fibrosis. In the study by Tian et al. (2024), it was found that Wnts derived from macrophages not only activate macrophages themselves but also affect the activation and proliferation of fibroblasts. In mice with myeloid-specific Wls deletion, a significant reduction in β-catenin activation levels in renal tubular epithelial cells was observed, inhibiting β-catenin signaling and kidney fibrosis after ischemic injury.Macrophage-derived Wnts are key factors in activating β-catenin in renal tubules, and these Wnts may trigger β-catenin activation in tubular cells through a paracrine mechanism.
In addition to the secretion of WNT ligands and inflammatory cytokines, activated macrophages also secrete matrix metalloproteinases (MMPs). Macrophage-derived MMP-2, MMP-9, and MMP-12 have been shown to be associated with the progression of renal fibrosis (Tan et al., 2013; La Russa et al., 2024; Baudier et al., 2024). MMPs can directly activate the growth factor TGF-β, which affects signaling and promotes fibroblast activation and proliferation, leading to excessive synthesis of collagen and other ECM components (Wozniak et al., 2021) (Figures 1, 2). Of these MMPs, MMP-7 has been identified as a biomarker for kidney fibrosis (Hirohama et al., 2023). The human MMP-7 gene promoter contains a T-cell factor binding element (TBE) site responsive to the WNT/β-catenin pathway and an activator protein interaction network 1 (AP-1) site required for growth factor activation (He et al., 2012). MMP-7 has the capacity to activate β-catenin through the process of E-cadherin degradation, which is dependent on its proteolytic activity. This causes enhanced nuclear accumulation of β-catenin, which subsequently activates the independent WNT signalling pathway. Furthermore, the activation of β-catenin can facilitate the binding of TCF to the TBE structural domain in the MMP-7 promoter, thereby inducing the trans-activation of the MMP-7 gene and establishing a positive feedback loop (He et al., 2012) (Figure 1). Knockdown of MMP-7 significantly inhibited the expression of fibrosis-related genes: fibronectin and α-SMA, Snail1, and PAI-1, and blocked fibronectin deposition in the kidney (Zhou et al., 2017a).
WNT and fibroblast
Fibroblasts play a central role in fibrosis after kidney injury. After renal injury, macrophages release soluble mediators, in the presence of which fibroblasts are activated and migrate to the site of injury where they proliferate and synthesize and secrete large quantities of collagen as well as other ECM components such as fibronectin and glycosaminoglycans to repair the damaged tissue. However, excessive activation of fibroblasts and continuous ECM deposition can lead to pathological fibrosis (Huang et al., 2023; Li et al., 2022b). Secretion of WNT ligand by injured renal tubules affects fibroblast behavior. WNT1 ligand serves as a key activator of the canonical WNT signaling pathway (Clevers and Nusse, 2012).Overexpression of WNT1 activates β-catenin signaling by binding to Frizzled receptors on the surface of fibroblasts, inducing activation of renal mesangial fibroblasts, promoting the expression of fibronectin, and accelerating the transition from AKI to CKD. Meanwhile, β-catenin-dependent signaling is crucial for sustaining of αSMA + activity in myofibroblasts after AKI. After removal of WNT ligands, activated fibroblasts readily reverted to a resting phenotype, suggesting that ongoing WNT signaling is necessary for fibroblast activation (Xiao et al., 2016). Activation of fibroblasts and fibrosis were prevented in the absence of WNT ligand in renal tubular epithelial cells, but specific knockdown of WNT ligand in fibroblasts had no significant effect on fibrosis (Zhou et al., 2017b). However, specific ablation of β-catenin in fibroblasts protected the kidney from apoptosis and inflammatory induced by acute ischemia (Zhou et al., 2018a). Maarouf et al. found that proximal tubule-derived WNT1 ligand was enough to trigger renal interstitial fibrosis in the absence of any inflammation and epithelial damage by directly targeting interstitial myofibroblast progenitors through paracrine signaling (Maarouf et al., 2016). Wnt4 activates the Wnt/β-catenin pathway through autocrine signaling and induces mesenchymal fibroblasts to spontaneously differentiate into myofibroblasts (DiRocco et al., 2013).
At the same time, the behavior of fibroblasts is also affected by the Sox9 transcription factor. It was found that SOX9 can act as an “on-off switch” to determine cell behavior during the repair process after kidney injury. SOX9 can promote tissue regeneration and the process of fibrosis, where the duration of regenerative response is a key factor in determining fibrotic healing (Aggarwal et al., 2024; Bugg and Davis, 2024).The upregulation of SOX9 can regulate the expression of cell cycle-related genes to promote the proliferation of fibroblasts, and also interact with MMPs to enhance the migration ability of fibroblasts, thereby promoting the reconstruction of damaged tissues. However, sustained and severe injury caused by prolonged activation of SOX9 leads to the transformation of fibroblasts into myofibroblasts, which in turn promotes collagen synthesis and ECM deposition.
SOX9 is present in myofibroblasts in human and mouse CKD. The cellular state activated by the Sox9 transcription factor is a central hub for the formation and maintenance of myofibroblasts and a major source of sustained, biologically active WNT signaling that drives fibrosis after AKI. Aggarwal et al. (2024) found that after AKI, damaged proximal tubular epithelial cells activate the SOX9 transcription factor, which generates WNT activity to stimulate a fibroproliferative response in neighboring fibroblasts, driving the advancement of AKI to CKD. SOX9 facilitates the activation of fibroblasts and the overdeposition of ECMs by orchestrating the cellular neighborhood of, which promotes the fibrotic process (Bugg and Davis, 2024). In mouse models of pulmonary and hepatic fibrosis, endothelial cells can activate neighboring fibroblasts, which then migrate and deposit stroma in response to SOX9, but endothelial cell-specific Sox9 deficiency reverses these changes (Trogisch et al., 2024). Sox9 deficiency attenuates the injury-induced increase in expression of the fibrosis-associated cytoskeletal-associated factor Nav3 (Raza et al., 2021). SOX9 knockdown significantly inhibited ECM production and granulation tissue proliferation, promoted epithelial regeneration and granulation tissue apoptosis, and attenuated post-injury fibrosis (Morgado-Pascual et al., 2022; Gu et al., 2022).
Strategies targeting WNT/β-catenin signaling to address renal fibrosis
Recent research have demonstrated that the WNT/β-catenin signaling pathway is crucial in the initiation and progression of renal fibrosis. Abnormal activation of this signaling pathway is closely associated with excessive proliferation of fibroblasts and ECM. Consequently, therapeutic strategies targeting WNT/β-catenin signaling have increasingly become a focus of research (Table 2).
TABLE 2 | Several drugs or natural compound that target WNT/β-catenin signaling pathway.
[image: Table 2]Klotho is an anti-aging protein that acts as an antagonist of endogenous WNT/β-catenin signaling. It binds to multiple WNT proteins but not to β-catenin, thereby blocking WNT-induced β-catenin activation and nuclear translocation (Zhou et al., 2019; Xie et al., 2021). In a combined Klotho treatment regimen, the G (2)/M block was bypassed, accompanied by a reduction in fibrocytokine production, inhibition of β-catenin activation and its downstream gene expression, and a decrease in myofibroblast activation and matrix expression (Satoh et al., 2012). Also, targetting zeste homolog 2 enhancer (EZH2) may be a novel therapeutic approach to the amelioration of renal fibrosis subsequent to acute kidney injury. EZH2 is a methyltransferase found upregulated in fibrotic kidneys. Inhibition of EZH2 in renal organoids with the EZH2-specific inhibitor GSK343 blocks SMAD3-dependent cis-complexes and inhibits fibroblast activation (Davis et al., 2022) and transcriptional inactivation of the TGFβ1 signaling pathway (Jiang et al., 2021). Inhibition of EZH2 with 3-dezanepin A (3-DZNeP) can eliminate extracellular matrix protein deposition and α-smooth muscle actin expression in obstructed kidneys (Zhou et al., 2016). Furthermore, it has been shown to reduce the G2/M phase arrest of the renal tubular cell cycle and increase E-cadherin expression. 3-DZNeP has been demonstrated to decrease vimentin expression, attenuate aberrant secretion of pro-fibrotic and pro-inflammatory factors, and block M2 macrophage polarization. Additionally, it has been shown to dephosphorylate AKT and β-catenin in vivo and in vitro. Notably, it effectively eliminating β-catenin phosphorylation without affecting the expression level of total β-catenin (Zhou et al., 2023). 3-DZNeP has also been observed to inhibit the expression of Snail-1 and Twist (Zhou et al., 2018b).
CONCLUSION
Wnt signaling is essential for regulating embryonic development and adult tissue homeostasis. Dysregulation of the Wnt/β-catenin pathway is strongly associated with various diseases, including cancer (Flanagan et al., 2019) and neurodegenerative disorders (Ramakrishna et al., 2023). It is a key driver in cancers such as colorectal cancer, influencing EMT, MET, angiogenesis, fibroblast activation, and tumor metastasis (Yang et al., 2020). Excessive inhibition of Wnt signaling may disrupt tissue homeostasis, impair epithelial repair, and exacerbate neurodegenerative processes like neuron loss and synaptic dysfunction (Serafino et al., 2020; Song et al., 2021). Therefore, while targeting this pathway holds therapeutic potential for kidney fibrosis and chronic kidney disease, careful regulation is crucial to avoid adverse effects, such as increased risks of Alzheimer’s disease. Future studies should prioritize tissue-specific and temporally precise modulation to minimize off-target effects.
This paper provides a concise overview of the recent findings of WNT/β-catenin signalling pathway and its relevant crosstalk between epithelial cells from the injured tubules, the proximal macrophages and fibroblasts in the context of renal fibrosis, offering insights that could enhance the treatment of renal fibrosis. Developing drugs to target the Wnt/β-catenin pathway is a promising approach for treating renal fibrosis. However, further precision is required regarding the temporal and spatial effects of Wnt signalling pathway in the event of kidney injury, given that the development of fibrosis is often accompanied by dynamic activation of WNT signalling and a significant heterogeneity of its related cells, including macrophages and other profibrotic cells. In conclusion, the study of Wnt signalling pathway is important and necessary, with the potential to bring further opportunities and possibilities for the study of chronic kidney disease.
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