[image: image1]PPARγ Mediates the Anti-Epithelial-Mesenchymal Transition Effects of FGF1ΔHBS in Chronic Kidney Diseases via Inhibition of TGF-β1/SMAD3 Signaling

		ORIGINAL RESEARCH
published: 03 June 2021
doi: 10.3389/fphar.2021.690535


[image: image2]
PPARγ Mediates the Anti-Epithelial-Mesenchymal Transition Effects of FGF1ΔHBS in Chronic Kidney Diseases via Inhibition of TGF-β1/SMAD3 Signaling
Dezhong Wang1,2†, Tianyang Zhao3†, Yushuo Zhao4†, Yuan Yin4, Yuli Huang3, Zizhao Cheng3, Beibei Wang3, Sidan Liu3, Minling Pan1, Difei Sun1*, Zengshou Wang4* and Guanghui Zhu2,4*
1Institute of Life Sciences and Engineering Laboratory of Zhejiang Province for Pharmaceutical Development of Growth Factors, Wenzhou University, Wenzhou, China
2The First Affiliated Hospital of Wenzhou Medical University, Wenzhou, China
3School of Pharmaceutical Sciences, Wenzhou Medical University, Wenzhou, China
4The Second Affiliated Hospital and Yuying Children’s Hospital of Wenzhou Medical University, Wenzhou, China
Edited by:
Zhouguang Wang, Albert Einstein College of Medicine, United States
Reviewed by:
Shuhui Liu, Icahn School of Medicine at Mount Sinai, United States
Weiguo Fan, Stanford University Medical Center, United States
* Correspondence: Guanghui Zhu, lcylhy@126.com; Zengshou Wang, wzwangzs@126.com; Difei Sun, sundifei0625@163.com
†These authors have contributed equally to this work
Specialty section: This article was submitted to Integrative and Regenerative Pharmacology, a section of the journal Frontiers in Pharmacology
Received: 03 April 2021
Accepted: 21 May 2021
Published: 03 June 2021
Citation: Wang D, Zhao T, Zhao Y, Yin Y, Huang Y, Cheng Z, Wang B, Liu S, Pan M, Sun D, Wang Z and Zhu G (2021) PPARγ Mediates the Anti-Epithelial-Mesenchymal Transition Effects of FGF1ΔHBS in Chronic Kidney Diseases via Inhibition of TGF-β1/SMAD3 Signaling. Front. Pharmacol. 12:690535. doi: 10.3389/fphar.2021.690535

Podocytes are essential components of the glomerular basement membrane. Epithelial-mesenchymal-transition (EMT) in podocytes results in proteinuria. Fibroblast growth factor 1 (FGF1) protects renal function against diabetic nephropathy (DN). In the present study, we showed that treatment with an FGF1 variant with decreased mitogenic potency (FGF1ΔHBS) inhibited podocyte EMT, depletion, renal fibrosis, and preserved renal function in two nephropathy models. Mechanistic studies revealed that the inhibitory effects of FGF1ΔHBS podocyte EMT were mediated by decreased expression of transforming growth factor β1 via upregulation of PPARγ. FGF1ΔHBS enhanced the interaction between PPARγ and SMAD3 and suppressed SMAD3 nuclei translocation. We found that the anti-EMT activities of FGF1ΔHBS were independent of glucose-lowering effects. These findings expand the potential uses of FGF1ΔHBS in the treatment of diseases associated with EMT.
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INTRODUCTION
Podocytes are an essential part of the glomerular filtration barrier. Their injury leads to several glomerular diseases that develop to end-stage renal disease (ESRD) (Fishel Bartal et al., 2020). Podocytes are highly specialized epithelial cells; epithelial-mesenchymal-transition (EMT) in podocytes has been observed in chronic kidney disease (CKD) (Liu, 2010; Asfahani et al., 2018; Yin et al., 2018). The expression of nephrin, podocin, and ZO-1 was decreased during podocyte EMT, resulting in the abnormal glomerular basement membrane (GBM) and fibrosis (He et al., 2011; Choi et al., 2020). Owing to its pivotal role in renal function, podocyte homeostatic regulation is a promising strategy for treating CKD.
Studies confirmed that EMT is an essential mechanism of the accumulation and deposition of the extracellular matrix that leads to renal fibrosis (Wynn and Ramalingam, 2012; Kang et al., 2020). Transforming growth factor-β1 (TGF-β1) is the most potent EMT inducer, and enhanced expression of TGF-β1 was noted in renal tissues in the context of CKD (Chen et al., 2021). Biological functions induced by TGF-β1 depend on accelerating the phosphorylation of Smad3 and nuclei translocation that activates the transcription of target genes (Meng et al., 2016). Bone morphogenetic protein 2 (BMP2) is a sub-member of the TGF-β superfamily. Defective signaling transduction in this pathway is present in hereditary, idiopathic, and other forms of CKD (Orriols et al., 2017). BMP2 antagonizes the TGF-β1/TGF-βR pathway through peroxisome proliferator-activated receptor γ (PPARγ), which participates in cardiovascular homeostasis and glucose metabolism (Tyagi et al., 2011; Chen et al., 2012; Calvier et al., 2017). Several lines of evidence suggested podocyte protection via activation of PPARγ (Kanjanabuch et al., 2007; Henique et al., 2016; Zhou et al., 2017). Nevertheless, the side effects of PPARγ agonists such as thiazolidinedione (TZD) limit its use in CKD treatment.
Fibroblast growth factor 1 (FGF1) mediates wound healing, angiogenesis, embryonic development, and neurogenesis (Xie et al., 2020). Recently, FGF1 was found to function as a critical metabolic hormone that is pivotal for regulating insulin sensitivity, glycemic control, and nutrient stress (Beenken and Mohammadi, 2009; Gasser et al., 2017). FGF1 treatment increased insulin sensitization, maintained normoglycemia, and prevented diabetic complications, including hepatic steatosis and podocyte injury (Suh et al., 2014; Gasser et al., 2017; Liang et al., 2018; Lin et al., 2020). Nevertheless, the underlying mechanism of FGF1 or its variant’s protective effects on podocyte EMT remains unclear.
FGF1 exerts its biological function via heparin sulfate-assisted FGF receptor dimerization and downstream signal transduction. Previously, we obtained an FGF1 variant (FGF1ΔHBS) by replacing 3 residues from heparin sulfate binding site (Lys127Asp, Lys128Gln and Lys133Val) that exhibited full metabolic capacity and much less proliferative potential than wild-type FGF1 (Huang et al., 2017). We employed two murine models of CKD to investigate the protective role and underlying mechanisms preventing podocyte EMT.
MATERIALS AND METHODS
Regents and Antibodies
Doxorubicin (adriamycin) was purchased from Selleck (Cat# S1208). RPMI-1640 medium and penicillin-streptomycin were purchased from Gibco. Fetal bovine serum (FBS) was purchased from ScienCell. Hydroxyproline content assay kit was purchased from Solarbio (Cat# BC0255). Mouse interferon was purchased from Cell Signaling Technology (Cat# 39127). PPARγ siRNA was purchased from Santa Cruz (Cat# sc-29456). Serum levels of blood urea nitrogen (BUN), ALB and creatinine were measured using assay kits according to the manufacturer’s instructions (Jiancheng, Nanjing, China). Kits for Sirius red staining, Masson trichrome staining and hematoxylin and eosin (H&E) were purchased from Beyotime Biotech (Nantong, China). BCA kits were used to measure protein concentration (Transgen, Cat# DQ111). The SuperSignal™ West Pico PLUS (Thermo, Cat# 34577) was chosen to visualize the immunoreactive bands.
The following antibodies were used to measure the proteins of interest: COL 1 (Abcam; Cat# ab34710, dilution: 1:800), COL 4 (Proteintech; Cat# 55131-1-AP, dilution: 1:800), α-Smooth Muscle Actin (Abcam; Cat# 19245, dilution: 1:1,000), TGF-β1 (Abcam; Cat# ab215715; dilution: 1:800), phospho-SMAD3 (Cell Signaling; Cat# 9520, dilution: 1:1,000. Abcam, Cat# ab52903, dilution: 1:100), SMAD3 (Proteintech; Cat# 66516-1, dilution: 1:1,000), GAPDH (Cell Signaling; Cat# 5174, dilution: 1:1,000), PPARγ (Santa Cruz; Cat# sc-7273, dilution: 1:1,000), goat anti-rabbit secondary antibody (Abcam; Cat# ab150080, dilution: 1:200), goat anti-mouse secondary antibody (Abcam; Cat# ab6717, dilution: 1:200), HRP-conjugated antibodies (Cell Signaling; Cat# 7074 or 7076, 1:3,000), and biotinylated antibody (Zhongshan Golden Bridge; Cat# ZB-2010, 1:80). Transfection reagent was purchased from Invitrogen (Cat# 13778030). FGF1ΔHBS was expressed and purified as described (Wang et al., 2019).
Cell Culture
Cell culture and treatment were performed as described (Wang et al., 2019). Briefly, conditionally immortalized mouse podocyte cell line were cultured at 33°C for proliferation. Cell differentiation was induced for 10 days at 37°C, and then starved for 12 h and pretreated with FGF1ΔHBS (100 ng/ml) for 1 h. Then the cells were incubated in high glucose (HG, 25 mM) (with D-mannitol as an osmotic control) or ADR (0.5 μ g/ml) for 12 h. For PPARγ knockdown experiments, specific siRNA was transfected using transfection reagent Lipofectamine 3000 according to the manufacturer’s protocol.
Animals
8 week-old male db/db mice, their db/m littermates, and male BALB/c mice were purchased from the GemPharmatech Co., Ltd., (Nanjing China). Animals were maintained in a controlled environment (12 h light/dark cycle at 23°C) with free access to food and water. The experiments were performed following the National Institutes of Health guidelines and with approval from the Animal Care and Use Committee of Wenzhou Medical University, China.
For the DN model, db/db mice were intraperitoneally (i.p.) injected with FGF1ΔHBS at 0.5 mg/kg body weight every other day for 8 weeks while db/m and db/db mice were received 0.9% normal saline as controls. Blood glucose levels were measured using a blood glucose monitor (Roche).
For the adriamycin-induced nephropathy (AN) model, mice were injected with a single dose of ADR (11 mg/kg) through the tail vein. FGF1ΔHBS (0.5 mg/kg body weight) or normal saline was administered i.p. every other day starting one week before ADR injection and lasting for 5 weeks. Metabolic cages (TSE Systems, MO) were chosen to collect mice urine for 24 h.
Histological Analysis
Renal tissues were fixed and sectioned at 5–6 μm thickness. For immunohistochemistry analysis, sections were incubated with antibody overnight and incubated with the biotinylated antibody for 1 h and stained with DAPI. Stained sections were evaluated for histopathological damage (Nikon, Japan).
For transmission electron microscope analysis, renal samples were fixed using a triple aldehyde fixative overnight at 4°C. Specimens were incubated with uranyl acetate and embedded in epoxy resin after rinsing. Sections were stained and observed under an electron microscope (JEOL, Japan).
For immunofluorescence staining, renal tissues or cells were fixed with 4% paraformaldehyde for15 min, permeabilized with 0.1% Triton X-100 for 10 min, and incubated with anti-PPARγ and anti-SMAD3 antibody overnight at 4°C in a humidified atmosphere in the dark. Following incubation with a secondary antibody, the cells were evaluated using a Nikon confocal microscope (Nikon, Japan).
Real-Time PCR Analysis
MiniBEST Universal RNA Extraction Kit (Takara, Cat# 9767) were used to extract total RNA and RNA was reverse transcribed using PrimeScript™ RT Master Mix (Takara, Cat# RR036A). Real-time PCR was conducted using a QuantStudio3 system with TB Green qPCR Master Mix (Clontech, Cat# 639676). Primers are listed in Supplementary Table S1.
Western Blot Analysis
Renal tissues (25–40 mg) or cells were lysed and protein concentrations were determined using the BCA kit (Thermo, Cat# 23225) per the manufacturer’s introduction. Equal amounts of samples were subjected to electrophoresis, transferred to nitrocellulose membranes, and blocked. After incubation with antibodies, the blots were incubated using commercial kits to visualize. Densitometric analysis was performed using ImageJ (NIH, United States of America).
Statistical Analysis
All data were expressed as mean ± SEM. In vitro experiments were repeated in triplicate (biological repeat) for each experiment. One-way ANOVA followed by the Tukey post hoc test was used to compare more than two groups’ mean values. Two-way ANOVA followed by Turkey post hoc test was used to compare the effects of PPARγ knockdown in response to FGF1∆HBS treatment. GraphPad Prism was used to analysis the statistical tests. p-values less than 0.05 were considered statistically significant.
RESULTS
FGF1ΔHBS Prevents Renal Remodeling in db/db Mice
To explore the anti-fibrotic effects of FGF1ΔHBS against diabetes-induced CKD, db/db mice received FGF1ΔHBS every other day for 8 weeks. As shown in Figure 1A, FGF1ΔHBS decreased blood glucose in db/db mice, consistent with our previous findings (Wang et al., 2021). The increase of urine albumin-to-creatinine ratio (UACR) was ameliorated in FGF1ΔHBS-treated group and serum levels of BUN were lower following FGF1ΔHBS treatment as well (Figures 1B,C).
[image: Figure 1]FIGURE 1 | FGF1ΔHBS prevented renal remodeling and dysfunction in db/db mice. (A) Blood glucose levels. (B) Urine albumin-to-creatinine ratio (UACR). (C) Blood urea nitrogen (BUN) levels. (D) Representative images of hematoxylin and eosin (H&E) staining, Sirius red staining, Masson’s trichrome staining and transmission electron microscopy (TEM) images of renal tissues. (E) Quantification of mesangial expansion. (F) Quantification of the fibrotic area in Sirius red staining. (G) Quantification of the fibrotic area in Masson staining. (H) Hydroxyproline content in renal tissues. (I) Quantification of podocyte foot process effacement. Data are presented as the mean ± SEM (n = 6); *p < 0.05, **p < 0.01, ***p < 0.001.
DN is characterized by mesangial expansion, collagen accumulation, and podocyte loss (Alicic et al., 2021). H&E staining revealed that mesangial expansion was relieved by FGF1ΔHBS treatment (Figures 1D,E), and renal fibrosis was significantly reduced (Figures 1D–H). Podocyte injury is associated with proteinuria, and podocyte loss is the primary starting point of glomerular damage (Koga et al., 2015). Disruption of podocyte foot processes and thickening of basement membranes were found in db/db mice (Figures 1D–I). These pathological findings were ameliorated in the FGF1ΔHBS-treated group (Figures 1D–I). These data suggest that FGF1ΔHBS mitigates renal remodeling, fibrosis, and podocyte injury in diabetic mice.
FGF1ΔHBS Decreases Expression of TGF-β1 and SMAD3 Phosphorylation in Renal Tissues of Diabetic Mice
Given the significantly decreased deposition of extracellular matrix in kidneys by FGF1ΔHBS treatment, we measured mRNA expression levels of fibrotic genes. As shown in Figure 2A, there was diabetes-induced upregulation of Acta2 (an indicator of fibrosis), Fn1 (participates in extracellular matrix formation), and Col 4 (main component of the glomerular basement membrane) in renal tissues. FGF1ΔHBS inhibited the mRNA levels of these genes (Figure 2A). These results were further confirmed by western blot analysis in which protein levels of α-SMA, COL 1, and COL 4 were increased in renal tissues from db/db mice and were remarkably restored by FGF1ΔHBS treatment (Figure 2B).
[image: Figure 2]FIGURE 2 | FGF1ΔHBS suppressed renal fibrosis and TGF-β1 signaling in db/db mice. (A) Real-time PCR analysis of Acta2, Fn1, and Col 4 mRNA expression. (B) Expression levels of α-SMA, COL 1, and COL 4 as determined by western blot analysis and quantitation using ImageJ. (C) Real-time PCR analysis of TGF-β1 mRNA expression levels. (D) Representative images of TGF-β1 immunohistochemical staining of renal tissues and quantitation using ImageJ. (E) Representative images of phosphorylated SMAD3 immunohistochemical staining of renal tissues and quantitation using ImageJ. (F) Expression levels of phosphorylated SMAD3, SMAD3, and TGF-β1 as determined by western blot analysis and quantitation using ImageJ. Data are presented as the mean ± SEM (n = 6); Panels A and B, *p < 0.05, ***p < 0.001 vs. db/m; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. db/db; Panels C–F, **p < 0.01, ***p < 0.001.
Since TGF-β1 participates in promoting the deposition of extracellular matrix, podocyte EMT, and apoptosis (Liu, 2004), we used immunohistochemistry to analyze the expression of TGF-β1. We first measured the mRNA expression of TGF-β1. As shown in Figure 2C, FGF1ΔHBS decreased diabetes-induced upregulation of Tgf-β1 in renal tissues. Increased expression of TGF-β1 in the glomeruli was observed in buffer-treated mice, and FGF1ΔHBS treatment substantially reduced positive cell numbers (Figure 2D). SMAD3 mediated the intracellular signaling of TGF-β1 by shuttling into the nuclei and promoting transcription of target genes for which phosphorylation is essential (Le et al., 2020). We next analyzed the phosphorylation levels of SMAD3 by immunohistochemistry staining (Figure 2E) and found that the increased phosphorylation of SMAD3 was strongly suppressed, along with decrease of protein expression of TGF-β1 by FGF1ΔHBS treatment (Figures 2E,F). These data suggest that FGF1ΔHBS prevents renal fibrosis and podocytes injury via downregulation of TGF-β1 and SMAD3 phosphorylation expression.
PPARγ Mediated the Anti-EMT Effects of FGF1ΔHBS in Diabetes
The crosstalk between TGF-β and BMP signaling pathways tunes the accumulation of extracellular matrix and EMT (Munoz-Felix et al., 2015; Kim et al., 2020). Several lines of evidence suggest that PPARγ participates in maintaining podocyte homeostasis and renal function (Agrawal et al., 2021). We then measured mRNA levels of PPARγ in db/db mice. As shown in Figure 3A, diabetes downregulated renal PPARγ expression in db/db mice and FGF1ΔHBS treatment significantly increased PPARγ transcription. Consistent with these findings, immunofluorescence confirmed reduced expression of PPARγ in glomeruli of db/db mice (Figure 3B). FGF1ΔHBS enhanced fluorescence intensity (Figure 3B). The protein expression of PPARγ was also measured using western blot, confirming upregulation by FGF1ΔHBS treatment (Figure 3C).
[image: Figure 3]FIGURE 3 | PPARγ mediated the protective effects of FGF1ΔHBS on podocyte EMT in diabetic conditions. (A) Real-time PCR analysis of PPARγ mRNA expression. (B) Representative images and quantitation of immunofluorescence staining for PPARγ. (C) Expression levels of PPARγ as determined by western blot analysis and quantitation using ImageJ. (D) Phosphorylation levels of SMAD3 and protein expression of PPARγ as determined by western blot analysis and quantitation using ImageJ. (E) Real-time PCR analysis of TGF-β1, Fn1, Col 4, and Acta2 mRNA expression. (F) Representative images and quantitation of immunofluorescence staining of SMAD3 and PPARγ. In panels (A–C), data are presented as the mean ± SEM (n = 6). In panels (D–F), data from three independent measurements are presented as the mean ± SEM; *p < 0.05, **p < 0.01, ***p < 0.001.
Podocyte depletion caused by EMT is one of the critical determinants of CKD (Dai et al., 2017). To determine the role of PPARγ in FGF1ΔHBS-preserved podocytes, we used specific PPARγ siRNA to knock down protein expression. We found that HG treatment increased the phosphorylation of SMAD3 and downregulated PPARγ expression (Figure 3D). Podocytes treated with FGF1ΔHBS inhibited SMAD3 phosphorylation in a PPARγ-dependent manner (Figure 3D). Real-time PCR showed that the expression of Tgf-β1, Col 4, Fn1, and Acta2 were attenuated by FGF1ΔHBS treatment under HG challenge, while these inhibitory effects were abolished in the presence of PPARγ siRNA (Figure 3E). The inhibitory effects of FGF1ΔHBS on nuclei translocation of SMAD3 was PPARγ dependent (Figure 3F). Enhanced interaction between SMAD3 and PPARγ was also observed after FGF1ΔHBS treatment (Figure 3F). Taken together, these data suggest that FGF1ΔHBS protects podocytes from HG-induced EMT and injury, highlighting the importance of PPARγ in the maintenance of podocyte homeostasis and renal function.
FGF1ΔHBS Inhibited Renal Remodeling in Adriamycin-Induced CKD
To explore whether the inhibitory effect of podocyte EMT by FGF1ΔHBS applied to other types of CKD, we used an ADR-induced nephropathy model to investigate the anti-EMT effects of FGF1ΔHBS. Consistent with our previous findings (Wang et al., 2019), renal function was restored by FGF1ΔHBS treatment, as evidenced by decreased UACR and BUN levels (Figures 4A,B). ADR-induced mesangial expansion was inhibited in the FGF1ΔHBS-treated group (Figures 4C,D). In addition, tissue remodeling was significantly prevented as renal fibrosis and collagen deposition was attenuated, and foot process loss was alleviated (Figures 4C,E–H).
[image: Figure 4]FIGURE 4 | FGF1ΔHBS inhibited ADR-induced renal remodeling and dysfunction. (A) Urine albumin-to-creatinine ratio (UACR). (B) Blood urea nitrogen (BUN) levels. (C) Representative images of hematoxylin and eosin (H&E) staining, Sirius red staining, Masson’s trichrome staining, and transmission electron microscopy (TEM) images of renal tissues. (D) Quantification of mesangial expansion. (E) Quantification of the fibrotic area in Sirius red staining. (F) Quantification of the fibrotic area in Masson staining. (G) Hydroxyproline content in renal tissues. (H) Quantification of podocyte foot process effacement. Data are presented as the mean ± SEM (n = 6); *p < 0.05, **p < 0.01, ***p < 0.001.
FGF1ΔHBS Inhibited ADR-Induced the Upregulation of TGF-β1 and Phosphorylation of SMAD3
Consistent with the increase of mRNA levels of EMT markers in DN, we found significantly upregulated gene transcription of Acta2, Fn1, and Col 4 by ADR treatment while FGF1ΔHBS treatment restored them to normal levels (Figure 5A). Furthermore, there were significant reductions in protein expression of α-SMA, COL 1, and COL 4 associated with FGF1ΔHBS treatment (Figure 5B). Consistent with reduced mRNA expression, FGF1ΔHBS also reduced TGF-β1-positive cells in renal tissues of ADR-treated mice (Figures 5C,D). And the phosphorylation levels of SMAD3 were attenuated by FGF1ΔHBS treatment (Figure 5E). Immune blotting analysis showed that ADR treatment increased TGF-β1 expression and SMAD3 phosphorylation that was significantly restored with FGF1ΔHBS treatment (Figure 5F). These results suggest that FGF1ΔHBS suppresses TGF-β1-mediated renal fibrosis and EMT.
[image: Figure 5]FIGURE 5 | FGF1ΔHBS inhibited ADR-induced the upregulation of TGF-β1 and phosphorylation of SMAD3. (A) Real-time PCR analysis of Acta2, Fn1, and Col 4 mRNA expression. (B) Expression levels of α-SMA, COL 1, and COL 4 as determined by western blot analysis and quantitation using ImageJ. (C) Real-time PCR analysis of TGF-β1 mRNA expression levels. (D) Representative images of TGF-β1 immunohistochemical staining of renal tissues and quantitation using ImageJ. (E) Representative images of phosphorylated SMAD3 immunohistochemical staining of renal tissues and quantitation using ImageJ. (F) Expression levels of phosphorylated SMAD3, SMAD3, and TGF-β1 as determined by western blot analysis and quantitation using ImageJ. Data are presented as the mean ± SEM (n = 6); Panels (A,B), *p < 0.05, **p < 0.01, ***p < 0.001 vs. db/m; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. db/db; Panels (C–F), *p < 0.05, **p < 0.01, ***p < 0.001.
FGF1ΔHBS Suppressed Podocyte EMT Via Upregulation of PPARγ Under ADR Challenge
To determine whether PPARγ mediated the protective effects of FGF1ΔHBS in AN, we investigated the expression of PPARγ using various methods. The mRNA and protein levels of PPARγ were decreased by ADR treatment (Figures 6A–C). FGF1ΔHBS treatment significantly enhanced the transcription and protein levels of PPARγ (Figures 6A–C). Mouse podocytes were used to analyze the in vitro protective effects of FGF1ΔHBS. As shown in Figure 6D, we found that FGF1ΔHBS upregulated PPARγ expression and suppressed SMAD3 phosphorylation under ADR challenge. The suppression effect was abolished when cells were treated with PPARγ siRNA. ADR increased the expression of pro-EMT genes (Tgf-β1, Fn1, Col 4, and Acta2), and FGF1ΔHBS attenuated this induction in a PPARγ-dependent manner (Figure 6E). Consistent with the results of HG treatment, SMAD3 nuclei translocation was decreased, and enhanced interactions between PPARγ and SMAD3 were observed following FGF1ΔHBS treatment (Figure 6F). These results suggest that the protective effects of FGF1ΔHBS against podocyte EMT were independent of glucose control.
[image: Figure 6]FIGURE 6 | FGF1ΔHBS suppressed podocytes EMT via upregulation of PPARγ under ADR challenge. (A) Real-time PCR analysis of PPARγ mRNA expression. (B) Representative images and quantitation of immunofluorescence staining for PPARγ. (C) Expression levels of PPARγ as determined by western blot analysis and quantitation using ImageJ. (D) Phosphorylation levels of SMAD3 and protein expressions of PPARγ as determined by western blot analysis and quantitation using ImageJ. (E) Real-time PCR analysis of TGF-β1, Fn1, Col 4, and Acta2 mRNA expression. (F) Representative images and quantitation of immunofluorescence staining of SMAD3 and PPARγ. (G) A mechanistic illustration of FGF1ΔHBS protection from diabetes or chemical induced podocyte EMT and CKD. In panels (A–C), Data are presented as the mean ± SEM (n = 6). In panels (D–F), data from three independent measurements are presented as the mean ± SEM; *p < 0.05, **p < 0.01, ***p < 0.001.
DISCUSSION
The characteristics of CKD where GBM composition is impaired are associated with progressive renal dysfunction, highlighting the importance of podocyte integrity in maintaining normal filtration (Kriz and Lemley, 2015). Activation of TGF-β1/SMAD3 signaling accelerates the overproduction of ECM, promotes podocyte EMT, and participates in the pathogenesis of CKD (Meng et al., 2016). Previously, we reported the protective effects of FGF1 against DN via anti-inflammatory signal transduction (Liang et al., 2018). The present study elucidated a novel mechanism by which FGF1ΔHBS protects podocytes from diabetes- or drug-induced EMT and renal fibrosis. We found that FGF1ΔHBS suppressed TGF-β1 expression and SMAD3 nuclei translocation via activation of PPARγ (Figure 6G).
Inhibition of the TGF-β1/SMAD3 signaling pathway ameliorates non-alcoholic steatohepatitis, tubulointerstitial fibrosis, and myocardium infraction (Chen et al., 2019; He et al., 2020; Okina et al., 2020). Increased EMT of podocytes induced by diabetes and ADR is closely related to end-stage renal disease and glomerular fibrosis. Several lines of evidence demonstrated that TGF-β1/SMAD3 signaling contributes to EMT in podocytes (Kang et al., 2010; Yin et al., 2018). Renal injuries, including mesangial expansion, matrix accumulation, proteinuria, and GBM thickening, were alleviated in SMAD3-null mice treated by streptozotocin (Lin et al., 2009; Yadav et al., 2011). Proteinuria and kidney dysfunction were found in TGF-β1-overexpressing mice (Kopp et al., 1996; Schiffer et al., 2001). In the present study, we found that the upregulation of TGF-β1 induced by diabetic conditions or ADR was inhibited by FGF1ΔHBS treatment. In vitro studies showed that FGF1ΔHBS suppressed the expression of EMT markers (Fn1, Atca2, and Col 1). Taken together, these data suggest that the protective effects of FGF1ΔHBS on podocyte EMT are mediated by inhibition of TGF-β1.
PPARγ participates in adipogenesis and exerts diverse effects in other tissues, including liver, skeletal muscle, brain, bone, blood vessels, and kidney (Kawai and Rosen, 2010; Brun et al., 2017). As a transcription factor, PPARγ regulates expression of such genes as Il-1β, Tnf-α, Tgf-β, Ho-1, and Bcl-2 in transactivation- or transrepression-manners (Schmidt et al., 2010; Quelle and Sigmund, 2013; Gross et al., 2017). In addition to transcriptional activity, PPARγ binds to other proteins and regulates their function. Yang et al. (2020) found that decreased interaction between PPARγ and Nur77 resulted in enhanced stability of Nur77 and inhibited metabolic reprogramming in breast cancer. Interactions between PPARγ and NLRP3, β-arrestin-1, and UBR5 regulated inflammatory responses of macrophages, adipogenesis, and endothelial homeostasis (Zhuang et al., 2011; Li et al., 2019; Yang et al., 2021). We found enhanced interactions between PPARγ and SMAD3 and suppressed EMT in podocytes following FGF1ΔHBS treatment. These findings are consistent with a previous report in which a PPARγ agonist reversed pulmonary arterial hypertension (PAH) via inhibition of SMAD3 nuclei translocation in TGF-β1 transgenic mice (Calvier et al., 2017).
FGF1 is a promising agent for the treatment of type 2 diabetes by improving insulin sensitivity. FGF1-null mice displayed an aggressive diabetic phenotype upon a high-fat diet challenge (Jonker et al., 2012; Suh et al., 2014). The glucose-lowering effects of FGF1 or its variants have been reported (Suh et al., 2014; Huang et al., 2017). A high-glucose environment has been suggested to be involved in podocyte EMT. In the current study, we showed that the inhibitory effects of FGF1ΔHBS on podocyte EMT and renal protection were independent of its glucose-lowering activity. Expression of EMT markers was significantly reduced by FGF1ΔHBS treatment in vivo and in vitro.
CONCLUSION
We found inhibitory effects of FGF1ΔHBS on podocyte EMT. The protective mechanism conferred by FGF1∆HBS is mediated by downregulation of TGF-β1 expression and reduced nuclei translocation of SMAD3 via restoration and enhancement of PPARγ expression. We conclude that this is a novel signaling mechanism by which FGF1∆HBS maintains podocyte homeostasis, resulting in protection against decreased glomerular filtration and proteinuria. The findings suggest that FGF1ΔHBS is a promising therapeutic strategy for the prevention of podocyte EMT in CKD.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding authors.
ETHICS STATEMENT
The animal study was reviewed and approved by the Animal Care and Use Committee of Wenzhou Medical University, China.
AUTHOR CONTRIBUTIONS
DW, GZ, and ZW contributed to the initial design and discussion of the project. DW, TZ, YZ, YY, YH, ZC, BW, SL, and MP researched the data. DS, GZ, and ZW wrote the manuscript. All Authors discussed the results and commented on the manuscript.
FUNDING
This work was supported by grants from the Zhejiang Provincial Natural Science Foundation of China (LGF19H300004 to DW, LWY20H070001 to GZ), the Natural Science Foundation of China (81903532 to DW), the Science and Technology Project of Wenzhou (Y20180155 to GZ) and the College Students’ innovation of Science and Technology activities plan of Zhejiang Province (2020R413081 to YH).
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2021.690535/full#supplementary-material
REFERENCES
 Agrawal, S., He, J. C., and Tharaux, P.-L. (2021). Nuclear Receptors in Podocyte Biology and Glomerular Disease. Nat. Rev. Nephrol. 17, 185–204. doi:10.1038/s41581-020-00339-6
 Alicic, R. Z., Cox, E. J., Neumiller, J. J., and Tuttle, K. R. (2021). Incretin Drugs in Diabetic Kidney Disease: Biological Mechanisms and Clinical Evidence. Nat. Rev. Nephrol. 17, 227–244. doi:10.1038/s41581-020-00367-2
 Asfahani, R. I., Tahoun, M. M., Miller-Hodges, E. V., Bellerby, J., Virasami, A. K., Sampson, R. D., et al. (2018). Activation of Podocyte Notch Mediates Early Wt1 Glomerulopathy. Kidney Int. 93, 903–920. doi:10.1016/j.kint.2017.11.014
 Beenken, A., and Mohammadi, M. (2009). The FGF Family: Biology, Pathophysiology and Therapy. Nat. Rev. Drug Discov. 8, 235–253. doi:10.1038/nrd2792
 Brun, J., Berthou, F., Trajkovski, M., Maechler, P., Foti, M., and Bonnet, N. (2017). Bone Regulates Browning and Energy Metabolism through Mature Osteoblast/Osteocyte PPARγ Expression. Diabetes 66, 2541–2554. doi:10.2337/db17-0116
 Calvier, L., Chouvarine, P., Legchenko, E., Hoffmann, N., Geldner, J., Borchert, P., et al. (2017). PPARγ Links BMP2 and TGFβ1 Pathways in Vascular Smooth Muscle Cells, Regulating Cell Proliferation and Glucose Metabolism. Cel Metab. 25, 1118–1134.e7. doi:10.1016/j.cmet.2017.03.011
 Chen, G., Deng, C., and Li, Y.-P. (2012). TGF-β and BMP Signaling in Osteoblast Differentiation and Bone Formation. Int. J. Biol. Sci. 8, 272–288. doi:10.7150/ijbs.2929
 Chen, B., Huang, S., Su, Y., Wu, Y.-J., Hanna, A., Brickshawana, A., et al. (2019). Macrophage Smad3 Protects the Infarcted Heart, Stimulating Phagocytosis and Regulating Inflammation. Circ. Res. 125, 55–70. doi:10.1161/circresaha.119.315069
 Chen, Y. T., Jhao, P. Y., Hung, C. T., Wu, Y. F., Lin, S. J., Chiang, W. C., et al. (2021). Endoplasmic Reticulum Protein TXNDC5 Promotes Renal Fibrosis by Enforcing TGF-Beta Signaling in Kidney Fibroblasts. J. Clin. Invest. 131, e143645. doi:10.1172/jci143645
 Choi, D., Kim, C.-L., Kim, J. E., Mo, J.-S., and Jeong, H.-S. (2020). Hesperetin Inhibit EMT in TGF-β Treated Podocyte by Regulation of mTOR Pathway. Biochem. Biophys. Res. Commun. 528, 154–159. doi:10.1016/j.bbrc.2020.05.087
 Dai, H., Liu, Q., and Liu, B. (2017). Research Progress on Mechanism of Podocyte Depletion in Diabetic Nephropathy. J. Diabetes Res. 2017, 2615286. doi:10.1155/2017/2615286
 Fishel Bartal, M., Lindheimer, M. D., and Sibai, B. M. (2020). Proteinuria during Pregnancy: Definition, Pathophysiology, Methodology, and Clinical Significance. Am. J. Obstet. Gynecol. S0002-9378 (20), 30989–3. doi:10.1016/j.ajog.2020.08.108
 Gasser, E., Moutos, C. P., Downes, M., and Evans, R. M. (2017). FGF1 - a New Weapon to Control Type 2 Diabetes Mellitus. Nat. Rev. Endocrinol. 13, 599–609. doi:10.1038/nrendo.2017.78
 Gross, B., Pawlak, M., Lefebvre, P., and Staels, B. (2017). PPARs in Obesity-Induced T2DM, Dyslipidaemia and NAFLD. Nat. Rev. Endocrinol. 13, 36–49. doi:10.1038/nrendo.2016.135
 He, W., Kang, Y. S., Dai, C., and Liu, Y. (2011). Blockade of Wnt/β-Catenin Signaling by Paricalcitol Ameliorates Proteinuria and Kidney Injury. Jasn 22, 90–103. doi:10.1681/asn.2009121236
 He, X., Cheng, R., Huang, C., Takahashi, Y., Yang, Y., Benyajati, S., et al. (2020). A Novel Role of LRP5 in Tubulointerstitial Fibrosis through Activating TGF-beta/Smad Signaling. Signal. Transduct Target. Ther. 5, 45. doi:10.1038/s41392-020-0142-x
 Henique, C., Bollee, G., Lenoir, O., Dhaun, N., Camus, M., Chipont, A., et al. (2016). Nuclear Factor Erythroid 2-Related Factor 2 Drives Podocyte-specific Expression of Peroxisome Proliferator-Activated Receptor γ Essential for Resistance to Crescentic GN. Jasn 27, 172–188. doi:10.1681/asn.2014111080
 Huang, Z., Tan, Y., Gu, J., Liu, Y., Song, L., Niu, J., et al. (2017). Uncoupling the Mitogenic and Metabolic Functions of FGF1 by Tuning FGF1-FGF Receptor Dimer Stability. Cel Rep. 20, 1717–1728. doi:10.1016/j.celrep.2017.06.063
 Jonker, J. W., Suh, J. M., Atkins, A. R., Ahmadian, M., Li, P., Whyte, J., et al. (2012). A PPARγ-FGF1 axis Is Required for Adaptive Adipose Remodelling and Metabolic Homeostasis. Nature 485, 391–394. doi:10.1038/nature10998
 Kang, Y. S., Li, Y., Dai, C., Kiss, L. P., Wu, C., and Liu, Y. (2010). Inhibition of Integrin-Linked Kinase Blocks Podocyte Epithelial-Mesenchymal Transition and Ameliorates Proteinuria. Kidney Int. 78, 363–373. doi:10.1038/ki.2010.137
 Kang, M. K., Kim, S. I., Oh, S. Y., Na, W., and Kang, Y. H. (2020). Tangeretin Ameliorates Glucose-Induced Podocyte Injury through Blocking Epithelial to Mesenchymal Transition Caused by Oxidative Stress and Hypoxia. Int. J. Mol. Sci. 21, 8577. doi:10.3390/ijms21228577
 Kanjanabuch, T., Ma, L.-J., Chen, J., Pozzi, A., Guan, Y., Mundel, P., et al. (2007). PPAR-γ Agonist Protects Podocytes from Injury. Kidney Int. 71, 1232–1239. doi:10.1038/sj.ki.5002248
 Kawai, M., and Rosen, C. J. (2010). PPARγ: a Circadian Transcription Factor in Adipogenesis and Osteogenesis. Nat. Rev. Endocrinol. 6, 629–636. doi:10.1038/nrendo.2010.155
 Kim, S., Shin, D. H., Nam, B. Y., Kang, H. Y., Park, J., Wu, M., et al. (2020). Newly Designed Protein Transduction Domain (PTD)‐mediated BMP‐7 Is a Potential Therapeutic for Peritoneal Fibrosis. J. Cel. Mol. Med. 24, 13507–13522. doi:10.1111/jcmm.15992
 Koga, K., Yokoi, H., Mori, K., Kasahara, M., Kuwabara, T., Imamaki, H., et al. (2015). MicroRNA-26a Inhibits TGF-β-Induced Extracellular Matrix Protein Expression in Podocytes by Targeting CTGF and Is Downregulated in Diabetic Nephropathy. Diabetologia 58, 2169–2180. doi:10.1007/s00125-015-3642-4
 Kopp, J. B., Factor, V. M., Mozes, M., Nagy, P., Sanderson, N., Böttinger, E. P., et al. (1996). Transgenic Mice with Increased Plasma Levels of TGF-Beta 1 Develop Progressive Renal Disease. Lab. Invest. 74, 991–1003.
 Kriz, W., and Lemley, K. V. (2015). A Potential Role for Mechanical Forces in the Detachment of Podocytes and the Progression of CKD. Jasn 26, 258–269. doi:10.1681/asn.2014030278
 Le, B. V., Podszywalow-Bartnicka, P., Maifrede, S., Sullivan-Reed, K., Nieborowska-Skorska, M., Golovine, K., et al. (2020). TGFβR-SMAD3 Signaling Induces Resistance to PARP Inhibitors in the Bone Marrow Microenvironment. Cel Rep. 33, 108221. doi:10.1016/j.celrep.2020.108221
 Li, C. G., Mahon, C., Sweeney, N. M., Verschueren, E., Kantamani, V., Li, D., et al. (2019). PPARγ Interaction with UBR5/ATMIN Promotes DNA Repair to Maintain Endothelial Homeostasis. Cel Rep. 26, 1333–1343.e7. doi:10.1016/j.celrep.2019.01.013
 Liang, G., Song, L., Chen, Z., Qian, Y., Xie, J., Zhao, L., et al. (2018). Fibroblast Growth Factor 1 Ameliorates Diabetic Nephropathy by an Anti-inflammatory Mechanism. Kidney Int. 93, 95–109. doi:10.1016/j.kint.2017.05.013
 Lin, H.-M., Lee, J.-H., Yadav, H., Kamaraju, A. K., Liu, E., Zhigang, D., et al. (2009). Transforming Growth Factor-β/Smad3 Signaling Regulates Insulin Gene Transcription and Pancreatic Islet β-Cell Function. J. Biol. Chem. 284, 12246–12257. doi:10.1074/jbc.m805379200
 Lin, Q., Huang, Z., Cai, G., Fan, X., Yan, X., Liu, Z., et al. (2020). Activating AMP-Activated Protein Kinase Mediates Fibroblast Growth Factor 1 Protection from Nonalcoholic Fatty Liver Disease in Mice. Hepatology 2020, 31568. doi:10.1002/hep.31568
 Liu, Y. (2004). Epithelial to Mesenchymal Transition in Renal Fibrogenesis: Pathologic Significance, Molecular Mechanism, and Therapeutic Intervention. J. Am. Soc. Nephrol. 15, 1–12. doi:10.1097/01.asn.0000106015.29070.e7
 Liu, Y. (2010). New Insights into Epithelial-Mesenchymal Transition in Kidney Fibrosis. Jasn 21, 212–222. doi:10.1681/asn.2008121226
 Meng, X.-m., Nikolic-Paterson, D. J., and Lan, H. Y. (2016). TGF-β: the Master Regulator of Fibrosis. Nat. Rev. Nephrol. 12, 325–338. doi:10.1038/nrneph.2016.48
 Muñoz-Félix, J. M., González-Núñez, M., Martínez-Salgado, C., and López-Novoa, J. M. (2015). TGF-β/BMP Proteins as Therapeutic Targets in Renal Fibrosis. Where Have We Arrived after 25years of Trials and Tribulations?Pharmacol. Ther. 156, 44–58. doi:10.1016/j.pharmthera.2015.10.003
 Okina, Y., Sato-Matsubara, M., Matsubara, T., Daikoku, A., Longato, L., Rombouts, K., et al. (2020). TGF-β1-driven Reduction of Cytoglobin Leads to Oxidative DNA Damage in Stellate Cells during Non-alcoholic Steatohepatitis. J. Hepatol. 73, 882–895. doi:10.1016/j.jhep.2020.03.051
 Orriols, M., Gomez-Puerto, M. C., and Ten Dijke, P. (2017). BMP Type II Receptor as a Therapeutic Target in Pulmonary Arterial Hypertension. Cell. Mol. Life Sci. 74, 2979–2995. doi:10.1007/s00018-017-2510-4
 Quelle, F. W., and Sigmund, C. D. (2013). PPARγ: no SirT, no Service. Circ. Res. 112, 411–414. doi:10.1161/circresaha.113.300870
 Schiffer, M., Bitzer, M., Roberts, I. S. D., Kopp, J. B., ten Dijke, P., Mundel, P., et al. (2001). Apoptosis in Podocytes Induced by TGF-β and Smad7. J. Clin. Invest. 108, 807–816. doi:10.1172/jci200112367
 Schmidt, M. V., Brüne, B., and von Knethen, A. (2010). The Nuclear Hormone Receptor PPARγas a Therapeutic Target in Major Diseases. The Sci. World J. 10, 2181–2197. doi:10.1100/tsw.2010.213
 Suh, J. M., Jonker, J. W., Ahmadian, M., Goetz, R., Lackey, D., Osborn, O., et al. (2014). Endocrinization of FGF1 Produces a Neomorphic and Potent Insulin Sensitizer. Nature 513, 436–439. doi:10.1038/nature13540
 Tyagi, S., Sharma, S., Gupta, P., Saini, A., and Kaushal, C. (2011). The Peroxisome Proliferator-Activated Receptor: A Family of Nuclear Receptors Role in Various Diseases. J. Adv. Pharm. Tech. Res. 2, 236–240. doi:10.4103/2231-4040.90879
 Wang, D., Jin, M., Zhao, X., Zhao, T., Lin, W., He, Z., et al. (2019). FGF1(DeltaHBS) Ameliorates Chronic Kidney Disease via PI3K/AKT Mediated Suppression of Oxidative Stress and Inflammation. Cell Death Dis 10, 464. doi:10.1038/s41419-019-1696-9
 Wang, D., Yin, Y., Wang, S., Zhao, T., Gong, F., Zhao, Y., et al. (2021). FGF1(DeltaHBS) Prevents Diabetic Cardiomyopathy by Maintaining Mitochondrial Homeostasis and Reducing Oxidative Stress via AMPK/Nur77 Suppression. Signal. Transduct Target. Ther. 6, 133. doi:10.1038/s41392-021-00542-2
 Wynn, T. A., and Ramalingam, T. R. (2012). Mechanisms of Fibrosis: Therapeutic Translation for Fibrotic Disease. Nat. Med. 18, 1028–1040. doi:10.1038/nm.2807
 Xie, Y., Su, N., Yang, J., Tan, Q., Huang, S., Jin, M., et al. (2020). FGF/FGFR Signaling in Health and Disease. Signal. Transduct Target. Ther. 5, 181. doi:10.1038/s41392-020-00222-7
 Yadav, H., Quijano, C., Kamaraju, A. K., Gavrilova, O., Malek, R., Chen, W., et al. (2011). Protection from Obesity and Diabetes by Blockade of TGF-β/Smad3 Signaling. Cel Metab. 14, 67–79. doi:10.1016/j.cmet.2011.04.013
 Yang, C.-C., Wu, C.-H., Lin, T.-C., Cheng, Y.-N., Chang, C.-S., Lee, K.-T., et al. (2021). Inhibitory Effect of PPARγ on NLRP3 Inflammasome Activation. Theranostics 11, 2424–2441. doi:10.7150/thno.46873
 Yang, P. B., Hou, P. P., Liu, F. Y., Hong, W. B., Chen, H. J., Sun, X. Y., et al. (2020). Blocking PPARgamma interaction facilitates Nur77 interdiction of fatty acid uptake and suppresses breast cancer progression. Proc. Natl. Acad. Sci. U S A 117, 27412–27422.
 Yin, J., Wang, Y., Chang, J., Li, B., Zhang, J., Liu, Y., et al. (2018). Apelin Inhibited Epithelial-Mesenchymal Transition of Podocytes in Diabetic Mice through Downregulating Immunoproteasome Subunits Beta5i. Cel Death Dis 9, 1031. doi:10.1038/s41419-018-1098-4
 Zhou, Z., Wan, J., Hou, X., Geng, J., Li, X., and Bai, X. (2017). MicroRNA-27a Promotes Podocyte Injury via PPARγ-Mediated β-catenin Activation in Diabetic Nephropathy. Cel Death Dis 8, e2658. doi:10.1038/cddis.2017.74
 Zhuang, L.-n., Hu, W.-x., Xin, S.-m., Zhao, J., and Pei, G. (2011). β-Arrestin-1 Protein Represses Adipogenesis and Inflammatory Responses through its Interaction with Peroxisome Proliferator-Activated Receptor-γ (PPARγ). J. Biol. Chem. 286, 28403–28413. doi:10.1074/jbc.m111.256099
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 Wang, Zhao, Zhao, Yin, Huang, Cheng, Wang, Liu, Pan, Sun, Wang and Zhu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-12-690535-g005.gif
Towa T eout T eot






OPS/images/fphar-12-690535-g006.gif





OPS/images/fphar-12-690535-g003.gif





OPS/images/fphar-12-690535-g004.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		PPARγ Mediates the Anti-Epithelial-Mesenchymal Transition Effects of FGF1ΔHBS in Chronic Kidney Diseases via Inhibition of TGF-β1/SMAD3 Signaling		Introduction

		Materials and Methods		Regents and Antibodies

		Cell Culture

		Animals

		Histological Analysis

		Real-Time PCR Analysis

		Western Blot Analysis

		Statistical Analysis





		Results		FGF1ΔHBS Prevents Renal Remodeling in db/db Mice

		FGF1ΔHBS Decreases Expression of TGF-β1 and SMAD3 Phosphorylation in Renal Tissues of Diabetic Mice

		PPARγ Mediated the Anti-EMT Effects of FGF1ΔHBS in Diabetes

		FGF1ΔHBS Inhibited Renal Remodeling in Adriamycin-Induced CKD

		FGF1ΔHBS Inhibited ADR-Induced the Upregulation of TGF-β1 and Phosphorylation of SMAD3

		FGF1ΔHBS Suppressed Podocyte EMT Via Upregulation of PPARγ Under ADR Challenge





		Discussion

		Conclusion

		Data Availability Statement

		Ethics Statement

		Author Contributions

		Funding

		Supplementary Material

		References









OPS/images/cover.jpg
* frontiers
in Pharmacology

PPARy Mediates the Anti-
Epithelial-Mesenchymal
Transition Effects of FGF14"5S in
Chronic Kidney Diseases via
Inhibition of TGF-$1/SMAD3
Signaling





OPS/images/fphar-12-690535-g001.gif





OPS/images/fphar-12-690535-g002.gif









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Pharmacology





