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Introduction

Isorhamnetin (ISO), a prominent active compound found in the fruits of Hippophae rhamnoides L., exhibits various pharmacological activities. Recent studies have demonstrated that ISO possesses a significant renoprotective effect. Nevertheless, the specific targets and mechanisms through which ISO exerts its effects against renal interstitial fibrosis (RIF) remain insufficiently explored. The aims of this study were to explore the protective effects of ISO regulating epithelial–mesenchymal transition (EMT) and relieving RIF and to elucidate the underlying molecular mechanisms involved in the tumor necrosis factor-like weak inducer of apoptosis (TWEAK)/fibroblast growth factor-inducible molecule 14 (Fn14) pathway.





Methods

We explored the potential effects and mechanisms of ISO on RIF by using an in vitro EMT model of a transforming growth factor-β (TGF-β)-induced human proximal tubular cell line (HK-2) and an in vivo unilateral ureteral obstruction (UUO) model. The potential mechanism of the TWEAK/Fn14 pathway involving the protective action of ISO on renal tubules was explored by surface plasmon resonance (SPR) analysis and Fn14 overexpression on UUO rats.





Results

Our findings reveal that ISO can enhance cell morphology and effectively inhibit the migration ability of TGF-β-induced HK-2 cells. ISO also improved renal dysfunction and reduced tubular damage induced by UUO, significantly increasing E-cadherin expression and decreasing α-smooth muscle actin (α-SMA) and the main component of the ECM [type III collagen (Col III) and fibronectin (FN)] in vivo. The results show that ISO demonstrates potent inhibition of EMT in renal tubular epithelial cells, both in vivo and in vitro. The specific interaction between ISO and Fn14 was confirmed by SPR analysis. Overexpression of Fn14 counteracts the renoprotective effects of ISO, mitigating its influence on the inactivation of the TWEAK/Fn14 signaling pathway.





Conclusions

These confirmed that ISO inhibits the EMT of renal tubular epithelial cells by suppressing the TWEAK/Fn14 signaling pathway.
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1 Introduction

Chronic kidney disease (CKD) has emerged as a public health concern owing to its low cure rate and high rates of morbidity and mortality, with its incidence steadily rising each year (1). Renal interstitial fibrosis (RIF) is the final stage in the progression of CKD to end-stage renal disease, regardless of the initial cause. The assessment of RIF, which reflects the extent of kidney function decline, plays a vital role in guiding therapeutic and prognostic decisions in clinical settings (2). Hence, exploring more effective methods to prevent and address RIF is highly important in the treatment of CKD.

RIF is characterized by excessive myfibroblast (MFB) accumulation, inflammatory cell infiltration, and extracellular matrix (ECM) deposition (3). The renal interstitium is a specialized connective tissue structure in the kidney, primarily composed of sparse reticular and collagen fibers, which provide mechanical support and a microenvironment for renal tubules and vasculature. The excessive deposition of ECM in the renal interstitium drives pathological proliferation and fibrosis, ultimately compressing renal units and impairing kidney function. Therefore, the deposition of ECM is the key factor that induces RIF. MFB is the main effector cell that synthesizes and secretes ECM during the RIF process (4). These MFBs are primarily derived from epithelial–mesenchymal transition (EMT) (5, 6). During EMT, renal tubular epithelial cells undergo a progressive transformation, losing epithelial characteristics such as reduced E-cadherin expression while gaining mesenchymal features, including increased α-smooth muscle actin (α-SMA) expression (7). α-SMA-positive tubular epithelial cells migrate to the renal interstitium, where they transform into myofibroblasts, which then leads to the overproduction of ECM. This disrupts normal tissue structure and contributes to the pathogenesis of RIF (8, 9). Therefore, inhibiting the EMT process may represent a promising therapeutic target for the prevention and treatment of RIF (10).

Hippophae fructus (sea buckthorn), the ripe fruit of Hippophae rhamnoides L., is widely utilized as a food and health supplement globally, owing to its rich nutritional and medicinal properties (11, 12). The total flavonoids from H. rhamnoides L. were reported to have significant renoprotective effects (13, 14). Isorhamnetin (ISO), a significant active flavonoid derived from H. fructus, exhibits various pharmacological activities (15). Researchers discovered that ISO demonstrates significant renoprotective effects in ischemia–reperfusion-induced acute kidney injury (16) and in a type 2 diabetic rat model (17). Additionally, ISO exhibits potent antifibrotic activity in both bleomycin-induced pulmonary fibrosis (18). Our previous study demonstrated that ISO suppresses unilateral ureteral obstruction (UUO)-induced renal fibrosis (19), while the specific targets and mechanisms through which ISO exerts its effects against RIF remain insufficiently explored.

Recently, the tumor necrosis factor-like weak inducer of apoptosis (TWEAK)/fibroblast growth factor-inducible molecule 14 (Fn14) pathway has gained increasing importance in RIF (20, 21). However, the precise role of the TWEAK/Fn14 pathway in its modulation of EMT is still unknown. The activation of the TWEAK/Fn14 pathway is regulated by the levels of Fn14 expression (22). The study combined surface plasmon resonance (SPR) measurements of ISO and Fn14 interaction with in vitro and in vivo models [transforming growth factor-β (TGF-β)-induced human proximal renal tubular epithelial (HK-2) cells and UUO-induced RIF rats] to comprehensively evaluate the target of action and the underlying mechanisms mediating ISO’s modulation of EMT. These data strongly support ISO as a promising therapeutic candidate for RIF.




2 Methods



2.1 Cells and culture conditions

HK-2 cells (Procell Life Science & Technology Co., Ltd., Wuhan, China) were cultured in minimum essential medium (MEM) containing 10% fetal bovine serum (FBS). Exponentially growing cells were randomly divided into six groups: the control group (untreated), the TGF-β1 group (treated with 10 ng/mL TGF-β1), three ISO pretreatment groups (TGF-β1 + 2, 4, and 8 μmol/L ISO, respectively), and a positive control group (TGF-β1 + 1 μmol/L losartan).




2.2 Phalloidin staining of the cell morphology

HK-2 cells were seeded and cultured until the confluence reached 60%. After 48 h, the cells in all treatments were fixed and permeabilized. To analyze the effect of ISO on cell morphology, the cytoskeleton of cells was labeled with 5 mM FITC-phalloidin (Lamboulide Biotechnology Co., Ltd., Beijing, China). The nuclei were stained using 4′,6-diamidino-2-phenylindole (DAPI). Images were captured with a laser confocal microscope (Leica, Wetzlar, Germany).




2.3 Cell migration assay

Cells were seeded until their confluence reached nearly 80%. A 10-μL micropipette tip was used to create equal-sized scratches through the cell monolayer. Following 12 h of serum starvation for synchronization, cells were treated with or without TGF-β1 and ISO. Cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) without FBS and observed under an inverted microscope (Carl Zeiss Microscopy GmbH, Oberkochen, Germany). Images were captured for each group at 0 and 8 h. The width of the scratch was then measured using ImageJ. Cell migration distance = width of the scratch at time 0 − width of the scratch at time 8 h.




2.4 Enzyme-linked immunosorbent assay

Upon completion of the cell treatments, the supernatants were collected. The concentrations of type III collagen (Col III) and fibronectin (FN) were measured according to the manufacturer’s instructions.




2.5 Animals

SPF-grade male SD rats (180 ± 20 g) were acquired from Shanghai SLAC Laboratory Animal Co. Ltd. [Production License: SCXK (Shanghai) 2019-0002]. All rats were housed in the Experimental Animal Center of Fujian University of Traditional Chinese Medicine [License: SYXK(Min)2019-0007]. All animal care and experimental procedures followed the Institutional Animal Care and Use Committee (IACUC) guidelines and ethical standards and were approved by the Fujian University of Traditional Chinese Medicine (ethics approval number FJTCM IACUC 2022124).




2.6 Establishment of the UUO model

SD rats were used to establish the UUO model as reported previously (23). Briefly, the left kidney and ureter were exposed after anesthesia. The left ureter was ligated with 4–0 silk at two points: (a) proximal to the renal pelvis (1 cm from the ureteropelvic junction) and (b) at the mid-ureteric segment (one-third of the ureteral length from the renal pelvis to the bladder). The ureter was then severed between the two ligatures. Then, the ligated kidney was placed gently back into its correct anatomical position, and the incisions were sutured. Sham-operated rats underwent the same procedure, but without ureter ligation.




2.7 Adeno-associated virus injections in rats

For overexpression of Fn14 in the kidney, adeno-associated virus 9 (AAV9)-mediated vectors were injected into the renal cortex. AAV2/9-CMV-Rat-T2a-ZsGreen (AAV-NC) and AAV2/9-CMV-Rat-FN14-T2a-ZsGreen (AAV-Fn14) were provided by Hanbio Biotechnology (Shanghai, China) at a titer of 1×1013vg/mL. After anesthesia was administered, the left kidney of each rat was exposed, followed by injection with infectious viral particles at five specific locations (10 μL per site), using a 26G 1-mL Sub-Q syringe. The injections, containing either vehicle, AAV2/9-ZsGreen, or AAV2/9-Fn14, were given a 3-week period for expression. Then, the efficacy of virus transfection was confirmed by Western blot before UUO modeling.




2.8 Animal groups and administration



2.8.1 Experiment 1

UUO rats were randomly assigned to five groups (n = 10): the UUO group, the 25 mg/kg ISO group, the 50 mg/kg ISO group, the 100 mg/kg ISO group, and the 50 mg/kg losartan (Los) group. Ten rats were included in the sham-operated group. Treatment commenced on the day of surgery and was intragastrically administered once daily for a period of 14 days (Figure 1A).

[image: Diagram illustrating experimental timelines in two panels, A and B. Panel A shows treatment groups with different dosages administered daily for 13 days, followed by urine and blood collection on days 13 and 14. Panel B depicts genetic intervention using AAV2/9-CMV-Rat-FN14-T2a-ZsGreen and starts at day 0 with treatments over 14 days. Blood and kidney collections occur at five weeks. Experimental groups include Sham, UUO with varying treatments, and a positive control.]
Figure 1 | Schedule of the animal experiment. (A) The therapeutic effect of ISO (25, 50, and 100 mg/kg) on UUO rats. (B) Overexpression of Fn14 dismisses the effectiveness of ISO in UUO rats.




2.8.2 Experiment 2

Following AAV injections, a UUO model was established, and the rats were randomly assigned to one of the following groups: the UUO group, the 100 mg/kg ISO group, the AAV-Fn14 + 100 mg/kg ISO group, the AAV-NC + 100 mg/kg ISO group, and the 50 mg/kg Los group. The sham-operated group underwent the same surgical procedures as the UUO group, with the exception of ureter ligation. The treatment was administered according to the same procedure described in Section 2.8.1 (Figure 1B).





2.9 Assessment of kidney function

After administration on the 13th day, urine was collected for 24 h. The activity of urine N-acetyl-β-D-glucosaminidase (NAG) was determined with colorimetry using available kits (Jiancheng, Nanjing, China). Two hours after the last administration on the 14th day, the rats were anesthetized and blood was collected. Supernatant after centrifugation of blood was used to detect the concentrations of creatinine (SCr) and blood urea nitrogen (BUN) with an assay kit (Jiancheng, Nanjing, China).

The kidneys were rapidly excised after blood collection, weighed, and placed on ice. The kidney index (KI) was calculated as kidney weight/body weight × 100%. The appearance and size of the kidneys, and the thickness of the renal parenchyma of each group of rats were observed.




2.10 Hematoxylin and eosin (HE) staining and Masson’s trichrome (Masson) staining

The paraffin sections of kidney tissues were dewaxed, hydrated, and stained with HE and Masson following standard procedures; then, the sections were inspected using a digital camera (Nikon, Tokyo, Japan). Fibrosis was evaluated using the collagen volume fraction (CVF): the percentage of staining with green. The CVF in the left kidney tissue of the rats was evaluated using ImageJ 24.0 software.




2.11 Immunohistochemistry analysis

The paraffin sections were dewaxed, hydrated, and subjected to antigen retrieval in a microwave. The primary antibodies used in this study were against Col III (1:1,500; Proteintech, Wuhan, China) and FN (1:400; Proteintech, Wuhan, China), incubated for 1 h. Sections were incubated with secondary antibody for 30 min followed by incubation with DAB and hematoxylin. Images were captured with a Nikon microscope. The percentage of positively stained area was calculated using ImageJ 24.0 software.




2.12 Immunofluorescence analysis

The paraffin sections were dewaxed, rehydrated, and then subjected to antigen retrieval. After being blocked with 5% bovine serum albumin (BSA) for 2 h, specific primary antibodies against α-SMA (1:400, Cohesion Biosciences, London, UK) and E-cadherin (1:250, Cohesion Biosciences, London, UK) were incubated, respectively. Sections were covered with the fluorescent secondary antibody. The nuclei were stained with DAPI solution (protected from light). The positive cells were observed under a fluorescence microscope and evaluated using ImageJ 24.0 software.




2.13 Western blot analysis

Protein of renal tissues or HK-2 cells was extracted, and detected by the BCA method. After electrophoresis and membrane transfer, the following primary antibodies were used: rabbit polyclonal anti-TNFSF12, anti-SP1, anti-phospho-SP1-T739 (ABclonal, Wuhan, China), anti-TWEAKR (BOSTER Biological Technology Co. Ltd., Wuhan, China), anti-E-cadherin, anti-PCNA, anti-TRAF2 (Cohesion Biosciences, London, UK), anti-ERK1+ERK2, anti-BRAF (Abcam, Danvers, MA), anti-MEK1/2, anti-phospho-ERK1/2 (Thr202/Tyr204), anti-Snail (P, Wuhan, China), anti-phospho-MEK1/2Ab (Affinity Biosciences, Jiangsu, China), mouse anti-α-SMA (Cohesion Biosciences, London, UK), and anti-β-actin (Proteintech, Wuhan, China). The membranes were incubated with the appropriate secondary antibody the following day. Finally, the blots were visualized with an ECL kit (Beyotime Biotechnology, Shanghai, China). The gray value of each band was analyzed.




2.14 SPR measurements

SPR measurements were performed with a Biacore T200 system as previously reported (Chen et al., 2023). The Fn14 protein was immobilized on a Chip CM5 (GE Healthcare, Sweden). ISO was injected onto the CM5 chip at various concentrations (0.0625 μM to 0.064 mM). The Biacore T200 evaluation software was used to determine the interaction mode and kinetic constant of ISO with Fn14 (GE Healthcare, Sweden).




2.15 Statistical analysis

The data were presented as means ± SD and analyzed using SPSS 26.0 (SPSS Inc., Chicago, IL). Data normality was assessed using the Shapiro–Wilk test. The normally distributed data were compared using analysis of variance (ANOVA). Post-hoc analysis was then performed using the LSD method for data with equal variances and the Games–Howell method for data with unequal variances. If data were not normally distributed, the Kruskal–Wallis test was applied. p-values below 0.05 indicated significance.





3 Results



3.1 ISO alleviated morphological changes and improved renal function in the UUO model

The kidneys in the sham group appeared paired and bean-shaped, had a normal volume, and were covered by a tough capsule (Figure 2A). The obstructed kidneys in the UUO group displayed significant enlargement with an uneven surface. The thickened capsule was tightly adhered to the renal parenchyma, and the dissected kidney contained turbid fluid. The cortex and medulla were poorly demarcated, with a thinned cortex, enlarged renal pelvis, and calyces. These changes were mitigated following ISO or Los treatment. Figure 2B shows that the UUO group had a significantly higher KI compared to the sham group (p < 0.01). Moreover, a statistically significant difference in KI was observed between the treatment groups and the UUO group (p < 0.01).

[image: Panel A shows images of kidneys from various treatment groups: Sham, UUO, ISO at doses of 25, 50, and 100 mg·kg⁻¹, and Los. Panels B through E present bar charts indicating kidney index, BUN concentration, Scr concentration, and NAG activity across the same groups. The UUO group shows significantly higher values, marked with hash marks, while treatment groups show varied decreases, marked with asterisks.]
Figure 2 | Renoprotective effects of ISO in UUO rats. (A) Longitudinal cross-section of the obstructed kidney. (B) KI in different groups. (C, D) Serum Scr and BUN levels in different groups. (E) Urine NAG levels in different groups. Data are expressed as mean ± SD (n = 10). ##p < 0.01 versus the sham group, *p < 0.05, **p < 0.01 versus the UUO group.

Levels of Scr and BUN in serum and NAG activity (p < 0.01) in urine samples exhibited a significant increase in the UUO model group. However, both ISO and Los treatment reduced the levels of Scr and BUN notably, as did the urinary levels of NAG, in model rats (p < 0.05 or 0.01) (Figures 2C–E).

HE staining was used to assess pathological changes in rat kidney. UUO rats exhibited significant renal structural damage. This damage was characterized by cystic dilation of renal tubular lumens, tubular atrophy, and occasional protein casts. Additionally, there was increased inflammatory cell infiltration and fibrous tissue hyperplasia in renal interstitium. These pathological changes were improved after ISO or Los treatment (Figure 3A). Furthermore, Masson staining revealed abundant green-stained collagen fibers deposited in the renal interstitium, and CVF increased significantly in the UUO rats (p < 0.01). Following ISO or Los treatment, fewer collagen fiber streaks (green-stained areas) were observed and CVF was decreased (p < 0.01) (Figures 3B, G). These findings suggest that both ISO and Los ameliorated renal damage and fibrosis in UUO rats.

[image: Panels A to D display microscopic images of tissue sections with different treatments, showing variations in staining patterns. Panels E and F show fluorescence microscopy images for DAPI, E-cadherin, and α-SMA with merged views. Graphs G to N depict quantified data, including expression levels and statistical significance across treatments. Panel L presents immunoblotting results for E-cadherin, α-SMA, and β-actin. Each panel is labeled according to the treatment or analysis performed, highlighting comparisons between sham, UUO, various ISO doses, and Los.]
Figure 3 | Effects of ISO on renal fibrosis and the development of EMT in UUO rats. (A) HE staining of histological changes (×400). Black arrows indicate inflammatory cell infiltrations; the blue arrows indicate dilated tubules, and the green arrows indicate atrophied tubules. (B, G) Representative images and the CVF of Masson staining (×400). The green area marked by the black arrows shows collagen fiber deposition (light green dye was used for collagen staining in this experiment). (A-D) Representative and quantification analysis of Col III (C, H) and FN (D, I) immunohistochemical staining (×400). Representative and quantification analysis of E-cadherin (E, J) and α-SMA (F, K) immunofluorescent staining (×400). Nuclei were counterstained with DAPI (blue). (L-N) Western blot and the relative optical densities analysis of E-cadherin and α-SMA in kidney tissue; β-actin was used as the loading control. Data were shown as mean ± SD (n = 5). ##p < 0.01 versus the sham group, *p < 0.05, **p < 0.01 versus the UUO group.




3.2 ISO inhibited ECM deposition and suppressed EMT in UUO rats

The effects of ISO on the generation of ECM and the occurrence and development of EMT in UUO rats were observed. Immunohistochemistry revealed that Col III and FN were markedly upregulated in UUO kidneys while ISO or Los treatment effectively restored their expression (p < 0.05 or 0.01) (Figures 3C, D, H, I). These results collectively demonstrated that both ISO and Los can significantly reduce UUO-induced accumulation of ECM. Both immunofluorescence staining (Figures 3E, F, J, K) and Western blot detection (Figures 3L–N) indicated a visible decrease in E-cadherin and a visible increase in the accumulation of α-SMA in the UUO group (p < 0.01). Expression of E-cadherin and α-SMA was significantly mitigated in the treated groups of UUO rats (p < 0.05 or 0.01).




3.3 ISO inhibited ECM deposition and suppressed EMT in HK-2 cells

Results of the HK-2 cells in the control group presented a cobblestone morphology characteristic of epithelial cells. The cells in the TGF-β1 group exhibited an elongated, spindle-like morphology resembling fibroblasts, with widened intercellular spaces, and these changes were mitigated by treatment with ISO or Los (Figure 4A).

[image: Microscopic images, fluorescence staining, cell migration assays, protein expression blots, and bar graphs. Panels A and B depict cell morphology and fluorescence staining using DAPI and Phalloidin-FITC under different treatments. Panel C shows cell migration at 0 and 8 hours. Graphs D to F illustrate migration distance and protein concentrations under various treatments. Panel G provides protein expression of E-cadherin, α-SMA, and β-actin. Graphs H and I display quantitative analysis of protein levels. Treatments include Control, TGF-β1, ISO at different concentrations, and Los.]
Figure 4 | ISO attenuated TGF-β1-induced EMT in HK-2 cells. (A) The cellular morphology of HK-2 cells (×200). (B) Representative images showing the cytoskeleton of HK-2 cells (×400). The cytoskeletons were stained with phalloidin (green) and nuclei were stained with DAPI (blue). (C, D) The cell migration ability was evaluated by the scratch assay (×50). (E, F) Levels of Col III and FN in the cell supernatant were detected by enzyme-linked immunosorbent assay (ELISA). (G–I) Western blot and the relative optical densities analysis of E-cadherin and α-SMA; β-actin was used as the loading control. Data were shown as mean ± SD (n = 3). ##p < 0.01 versus the sham group, *p < 0.05, **p < 0.01 versus the UUO group.

Phalloidin was used to specifically label the cytoskeleton. HK-2 cells in the control group exhibited a clear and complete cytoskeleton structure, arranged in an orderly and uniform manner. After 48-h induction with 10 ng/mL TGF-β1, the microfilament cytoskeleton demonstrated disordered organization, characterized by numerous bundled fibrous structures in the cytoplasm. These structures formed a loose network connecting the cell membrane and nucleus, with partial longitudinal alignment along the cellular axis. Treatment with ISO or Los improved the morphological organization of the microfilament skeleton (Figure 4B).

After 8 h, the migration distance of HK-2 cells treated with TGF-β1 was markedly greater than that of control HK-2 cells (p < 0.01), while the migration distances in the Los group and different doses of ISO groups were significantly lower (p < 0.05 or 0.01) (Figures 4C, D).

The secretion of extracellular components FN and Col III in the cell supernatant of TGF-β1-induced HK-2 cells was significantly decreased in the ISO group and Los group (p < 0.05 or 0.01) (Figures 4E, F).

Moreover, after ISO treatment, the protein expression of E-cadherin was significantly increased, and the expression of the mesenchymal phenotype marker protein α-SMA in the cells was obviously decreased compared with the TGF-β1 group (p < 0.01) (Figures 4G–I).




3.4 ISO attenuates the TWEAK/Fn14 pathway in vitro

Results demonstrated the specific binding activity of ISO to Fn14 in a concentration-dependent manner. The maximum response was 14 AU (Figure 5A), and the dissociation constant (Kd) was determined to be 5.47 μM (Figure 5B).

[image: Graphs and images display molecular data. Panel A shows a response over time in resonance units across different cycles. Panel B is a plot of response versus concentration. Panel C contains Western blot images for TWEAK, Fn14, p-ERK1/2, ERK1/2, and β-actin under various conditions. Panels D, E, and F present bar graphs comparing protein expressions of TWEAK, Fn14, and p-ERK1/2, respectively, normalized to β-actin, with conditions labeled as Control, TGF-β1, and ISO at 2, 4, 8 µmol/L, and Los. Statistical significance is indicated with asterisks and hash symbols.]
Figure 5 | Effects of ISO on the TWEAK/Fn14 signaling pathway in TGF-β1-induced HK-2 cells. (A, B) ISO directly interacts with Fn14, dose–response sensorgrams, and the affinity constant (Kd = 5.47 μM) of ISO with Fn14. (C–F) Western blot analysis of TWEAK, Fn14, and the phosphorylation levels of ERK1/2 in TGF-β1-induced HK-2 cells. β-actin was used as the loading control. Data are expressed as mean ± SD (n = 3). #p < 0.05, ##p < 0.01 versus the sham group, *p < 0.05, **p < 0.01 versus the UUO group.

The effects of ISO on the TWEAK/Fn14/ERK1/2 signaling pathway were observed in HK-2 cells, and the results suggested that ISO treatment inhibited the expression of TWEAK and Fn14 and the phosphorylation of ERK1/2 in TGF-β1-treated HK-2 cells (p < 0.05 or 0.01) (Figures 5C–F).




3.5 ISO inhibits the TWEAK/Fn14 pathway in UUO rats

Further examination of the TWEAK/Fn14 signaling pathways targeted by the ISO pathway was performed in vivo. UUO kidneys presented increased expression of TWEAK and Fn14, its downstream signals TNFR-associated factor 2 (TRAF2) and BRAF, and phosphorylated levels of MER1/2 and ERK1/2 (p < 0.01). ISO treatment significantly inhibited TWEAK, Fn14, TRAF2, and BRAF expression and suppressed MER1/2 and ERK1/2 phosphorylation (p < 0.05 or 0.01) (Figures 6A–H). ISO treatment significantly suppressed the expression of Snail1 and β-catenin in the cell nucleus and inhibited the phosphorylation level of SP1 in UUO rats (p < 0.05 or 0.01) (Figures 6I–L).

[image: Western blot analysis and bar graphs illustrating protein expression levels in different treatment groups. Panel A shows TWEAK, Fn14, and TRAF2 expressions with corresponding bar graphs B, C, and D for their quantifications. Panel E displays BRAF, p-ERK1/2, ERK1/2, p-MEK1/2, and MEK1/2, with F, G, and H showing quantifications. Panel I shows p-SP1, SP1, Snail1, β-catenin, and PCNA, with bar graphs J, K, and L for quantifications. Treatments include Sham, UUO, ISO at different doses, and Los. Expressions are normalized to β-actin or PCNA. Statistical significance is noted with symbols.]
Figure 6 | Effect of ISO on the expression of TWEAK/Fn14 signaling pathway-related proteins in UUO rats. Representative images and quantification of Western blot results of the protein expression of TWEAK, Fn14, TRAF2, and BRAF (A–D), and phosphorylation of MER1/2 and ERK1/2 (E–H). β-actin was used as the loading control for total protein. (I–L) Relative optical density analysis of the nucleoprotein expression of p-SP1, Snail, and β-catenin. PCNA was used as the loading control for nucleoprotein. All data are expressed as the mean ± SD (n = 5). ##p < 0.01 versus the sham group, *p < 0.05, **p < 0.01 versus the UUO group.





3.6 Fn14 overexpression compromises the therapeutic effects and regulation of the TWEAK/Fn14 pathway-related proteins of ISO on RIF

ISO treatment significantly reduced the levels of Scr, BUN, and CVF of UUO rats (p < 0.05 or 0.01). Interestingly, Fn14 overexpression completely reversed these beneficial effects of ISO (p < 0.05 or 0.01) (Figures 7A–D).

[image: The figure consists of multiple panels showing data related to kidney function and protein expression in different experimental groups: Sham, UUO, ISO, Fn14-OE + ISO, NC+ISO, and Los. Panels A, B, D, E, F, J, K, M, N, O, Q, and R depict bar graphs of serum creatinine, BUN, collagen volume fraction, collagen III, FN, E-cadherin, α-SMA, TWEAK, p-ERK1/2, β-catenin, Snail, and PCNA levels, respectively. Panels C, G, and H include histological images showing tissue staining. Panels I, L, and P consist of Western blot results for protein analysis. The graphs and images compare the effects of different treatments on kidney injury markers.]
Figure 7 | Fn14 overexpression compromises the therapeutic effects of ISO and the regulation of ISO on the TWEAK/Fn14 pathway-related proteins on UUO model rats. (A, B) Serum Scr and BUN levels in different groups. (C, D) Representative images and the CVF of Masson staining (×400). (E–H) Representative and quantification analysis of Col III and FN immunohistochemical staining (×400). Nuclei were counterstained with DAPI (blue). (I–K) Western blot and the relative optical densities analysis of E-cadherin and α-SMA in kidney tissue. (L–O) Representative images and quantification of Western blot results of the protein expression of TWEAK, Fn14, and phosphorylation of ERK1/2. β-actin was used as the loading control. (P–R) Relative optical density analysis of the nucleoprotein expression of Snail and β-catenin. PCNA was used as the loading control for nucleoprotein. Data were shown as mean ± SD (n = 3). ##p < 0.01 versus the sham group, *p < 0.05, **p < 0.01 versus the UUO group, △p < 0.05, △△p < 0.01 versus the ISO group.

ISO treatment inhibited the protein expression of Col III, FN, and α-SMA in the kidney tissue of UUO rats, while increasing the expression of E-cadherin (p < 0.05 or 0.01). However, Fn14 overexpression abolished the inhibitory effects of ISO on EMT (p < 0.05 or 0.01) (Figures 7E–K).

ISO treatment significantly inhibited the protein expression level of TWEAK and Fn14, as well as the phosphorylation level of ERK1/2, and suppressed the nuclear protein expression of Snail1 and β-catenin (p < 0.05 or 0.01). However, Fn14 overexpression abrogated the inhibitory effects of ISO on the TWEAK/Fn14 pathway (p < 0.05) (Figures 7L–R).





4 Discussion

Ureteral obstruction disrupts renal homeostasis, leading to impaired urine excretion, hydronephrosis, and the accumulation of filtered metabolites (24). When obstruction persists, the pressure in the renal pelvis continues to rise, which compresses the renal parenchyma, leading to gradual atrophy, thinning, and the infiltration of inflammatory cells into the surrounding interstitial tissue (25). Renal tubular epithelial cells undergo continuous damage, leading to a phenotypic shift that enables them to evade apoptosis through EMT (26). This process promotes the proliferation of myofibroblasts and the accumulation of ECM, ultimately resulting in RIF (27). The UUO model closely resembles histopathological changes to clinical renal tubular injury and interstitial fibrosis, and is frequently used to evaluate the therapeutic potential of novel treatments (28).

This study showed that the left kidney of the UUO group exhibited cystic swelling and significant thinning of renal parenchyma. The observed microscopic features, including tubular atrophy, luminal dilation, interstitial inflammation, and collagen deposition, are consistent with previously reported pathological characteristics of RIF (29). The KI values of the rats in the UUO group, along with their serum Scr and BUN levels, were significantly elevated, indicating that the rats suffered severe renal damage after UUO. Moreover, NAG, a specific and highly sensitive marker of renal tubular damage, is stable in urine, allowing for the reliable detection and monitoring of renal tubular lesion progression. The elevated NAG levels in the UUO group suggested that renal function impairment in the model group primarily affected the renal tubules. ISO treatment provided effective renal tubular protection in UUO rats, as indicated by decreased serum Scr and BUN levels, urinary NAG activity, and the KI value in the model rats. Additionally, ISO significantly alleviated pathological damage in renal tissue on the obstructed side, reduced collagen deposition, and delayed the progression of RIF progression.

As an angiotensin II receptor blocker, Los is commonly used for the treatment of CKD, and its antifibrotic effects on the kidneys are supported by extensive research (30). Los served as a positive control in our experiments to verify the reliability of the experimental system. The analysis revealed no statistically significant difference in efficacy between ISO and Los, suggesting that the therapeutic effects of ISO are similar to those of Los.

EMT is considered the primary pathological mechanism driving ECM deposition in the advancement of RIF. α-SMA and E-cadherin expression changes are well-established molecular markers for EMT identification. Immunofluorescence and Western blot results revealed that the expression of E-cadherin was significantly reduced in rat tubular epithelial cells of the UUO model, while α-SMA and the ECM components (Col III and FN) were significantly increased (p < 0.01). These results provided evidence that EMT had occurred within the UUO model. ISO inhibited the expression of α-SMA, Col III, and FN and the absence of E-cadherin, suggesting that its renoprotective effects on RIF involve blocking the phenotypic shift of renal tubular epithelial cells and impeding the progression of EMT.

Our in vitro results showed that TGF-β1 stimulation led to marked changes in renal tubular epithelial cells, including a transition to a fibroblast-like morphology, enhanced cell migration, and reduced expression of E-cadherin. In addition, α-SMA and ECM proteins (Col III and FN) exhibited significantly increased expression. ISO treatment slowed the TGF-β1-induced fibroblast-like morphological change and decreased the migration distance of HK-2 cells. Moreover, ISO treatment effectively attenuated TGF-β1-induced downregulation of E-cadherin and upregulation of α-SMA, Col III, and FN, indicating its potential to inhibit EMT progression.

TWEAK, a TNF superfamily cytokine, uniquely interacts with Fn14, its only known transmembrane receptor. This interaction recruits specific binding motifs for TRAF2. Subsequently, TRAF2, acting as an E3 ubiquitin ligase, utilizes its RING finger domain to bind BRAF, promoting BRAF ubiquitination and the downstream phosphorylation of MEK1/2 and ERK1/2. Finally, phosphorylated ERK1/2 translocates to the nucleus, enhancing SP1 activity and further modulating Snail1 expression (31). Notably, Snail1 contributes to the suppression of E-cadherin, resulting in disrupted cell adhesion processes and subsequent loss of epithelial characteristics (32). The decreased intercellular adhesion led to the dissociation of β-catenin and E-cadherin. β-catenin subsequently accumulates in the cytoplasm and translocates into the nucleus, initiating the expression of EMT-related genes including Snail1 and α-SMA (33–35).

SPR was used to investigate the interaction between ISO and Fn14. The results demonstrated that ISO exhibited specific binding activity towards Fn14. In our study, we utilized a TGF-β1-induced HK-2 cell model to examine the effects of ISO on the expression of key factors in the TWEAK/Fn14 pathway. Results indicated that ISO significantly downregulated the protein expression of TWEAK and Fn14, as well as the phosphorylation of ERK1/2.

To further investigate the mechanism of action and targets of ISO, we conducted animal experiments to detect the related proteins involved in this pathway. ISO significantly downregulated TWEAK and Fn14 protein expression and ERK1/2 protein phosphorylation in the kidney tissue of UUO rats. In addition, ISO significantly downregulated TRAF2 and BRAF protein expression and MEK1/2 protein phosphorylation levels in the kidney tissue of UUO rats while significantly reducing β-catenin and Snail1 protein and SP1 phosphorylation levels in the nucleus. When Fn14 overexpressed, the renoprotective effects of ISO against RIF, specifically its ability to protect renal tubules by inhibiting ECM production and EMT progression, can be reversed. Additionally, the inhibitory effect of ISO on the activation of the TWEAK/Fn14 pathway is also counteracted. The above results illustrate that the observed effects of ISO on EMT are attributed to its ability to inhibit the activation of the TWEAK/Fn14 signaling pathway (Figure 8).

[image: Diagram illustrating the TWEAK/Fn14 signaling pathway's role in renal fibrosis. It shows AAV injection in a rat causing Fn14 overexpression and unilateral ureteral obstruction. TGF-β1 is applied to HK-2 cells. ISO inhibits Fn14 interaction shown via surface plasmon resonance. The pathway increases cell adhesion loss, E-Cadherin reduction, and β-catenin rise, leading to ECM increase and renal interstitial fibrosis. The process involves epithelial-mesenchymal transition (EMT), with cells transitioning to myofibroblasts, increasing α-SMA, and ongoing fibrosis.]
Figure 8 | The underlying mechanisms by which isorhamnetin attenuates renal interstitial fibrosis. Schematic diagram illustrating the involvement of the TWEAK/Fn14/ERK1/2 signaling pathway in the renoprotective effects of ISO against RIF by its inhibition on EMT of renal tubular epithelial cells.




5 Conclusion

In summary, our results confirm that ISO inhibits the development of EMT and the deposition of ECM both in vivo and in vitro. Therefore, ISO may be able to protect renal tubules and impede the occurrence and progression of RIF through the TWEAK/Fn14 signaling pathway, providing an experimental basis for clinical applications.
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