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Abstract: Background: Angiotensin II (Ang II)-induced kidney injury is a critical pathway in the progression of chronic 

kidney disease, with the AT1R/Smad3 signaling axis playing a well-established role. The natural flavonoid vitexin has 

shown multi-organ protective effects, but its role and mechanism in Ang II-induced renal injury remain unclear. Objectives: 

To investigate the protective effect of vitexin against Ang II-induced kidney injury and explore whether its mechanism 

involves modulation of the AT1R/Smad3 pathway. Methods: In-vitro, Ang II-induced HK-2 cell injury models were treated 

with vitexin (20 μmol/L) or valsartan (1 μmol/L). Cell viability and SOD activity were assessed. Protein levels of AT1R, 

Smad2/3, p-Smad2/3, and Smad7 were detected by Western blotting. In-vivo, C57BL/6 mice with Ang II-induced kidney 

injury (1.1 mg/kg/d, 21 days) received vitexin (60 mg/kg, every other day) or vehicle. Blood pressure, urinary 

protein/creatinine ratio, renal histopathology (HE, PAS, Masson staining) and expression of AT1R/Smad3 pathway 

components were evaluated. Results: Vitexin significantly improved cell viability and SOD activity in HK-2 cells, 

comparable to valsartan. It downregulated AT1R, Smad2/3 and p-Smad2/3 while upregulating Smad7. In mice, vitexin 

lowered systolic blood pressure and the urinary protein/creatinine ratio, and alleviated renal histopathological damage, 

glomerular sclerosis, and fibrosis. It also reduced AT1R, p-Smad2/3, and CTGF expression and increased Smad7 in renal 

tissue. Conclusion: Vitexin attenuates Ang II-induced kidney injury by modulating the AT1R/Smad3 signaling pathway, 

suggesting its potential as a therapeutic candidate for renal injury. Further studies are needed to validate causal mechanisms 

and pharmacokinetics. 
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INTRODUCTION 
 

Chronic kidney disease (CKD) is characterized by a 

persistent and progressive decline in key renal functions 

such as filtration and excretion, leading to irreversible 

injury. Previous studies have reported that with a 

prevalence as high as 13%, CKD represents a major cause 

of mortality and poses a significant threat to global public 

health (Wang et al., 2023, Ying et al., 2024). Previously, 

there have been reports, in renal injury pathogenesis, 

angiotensin II (Ang II), the core effector of the renin-

angiotensin system (RAS), plays a pivotal role in driving 

renal damage and promoting its progression toward CKD 

(Xu et al., 2022). The RAS operates as a hormonal cascade, 

initiated by angiotensinogen (AGT) expression, followed 

by renin-mediated conversion to Ang I and subsequent 

cleavage to Ang II by angiotensin-converting enzyme 

(Ahmad et al., 2023). Previous studies have shown that 

ACE inhibitors (ACEIs) or angiotensin II receptor blockers 

(ARBs) can effectively delay the progression of confirmed 

chronic kidney disease (CKD), especially when 

accompanied by proteinuria (Zeng et al., 2025). These 

findings underscore the critical role of Ang II in CKD 

progression. Previous studies have shown that, ACEIs are 

associated with adverse effects such as dry cough and 

hypotension (Gregg et al., 2023), highlighting the need for 

alternative therapeutic strategies. Therefore, elucidating 

the molecular mechanisms underlying Ang II-induced 

renal injury and identifying novel therapeutic agents that 

can effectively intervene in this process are of significant 

importance for the treatment of CKD. 

 

TGF-β1/Smad signaling is a key regulator of renal fibrosis. 

Previous studies have shown, in CKD, Ang II binding to 

AT1R significantly upregulates TGF-β1 and activates 

Smad2/3, thereby inducing the transcription of profibrotic 

miRNAs and lncRNAs, which collectively promote renal 

fibrosis (Chen et al., 2025; Feng et al., 2024; Dong et al., 

2022). Numerous studies (Zhu et al., 2023; Wang et al., 

2025) have confirmed that Smad3 phosphorylation is 

significantly elevated in various animal models of kidney 

injury, including diabetic nephropathy and CKD. 

Previously, there have been reports, blocking Smad3 

activation with the inhibitor paroxetine significantly 

reduces collagen deposition and alleviates renal fibrosis in 

mice (Cheng et al., 2025). These findings suggest that the 

AT1R/Smad3 pathway is involved in Ang II-induced 

kidney injury. There have been reports vitexin is a natural 

flavonoid carbon glycoside widely found in various 

medicinal plants and possesses diverse pharmacological *Corresponding author: e-mail: mrn2025@163.com 
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activities, including anti-inflammatory, antioxidant, and 

anti-fibrotic effects (Liu et al., 2025). Recent studies have 

shown that Vitexin exhibits organ-protective effects in 

multiple disease models. Previously, there have been 

reports, found that Vitexin can inhibit gastric cancer growth 

and metastasis through the HMGB1-mediated PI3K/AKT/ 

mTOR/HIF-1α signaling pathway (Zhou P et al., 2022). 

Previously, there have been reports, Vitexin can alleviate 

cerebral ischemia-reperfusion injury in rats by inhibiting 

the TLR4/NF-κB pathway (Guo and Shi, 2023). In the 

context of fibrotic diseases, a previous study (Farooq et al., 

2022) demonstrated that Vitexin reduces the expression of 

fibrotic markers, including collagen AI, TGF-β, and α-

smooth muscle actin, in the liver tissues of Schistosoma 

mansoni-infected mice, thereby alleviating hepatic fibrosis. 

These findings suggest that Vitexin may exert its protective 

effects through multi-target mechanisms. 

 

However, whether vitexin can mitigate Ang II-induced 

renal injury, particularly through modulation of the 

AT1R/Smad3 pathway, remains unknown. Although 

vitexin has demonstrated renoprotective effects in 

cisplatin-induced injury models, its role and mechanisms 

in Ang II-dependent renal injury remain unexplored. 

Therefore, this study aims to explore the effects of Vitexin 

on Ang II-induced renal injury and its relationship with the 

AT1R/Smad3 pathway, to provide new therapeutic 

strategies for Ang II-related renal injury. 

 

MATERIALS AND METHODS 
 

Experimental materials and instruments 

See Tables 1-1 and 1-2.  

 

Experimental methods 

Experimental cells 

Human proximal renal tubular epithelial cells (HK-2) were 

purchased from Yansheng Industrial (Shanghai). 

 

Experimental drugs 

Vitexin Solution Preparation: Based on preliminary 

experiments and the dosage range reported in previous 

literature (Maji et al., 2021), based on preliminary 

experiments and prior literature, this study selected 

concentrations that demonstrated significant protective 

effects and low toxicity. Vitexin standard (purity > 98%, 

Beijing Kang Ruina Biotechnology) was weighed and 

dissolved in dimethyl sulfoxide (DMSO) to prepare a 20 

mmol/L stock solution, which was stored at -20°C. Before 

use, the stock solution was diluted with serum-free 

DMEM/F12 medium to a final concentration of 20 μmol/L. 

In all in-vitro experiments, the final DMSO concentration 

was maintained at 0.1% (v/v). Model and control groups 

received an equal volume of 0.1% DMSO to control for 

solvent effects. 

Valsartan solution preparation: Valsartan capsules 

(manufacturer: Beijing Novartis Pharmaceutical Co., Ltd., 

specification: 80 mg, batch number: H20040217) were 

ground and dissolved in DMSO to prepare a 10 mmol/L 

stock solution, which was then diluted to a final 

concentration of 1 μmol/L for in-vitro experiments (Nasr et 

al., 2022). 

 

In-vivo administration solution: For in-vivo experiments, 

Vitexin was administered at a dose of 60 mg/kg. This dose 

was determined based on preliminary experiments and 

previous studies from our laboratory in similar fibrosis 

models. The final DMSO concentration was 10% (v/v) to 

ensure solubility while minimizing solvent toxicity. The 

positive control group received Valsartan at a dose of 10 

mg/kg/day, administered via drinking water (Jiang et al., 

2017). Mice in the model and normal control groups were 

injected intraperitoneally with an equal volume of 

physiological saline containing 10% DMSO to control for 

solvent effects. 

 

Cell culture 

HK-2 cells were routinely cultured in a 37oC, 5% CO2 

incubator using DMEM/F12 medium containing 10% fetal 

bovine serum and 1% penicillin-streptomycin. 
 

Cell grouping and intervention 

To establish an Ang II-induced cellular injury model, HK-

2 cells were serum-starved in serum-free medium for 12 

hours and then randomly divided into four groups: Control 

group: cultured normally with only 0.1% DMSO added. 

Model group: treated with Ang II (1 μmol/L) and 0.1% 

DMSO (Zhao et al., 2023). Valsartan group: treated 

simultaneously with Ang II (1 μmol/L) and Valsartan (1 

μmol/L). Vitexin group: treated simultaneously with Ang II 

(1 μmol/L) and Vitexin (20 μmol/L). All groups were 

treated for 24 hours. After treatment, cells were collected 

for subsequent experiments. 
 

Construction of a mouse model of kidney injury induced 

by Ang II 

All animal experimental protocols in this study were 

approved by the Ethics Committee of Zhejiang Medical 

and Health Group Hangzhou Hospital (Approval No.: 

SCXK(Zhe)2025-1201) and strictly adhered to 

international guidelines for the care of laboratory animals 

and the ARRIVE guidelines. 
 

(1) Preparation of Ang II solution: Based on a dosage of 

1.1 mg·kg-1·day-1 per mouse for 21 days, each osmotic 

pump was filled with 200 μL of solution containing 0.5775 

mg Ang II. 

(2) Pretreatment and perfusion of osmotic pump: Under 

aseptic conditions, Ang II solution was slowly injected into 

the osmotic pump using a 0.5 μL microsyringe, and the 

infusion catheter was connected. After assembly, the pump 

was pretreated in sterile saline at 37oC for 24 h to activate 

the continuous release function. 

(3) Pump implantation: C57BL/6 mice (male, 8 weeks old, 

weighing 20-25 g) were anesthetized via intraperitoneal  
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Table 1-1: Main reagents. 
 

Name Company 

DMEM/F12 Culture Medium Corning Incorporated (USA) 

Fetal Bovine Serum Lanzhou Bailing Biotechnology Co., Ltd. 

Angiotensin II MedChemExpress (USA) 

Phosphate Buffered Sodium (PBS) Shanghai Sangon Biotech Co., Ltd. 

0.25% Trypsin Gibco (USA) 

75% Ethanol Shanghai Maclean Biotechnology Co., Ltd. 

Cell Cryopreservation Medium Shanghai Yisheng Biotechnology Co., Ltd. 

Traditional Chinese Medicine Pieces China Resources Sanjiu Pharmaceutical Co., Ltd. 

Captopril Standard China National Institutes for Food and Drug Control 

CCK-8 Detection Kit Dojindo (Japan) 

RIPA Lysis Buffer Shanghai Beyotime Biotechnology Co., Ltd. 

BCA Protein Assay Kit Nanjing Novizan Biotechnology Co., Ltd. 

Separating Gel Preparation Buffer Shanghai Yamei Biotechnology Co., Ltd. 

Temed Tetramethylethylenediamine Beijing Solarbio Technology Co., Ltd. 

Electrotransfer and Electrophoresis Buffer Bio-Rad Laboratories (USA) 

Methanol Shanghai Maclean Biotechnology Co., Ltd. 

Blocking Skim Milk Powder BD Biotech (USA) 

5× Blocking-Wash Buffer Beijing Zhongshan Jinqiao Biotechnology Co., Ltd. 

Rainbow prestained protein molecular weight standard 

(MARKER) 

Thermo Scientific (USA) 

TLR4 Antibody, NF-κB Antibody, and β-actin Antibody Santa Cruz Biotechnology Co., Ltd. (USA) 

AT1R Antibody and AT2R Antibody Santa Cruz Biotechnology Co., Ltd. (USA) 

Smad2/3 Antibody, p-Smad2/3 Antibody, and Smad7 

Antibody  

Cell Signaling Technology Co., Ltd. (USA) 

CTGF Antibody Abcam Co., Ltd. (USA) 

Goat Anti-Rabbit IgG and Goat Anti-Mouse IgG Secondary 

Antibodies 

Beijing Zhongshan Jinqiao Biotechnology Co., Ltd. 

ECL PI High-Sensitive Chemiluminescent Substrate Solution Shanghai Tianneng Technology Co., Ltd. 

Note: All primary antibodies have been verified and can detect a single specific band of the expected size in Western Blot. 
 

Table 1-2: Main instruments 
 

Item Company 

LX-200 Mini Centrifuge 
Hunan Xiangyi Laboratory Instrument Development Co., 

Ltd. 

Cell Culture CO₂ Incubator and Clean Bench Thermo Fisher Scientific (USA) 

DNP-9082 Electric Thermostatic Incubator Shanghai Yiheng Scientific Instruments Co., Ltd. 

ELx800 Fully Automated Microplate Reader Thermo Fisher Scientific (USA) 

VORTEXGENIUS3 Vortex Shaker Dalong Xingchuang Experimental Instruments Co., Ltd. 

ENDURO Electrophoresis System Bio-Rad (USA) 

TS-200 Dual-Layer Digital Display Decolorization Shaker Shanghai Xiren Scientific Instruments Co., Ltd. 

ChemiDoc XRS+ Chemiluminescence Imaging System Shanghai Tianneng Technology Co., Ltd. 

Cryostat and Fluorescence Microscope System Leica (Germany) 

3-30K High-Speed Low-Temperature Centrifuge Eppendorf (Germany) 

 

Table 2: PCR primer sequences. 
 

Gene Sequences Product length 

GAPDH Forward primer:5'-CTGGAGAAACCTGCCAAGTATG-3’ 138 

Reverse primer:5'-GGTGGAAGAATGGGACTTGCT-3’ 

AngⅡ Forward primer:5'-CCACGCACAGCACCCTATTT-3' 306 

Reverse primer:5’-GCCCCTTCTTTATCCAACTCAG-3’ 

AT1R Forward primer:5'-CACTCCTCTACTTATGTAGCAG-3’ 85 

Reverse primer:5'-AGATGTACCTAGTATGTCACGTT-3’ 

SMAD4 Forward primer:5'-CTCATGTGATCTATGCCCGTC-3’ 22 

Reverse primer:5'--AGGTGATACAACTCGTTCGTAGT-3’ 
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injection of 5% chloral hydrate (0.4 mL/100 g). The skin in 

the scapular region was shaved and disinfected and a 

longitudinal incision approximately 2 cm in length was 

made along the spine, followed by blunt dissection of 

subcutaneous tissue. A pretreated osmotic pump (release 

rate 0.25 μL/h) was subcutaneously implanted with the 

catheter opening facing inward. Post-surgery, the wound 

was closed in layers. All surgical procedures were 

performed under aseptic conditions. For three consecutive 

days after surgery, mice were administered analgesics and 

closely monitored for body weight, activity levels and 

wound healing. Mice in both the model and treatment 

groups were subcutaneously implanted with an Ang II 

osmotic pump. 

 

Animal grouping and intervention 

To achieve 80% statistical power (power=0.8) and to detect 

the expected effect size (determined from preliminary 

experiments and literature), we included 6 mice per group 

(n=6). A total of 24 C57BL/6 mice were randomly assigned 

to four groups: Normal control group (n=6): Only 

implanted with an empty pump (without Ang II) and 

received intraperitoneal injections of 10% DMSO in saline 

every other day. Model group (n=6): Implanted with an 

Ang II pump and received intraperitoneal injections of 10% 

DMSO in saline every other day. Vitexin group (n=6): 

Implanted with an Ang II pump and received 

intraperitoneal injections of Vitexin (60 mg/kg, dissolved 

in 10% DMSO in saline) every other day. Valsartan group 

(n=6, positive control group): Implanted with an Ang II 

pump and treated with Valsartan (approximately 10 

mg/kg/day) administered via drinking water. All 

interventions lasted for 21 days. Humane endpoint criteria 

were defined as: weight loss exceeding 20% of baseline 

body weight, severe mobility impairment, inability to eat 

or drink, or other signs of significant distress. No animals 

met these criteria during the experiment. After the 

intervention period, urine and kidney tissue samples were 

collected from each group of mice. 

 

Assessment of cellular experimental parameters 

Cell viability and SOD activity assays 

Cell viability was assessed using the CCK-8 assay (Chen 

et al., 2022). After treatment as described in Section 2.2.4, 

the original medium was removed from HK-2 cells in all 

groups. CCK-8 working solution, diluted in fresh complete 

medium (CCK-8 reagent: medium = 1:10), was added to 

each well. The plates were incubated in a 37°C, 5% CO2 

incubator for 2 hours in the dark. Following incubation, the 

optical density (OD) at 450 nm was measured for each well 

using a microplate reader (Thermo Fisher Scientific, USA). 

Cell viability was calculated using the formula: Cell 

viability (%) = [(OD_treated - OD_blank) / (OD_control - 

OD_blank)] × 100%. Each group was assayed in 6 replicate 

wells (n=6), and the experiment was independently 

repeated 3 times. SOD activity was measured using a WST-

8-based SOD assay kit (Cao et al., 2022). After treatment, 

the culture medium was discarded and the cells were gently 

washed twice with ice-cold PBS. An appropriate volume 

(100 µL) of cell lysis buffer (containing protease inhibitors) 

was added to each well and cells were lysed on ice for 30 

minutes. Cell lysates were collected using a cell scraper, 

centrifuged at 12,000 rpm for 15 minutes at 4°C and the 

supernatant was collected as the sample for assay. The 

procedure followed the manufacturer's instructions for the 

SOD activity assay kit (Dojindo, Japan): the sample, WST-

8 working solution and enzyme reaction initiator were 

sequentially added to a 96-well plate. After thorough 

mixing, the plate was incubated at 37°C in the dark for 30 

minutes. The OD at 450 nm was measured using a 

microplate reader. The SOD inhibition rate was calculated 

according to the formula provided by the kit: The SOD 

inhibition rate (%) was calculated using the following 

formula: SOD inhibition rate (%) = [(OD(blank1) - 

OD(blank2) - OD(sample) - OD(blank2))] / OD(blank1) - 

OD(blank2) × 100%. where blank1 is the reaction system 

without the sample, and blank2 is the reaction system 

without the sample but containing the SOD inhibitor. Each 

group was assayed with 6 biological replicates (n=6) and 

the experiment was independently repeated three times. 

 

Western Blotting Analysis 

Total cellular protein was extracted using RIPA lysis buffer 

(containing protease and phosphatase inhibitors), and 

protein concentration was determined using the BCA 

method (Löptien et al., 2024). Equal amounts of protein 

(30 μg) were separated by 10% SDS-PAGE electrophoresis 

and then transferred to a PVDF membrane using the wet 

transfer method. After transfer, the membrane was blocked 

with 5% skim milk at room temperature for 2 hours, 

followed by incubation with the corresponding primary 

antibodies at 4°C overnight. The primary antibodies used 

and their dilution ratios were as follows: AT1R (1:1000), 

AT2R (1:1000), Smad2/3 (1:1000), p-Smad2/3 (1:1000), 

Smad7 (1:1000), CTGF (1:800) and the internal reference 

β-actin (1:5000). The next day, the membrane was washed 

three times with TBST, incubated with the corresponding 

horseradish peroxidase-labeled secondary antibody 

(1:5000) at room temperature for 1 hour and then washed 

with TBST. Protein bands were visualized using ECL 

chemiluminescence reagent and imaged with a 

chemiluminescence imaging system (ChemiDoc XRS+, 

Shanghai Tianneng Technology Co., Ltd.). The gray values 

of the target bands were quantified using ImageJ (National 

Institutes of Health, USA). The expression levels of each 

protein were normalized to β-actin. Detection of each 

protein index was based on at least three independent cell 

experiments. 

 

Animal experiment indicator detection 

Measurement of Systolic Blood Pressure, Urinary Protein, 

and Creatinine 

I. SBP Detection: Before the formal experiment, all 

C57BL/6 mice underwent a 5-day acclimatization training 
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period for tail artery blood pressure measurement. The 

blood pressure measurement system was pre-activated and 

the ambient temperature was maintained at approximately 

25°C. Mice were placed in a specially designed fixation 

device, and their tails were kept in a constant-temperature 

heater at 37°C for 10 minutes to promote full vasodilation. 

Heart rate curves were monitored simultaneously and SBP 

values were recorded once the heart rate stabilized. Five 

measurements were repeated for each individual, with an 

interval of at least 2 minutes between adjacent 

measurements. II. Urine Protein Detection: Urine samples 

were collected immediately after euthanasia via bladder 

puncture. All assays were performed according to the 

manufacturer’s instructions: (1) Blank tubes, standard 

tubes and test tubes were prepared. 50 μL of ultrapure water, 

protein standard, or urine sample were added to each tube.  

 

(2) 3.0 mL of CBB working solution was precisely added 

to each reaction tube and thoroughly mixed. (3) 200 μL of 

the mixture was placed in a 96-well plate and reacted for 5 

minutes. (4) The absorbance was measured at 595 nm. (5) 

Sample concentration was calculated and expressed in 

mg/L. III. Urine Creatinine Detection: After euthanizing 

C57BL/6 mice, urine samples were immediately collected 

by bladder puncture and stored in a low-temperature 

environment for testing. The detection process strictly 

followed the kit operation specifications: (1) Set up blank 

wells, standard wells and test wells and add 6 μL of triple-

distilled water or standard in sequence. (2) Add 180 μL of 

enzyme reaction solution A (reagent one) to each well, 

incubate for 5 min and immediately measure the initial 

absorbance A1 at a wavelength of 546 nm. (3) Continue to 

add 60 μL of enzyme reaction solution B (reagent two) to 

each well, incubate again for 5 min and read the absorbance 

value A2 at the same wavelength. (4) Calculate the 

creatinine content in the urine sample according to the 

standard curve and the difference between the two 

absorbance values and express the results in mmol/L. 

Note: The urine protein/creatinine ratio (UACR) is used to 

assess renal function. 

 

Histological Staining (HE, PAS, and Masson Trichrome) 

Paraffin-embedded kidney tissue sections (4 μm) were 

deparaffinized and rehydrated, followed by staining with 

Hematoxylin and Eosin (HE), Periodic Acid-Schiff (PAS) 

and Masson's trichrome. 

 

Renal Injury Score (HE staining): A semi-quantitative 

scoring method was employed, with two independent 

researchers blinded to the group assignments performing 

the assessments (Gisch et al., 2024). The scoring criteria 

were as follows: 0 points, no lesions; 1 point, lesion area 

<25%; 2 points, lesion area 25-50%; 3 points, lesion area 

50-75%; 4 points, lesion area >75%. Parameters assessed 

included tubular dilation, vacuolar degeneration of 

epithelial cells, epithelial detachment, and cast formation. 

Glomerulosclerosis Index (PAS staining): For each sample, 

at least 20 glomeruli were randomly selected, and the 

percentage of glomeruli exhibiting segmental or global 

sclerosis (characterized by increased mesangial matrix and 

capillary loop occlusion) was calculated. 

 

Renal Interstitial Fibrosis Area (Masson staining): For each 

section, at least five non-overlapping fields of view were 

randomly selected under 200× magnification. The area of 

blue-stained collagen fibers as a percentage of the total 

renal cortical area was calculated using Image-Pro Plus 6.0 

software. 

 

AT1R immunohistochemical staining 

After fixation, embedding and sectioning, kidney tissue 

underwent antigen retrieval and BSA blocking. It was 

incubated sequentially with primary antibody, secondary 

antibody and SABC reagent, followed by DAB staining, 

counterstaining and mounting (Rojansky et al., 2022). 

Observations under a microscope revealed brown-yellow 

staining as a positive result. The average optical density 

(AOD) was measured from 5 randomly selected fields of 

view using Image-Pro Plus 6.0. 
 

mRNA expression detection (real-time quantitative PCR) 

Total RNA was extracted from kidney tissue using the 

TRIzol method and reverse-transcribed into cDNA. Real-

time quantitative PCR (qRT-PCR) was performed using the 

SYBR Green method on an ABI 7500 system (McKenney 

et al., 2024). Primer sequences are listed in table 2 of the 

original manuscript. The expression levels, such as 

Connective Tissue Growth Factor (CTGF), were calculated 

using the 2^-ΔΔCt method (Livak and Schmittgen, 2001), 

with GAPDH as the internal reference. Detection for each 

group included 6 independent biological samples, with 

each sample assayed in triplicate (three technical 

replicates). 
 

Study scope, bias control and handling of confounding 

variables 

This preliminary preclinical study aimed to explore the 

protective effects of Vitexin against Ang II-induced renal 

injury and its association with the AT1R/Smad3 pathway at 

the cellular and animal levels. The scope of work focused 

on pharmacodynamic evaluation and mechanistic 

correlation analysis and did not involve compound 

structural modification, systemic pharmacokinetics, long-

term toxicity, or clinical translation research. 
 

To control for research bias, the following measures were 

implemented: (1) Randomization: Groups were 

randomized using computer-generated random number 

tables after cell seeding and upon animal enrollment to 

ensure baseline comparability between groups. (2) Blinded 

Assessment: Histopathological scoring and quantitative 

analysis of Western blot band grayscale values were 

performed independently by two researchers blinded to 

group assignments and the results were averaged.  
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Fig. 1: The effect of Vitexin on the viability and SOD activity of HK-2 cells induced by Ang II 

(A): Cell viability was detected by the CCK-8 method; (B): The SOD inhibition rate was detected by the WST-8 method. 

Data are expressed as mean ± SD (n=6). Compared with the control group, **P<0.01; compared with the model group, 

##P<0.01 

 

 
 

Fig. 2: Effects of vitexin on AT1R and AT2R expression in Ang II-induced kidney injury cells. 

(A): AT1R and AT2R protein expression levels in each group; (B): AT1R and AT2R protein band diagram. Compared 

with the control group, **P<0.01; compared with the model group, ##P<0.01 
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(3) Standardized Procedures and Data Analysis: All assays 

were conducted strictly according to standard operating 

procedures. Clear inclusion and exclusion criteria were 

established (e.g., cell passage number, animal weight 

range), and data were processed according to a predefined 

statistical analysis plan to avoid selective outcome 

reporting. 
 

To address potential confounding variables, the following 

were identified and controlled: (1) Solvent effects: All drug-

treated groups and their corresponding model groups used 

the same final concentration of DMSO solvent (0.1% in-

vitro, 10% in-vivo) to exclude the solvent's own effects on 

cell viability, animal physiological status and assay 

indicators. (2) Individual animal differences: C57BL/6 

male mice of consistent age, weight and genetic 

background were selected and experiments were conducted 

in the same housing environment to minimize variation due 

to age, sex, genetics and environmental factors. (3) Model 

stability: The optimal Ang II induction concentration and 

duration were determined through preliminary experiments. 

Concurrent normal control and model control groups were 

established in the formal experiment to monitor model 

stability and systemic bias during the experimental process. 

(4) Assay technical variation: All biochemical and 

molecular biology assays included replicate wells/repeat 

samples and used reagents from the same batch. Target 

protein/mRNA levels were normalized to β-actin/GAPDH 

as internal references to minimize the impact of technical 

errors and loading variations. 
 

Statistical analysis 

We analyzed the data using SPSS 27.0 and GraphPad Prism 

8.02. Normality was assessed using the Shapiro-Wilk test 

and homogeneity of variance was evaluated with Levene's 

test. Data are presented as mean ± SD. Comparisons 

between two groups were performed using unpaired t-tests, 

and multiple-group comparisons were conducted using 

one-way ANOVA followed by Tukey's post hoc test. Non-

parametric tests were used when assumptions were not met. 

A P-value < 0.05 was considered statistically significant. 
 

RESULTS 
 

Vitexin improves Ang II-induced HK-2 cell viability and 

enhances antioxidant capacity 

Compared with the control group, Ang II treatment 

significantly reduced HK-2 cell viability (P<0.01). Vitexin 

intervention significantly reversed the Ang II-induced 

decrease in cell viability (P<0.01) and its protective effect 

was comparable to that of the positive control drug, 

Valsartan (1 μmol/L) (Fig. 1A). Consistent with the cell 

viability results, Ang II treatment significantly inhibited 

SOD activity in HK-2 cells (P<0.01). Vitexin treatment 

significantly decreased the SOD inhibition rate (P<0.01) 

and its effect was similar to that of the Valsartan group (Fig. 

1B). 

 

Vitexin can reduce AT1R expression in Ang II-induced 

HK-2 cells, but does not affect AT2R expression 

Western blot results (Fig. 2A, Fig. 2B) showed 

significantly increased AT1R level in model group 

(P<0.01), while decreased AT2R level without a difference 

(P>0.05); compared with model group, AT1R protein level 

in vitexin group was decreased (P<0.01), while AT2R level 

decreased. This indicates that vitexin can reduce AT1R 

expression in Ang II-induced HK-2 cells, but does not 

affect AT2R expression. 
 

Effects of vitexin on the expression of smads pathway-

related proteins in Ang II-induced kidney injury cells 

Western Blot results (Fig. 3A) showed significantly 

increased expression of Smad2/3 and p-Smad2/3 in the 

model group, while decreased Smad7 expression 

(#P<0.05); expression of Smad2/3 and p-Smad2/3 was 

significantly decreased in the vitexin group (Figs. 3C and 

3D), while Smad7 expression showed an increasing trend 

(Fig. 3B), P<0.05. This implies that vitexin can effectively 

inhibit the over activation of the TGF-β/Smads signaling 

by blocking Smad2/3 phosphorylation and promoting 

Smad7 expression. 
 

Vitexin reduces systolic blood pressure and urinary 

protein/creatinine ratio in Ang II-induced renal injury 

mice 

SBP level (Fig. 4A) and urine protein/creatinine ratio (Fig. 

4B) in the model group were significantly increased 

(P<0.05), whereas vitexin treatment decreased them 

(P<0.05), suggesting that vitexin effectively controls blood 

pressure in hypertensive mice and improves renal function 

indicators. 
 

Vitexin significantly reduced the histopathological 

damage of renal tissue in mice with Ang II-induced 

renal injury 

Results showed that, using HE staining to observe changes 

in renal damage in each group of mice (Figs. 5A and 5B), 

the glomeruli in the normal group showed intact structural 

morphology, with unobstructed capillary lumen; the model 

group showed significant shrinkage and the renal tubular 

epithelial cells showed pathological manifestations such as 

swelling and shedding, with a significantly higher renal 

damage score (P<0.01); the pathological changes in 

treatment group were alleviated with reduced renal damage 

score (P<0.01). PAS staining (Fig. 5C and 5D) showed 

intact glomerular structure and clearly defined components 

in normal group, but an increase in red-stained areas, 

glomerular deposition and marked thickening of the renal 

basement membrane, with a significantly larger glomerular 

sclerosis area in the model group (P<0.01), which were all 

reversed after treatment. Masson staining (Figs. 5E and 5F) 

showed increased blue-positive area in the renal 

interstitium and glomerular fibrosis in the model group 

(P<0.01), which were reduced in the treatment group 

(P<0.01). This indicates that vitexin treatment significantly 

reduced renal tissue damage, glomerular sclerosis and renal 
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interstitial fibrosis in mice, effectively inhibited collagen 

deposition and protected renal structure. 

 

Vitexin down-regulates the expression of AT1R in the 

renal tissues of mice with Ang II-induced renal injury 

A small amount of AT1R was observed in normal group, 

with a sparse distribution (Fig. 6); AT1R expression was 

significantly enhanced in model group and reduced in the 

treatment group. This indicates that vitexin can effectively 

inhibit AngII-induced upregulation of AT1R expression. 

 

The effect of Vitexin on the expression of AT1R, 

SMADs-related proteins and mRNA in renal tissues of 

mice with Ang II-induced renal injury 

Results (Figs. 7A, 7B, 7C, 7D and 7E) revealed 

significantly upregulated AT1R and p-Smad2/3 in kidneys 

of AngII-induced model mice but downregulated Smad7. 

After vitexin intervention, levels of AT1R and p-Smad2/3 

were reduced but Smad7 increased. Smad2 level remained 

relatively stable across all groups. qRT-PCR analysis (Figs. 

7F, 7G and 7H) showed significantly increased mRNA 

levels of AT1R, CTGF and Smad2 in model group, 

indicating that vitexin intervention effectively inhibited the 

excessive transcription of these genes. This suggests that 

vitexin mediates the AT1R/Smad3 signaling pathway by 

inhibiting CTGF, thus improving AngII-induced kidney 

injury. 

 

DISCUSSION  

 

Chronic kidney disease (CKD) is characterized by 

irreversible renal damage resulting from a persistent 

decline in the glomerular filtration rate and progressive loss 

of key physiological functions, including protein 

reabsorption and excretion. It has become a significant 

global public health burden. There have been reports in the 

pathological progression of CKD, angiotensin II (Ang II), 

a core effector molecule of the renin-angiotensin system 

(RAS), activates multiple pro-fibrotic and oxidative stress 

pathways—particularly the TGF-β/Smad signaling 

pathway—through its AT1R receptor. This mechanism is 

considered a key driver in the transition from renal injury 

to fibrosis (Rajabi et al., 2024). Therefore, identifying 

drugs that can effectively modulate the Ang II/AT1R axis 

and alleviate renal fibrosis is of significant value for CKD 

treatment. Previous studies have shown Vitexin is a natural 

flavonoid carbon glycoside with various pharmacological 

activities, including antioxidant, anti-inflammatory and 

anti-fibrotic effects (Liu et al., 2025). In recent years, 

multiple studies have reported the protective effects of 

vitexin in different organ injury models (Chen et al., 2025; 

Noor et al., 2022). However, its role and mechanisms in 

Ang II-induced kidney injury remain unclear. This study is 

the first to systematically evaluate the protective effects of 

vitexin and its regulatory role in the AT1R/Smad3 pathway 

using both Ang II-induced HK-2 cell and C57BL/6 mouse 

kidney injury models. 

The research results demonstrate that Vitexin treatment 

significantly ameliorated the Ang II-induced decrease in 

HK-2 cell viability and enhanced intracellular superoxide 

dismutase (SOD) activity, with effects comparable to those 

of the first-line clinical drug Valsartan. In the animal model, 

Vitexin intervention significantly reduced systolic blood 

pressure and the urinary protein/creatinine ratio in Ang II-

induced hypertensive mice and alleviated the extent of 

renal histopathological injury, glomerulosclerosis and 

interstitial fibrosis. 

 

At the mechanistic level, this study focused on exploring 

the regulatory effect of vitexin on the AT1R/Smad3 

pathway. In the progression of Ang II-induced renal injury, 

the AT1R/Smad3 signaling pathway has been identified by 

multiple studies as a key mechanism promoting renal 

fibrosis (Wu et al., 2022; Ye et al., 2023). Both in cellular 

and animal models, this study observed that Ang II 

stimulation significantly up-regulated the expression of 

AT1R and phosphorylated Smad2/3 (p-Smad2/3), 

accompanied by an increase in the fibrosis marker CTGF. 

These findings are consistent with the established role of 

this pathway in renal fibrosis.  

 

Importantly, this study found that vitexin intervention 

significantly suppressed AT1R and p-Smad2/3 expression, 

pharmacologically validating the regulatory capacity of 

this natural compound on this pathway and providing 

mechanistic insights into its protective role in Ang II-

associated renal injury. Further analysis revealed that while 

inhibiting p-Smad2/3, vitexin also up-regulated the 

expression of the negative regulator Smad7. Previously, 

there have been reports as an endogenous inhibitory protein 

of the TGF-β/Smad signaling pathway, Smad7 can block 

the phosphorylation and nuclear translocation of Smad2/3, 

thereby inhibiting the transcription of downstream fibrotic 

genes (Su et al., 2024).  

 

The results of this study suggest that vitexin may restore 

Smad7 expression, rebalancing the Smad signaling 

pathway and alleviating excessive activation of pro-fibrotic 

signals induced by Ang II. This finding provides a new 

perspective on the intracellular mechanisms underlying 

vitexin's anti-fibrotic effects in the kidney. Furthermore, 

this study found that vitexin significantly reduced CTGF 

expression in renal tissue. Previous studies have shown 

CTGF is a key downstream effector of the TGF-β/Smad 

pathway, directly involved in the synthesis and deposition 

of extracellular matrix and serves as a core mediator in the 

progression of renal fibrosis (Livingston et al., 2023). The 

inhibition of CTGF expression by vitexin is highly 

consistent with histological improvements observed in 

Masson staining, including reduced collagen deposition, 

decreased glomerulosclerosis, and diminished interstitial 

fibrosis area. This indicates that vitexin may inhibit the 

fibrotic process at multiple stages by modulating the 

AT1R/Smad3/CTGF axis. 
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Fig. 3: Effects of vitexin on the expression of Smads pathway-related proteins in Ang II-induced renal injury cells. 

(A): Bands of Smads pathway-related proteins; (B): Relative protein expression level of Smad7; (C): Relative protein 

expression level of Smad2/3; (D): Relative protein expression of p-Smad2/3. Compared with the control group, #P<0.05; 

compared with the model group, *P<0.05. Data are expressed as mean ± SD (n=6). 
 

 
 

Fig. 4: Purple vitexin significantly reduced the SBP and urine protein/creatinine ratio in mice with Ang II-induced kidney 

injury. 

(A): SBP levels in each group; (B): Urine protein/creatinine ratio levels. Compared with the normal group, #P<0.05; 

compared with the model group, *P<0.05. Data are expressed as mean ± SD (n=6). 
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Fig. 5: Vitexin significantly reduced the histopathological damage of renal tissue in mice with Ang II-induced renal injury. 

(A): HE staining × 400 magnification; scale bar = 20 μm; (B): Damage score; (C): PAS staining × 400 magnification; 

scale bar = 20 μm; (D): Glomerular sclerosis area in each group; (E): Masson staining × 400 magnification; scale bar = 

20 μm; (F): Glomerular fibrosis area in each group. Compared with the normal group, ##P < 0.01; compared with the 

model group, **P < 0.01. Data are expressed as mean ± SD (n=6). 
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Fig. 6: Vitexin down-regulates the expression of AT1R in the renal tissues of mice with Ang II-induced renal injury. 
 

 
 

Fig. 7: The effect of Vitexin on the expression of AT1R, SMADs-related proteins and mRNA in renal tissues of mice with 

Ang II-induced renal injury. 

(A): Protein expression bands of AT1R, p-Smad2/3, Smad2, Smad7, and GAPDH in kidney tissue of each group; (B): 

Relative expression level of AT1R; (C): Relative expression level of p-Smad2/3; (D): Relative expression level of Smad7; 

(E): Relative expression level of Smad2; (F): Relative expression level of AT1R mRNA; (G): Relative expression level 

of CTGF mRNA; (H): Relative expression level of Smad2 mRNA; *P < 0.05, **P < 0.01 compared with the model group. 

Data are expressed as mean ± SD (n=6). 
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It should be noted that although the observed changes in 

expression correlate with phenotypic improvement and 

align with the logic of known pathways, this study has not 

established the causal necessity of AT1R/Smad3 in 

Vitexin's effects, using methods such as genetic 

intervention or specific inhibitors. Therefore, these 

mechanistic inferences still require further validation via 

gain-of-function and loss-of-function experiments in 

subsequent studies. 

 

A key strength of this study is that it is the first to 

systematically evaluate the impact of Vitexin on the 

AT1R/Smad3 pathway in an Ang II-induced renal injury 

model, with verification at both cellular and animal levels. 

However, this study also has several limitations. First, its 

scope is limited to preclinical exploration and does not 

cover key translational research aspects such as drug 

metabolism, toxicology, or formulation development. 

Second, although we endeavored to minimize selection 

bias, performance bias, and measurement bias through 

measures such as randomization, blinded assessment, and 

strict control of experimental conditions, and to identify 

and control for major confounding variables (e.g., solvent 

effects, individual animal differences), some potentially 

uncontrolled confounding factors remain. For instance, 

variables such as food intake and circadian activity 

rhythms, which may influence metabolism and blood 

pressure, were not monitored in the animal experiments. 

In-vitro studies did not examine the effects of cell density 

or medium batch variations on the response to Ang II. 

 

Furthermore, in vitro experiments used only HK-2 cells and 

did not include other key renal cell types, such as mesangial 

cells or podocytes. The mechanistic investigation relied 

primarily on correlations in protein and mRNA expression, 

lacking functional validation experiments such as AT1R 

knockdown or Smad3 silencing. Consequently, a definitive 

causal pathway relationship cannot be established. 

 

The results of this study indicate that Vitexin can 

ameliorate Ang II-induced decreases in HK-2 cell viability, 

alleviate renal tissue injury, glomerulosclerosis and fibrosis 

in mice. Its mechanism may be related to inhibiting the 

AT1R/Smad3 signaling pathway, upregulating Smad7 and 

downregulating CTGF expression. These findings provide 

experimental evidence supporting Vitexin as a potential 

intervention molecule for Ang II-related renal injury. 

However, its specific molecular targets, in-vivo 

pharmacodynamics and clinical applicability require 

further exploration. 

 

Within the defined scope of this study and through a 

relatively rigorous experimental design (including bias 

control and management of confounding variables), the 

protective effect of Vitexin in an Ang II-induced renal 

injury model and its association with the AT1R/Smad3 

pathway were confirmed. These findings provide 

preliminary evidence for considering Vitexin as a candidate 

natural molecule against renal fibrosis. Nonetheless, 

advancing it toward clinical application necessitates 

crossing a series of translational research stages, including, 

but not limited to: elucidating its in-vivo metabolic 

processes and active forms; conducting systematic safety 

pharmacology and long-term toxicity evaluations; 

optimizing drug delivery systems to enhance 

bioavailability and targeting; and ultimately, validation in 

more complex models that better approximate human 

disease (such as humanized models or non-human primate 

models). 

 

CONCLUSION 

 

In conclusion, vitexin ameliorates Ang II-induced 

reduction in HK-2 cell viability and alleviates renal tissue 

injury, glomerulosclerosis, and fibrosis in mice. The 

underlying mechanism may involve inhibition of the 

AT1R/Smad3 signaling pathway, upregulation of Smad7, 

and downregulation of CTGF expression. These findings 

provide experimental evidence supporting Vitexin as a 

potential intervention for Ang II-related renal injury. 

However, further exploration is required to elucidate its 

specific molecular targets, in-vivo pharmacodynamics and 

clinical applicability. 
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