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Purpose: Vaccarin is a natural flavonoid glycoside with anti-inflammatory, antioxidant and nephroprotective effects. However, the
effects of vaccarin on renal fibrosis (RF) and its molecular mechanisms remain unclear. This study aimed to investigate the effects of
vaccarin on RF and its molecular mechanisms.

Methods: Network pharmacology was used to analyze the effect of vaccarin on RF, and molecular docking and molecular dynamics
simulations were performed to assess the binding of nuclear factor erythroid 2-related factor 2 (Nrf2) to vaccarin. A mouse model of
unilateral ureteral obstruction (UUO) was established in vivo, and human renal tubular epithelial (HK2) cells were induced with
transforming growth factor-f (TGF-B) and RSL3, respectively, as an in vitro model. The anti-fibrotic effect of vaccarin was observed
by histopathological staining and determination of fibrous markers. Changes in oxidative stress and ferroptosis-related markers were
detected by kits, Western blot (WB), qRT-PCR and immunofluorescence (IF). Finally, Nrf2 inhibitors were added to the in vitro model
to observe the effects on fibrosis and ferroptosis.

Results: Vaccarin and RF cross genes are enriched for oxidative stress. Nrf2 binds stably to vaccarin. Both in vivo and in vitro
experiments showed that vaccarin treatment reduced the expression of fibrosis markers, decreased the levels of reactive oxygen species
(ROS), malondialdehyde (MDA), lipid peroxidation (LPO) and Fe?*, and increased glutathione (GSH) secretion. In addition, vaccarin
down-regulated the expression of Long-chain acyl-CoA synthetase 4 (ACSL4), prostaglandin-endoperoxide synthase 2 (PTGS2) and
NADPH oxidase 1 (NOX1), and up-regulated Nrf2 and its downstream solute transport family 7 member 11 (SLC7A11) and
glutathione peroxidase 4 (GPX4) expression. Mechanistic studies indicated that vaccarin activated the Nrf2/SLC7A11/GPX4 pathway
to inhibit ferroptosis, and this inhibition was effectively reversed by the Nrf2 inhibitor.

Conclusion: Vaccarin ameliorates RF by inhibiting ferroptosis via Nrf2/SLC7A11/GPX4 pathway.

Keywords: vaccarin, renal fibrosis, Nrf2/SLC7A11/GPX4 pathway, ferroptosis, oxidative stress, network pharmacology

Introduction
Chronic kidney disease (CKD) is a significant global public health issue, affecting more than 10% of the global
population,’ with its prevalence continuing to rise annually.” RF characterized by tubulointerstitial fibrosis and
progression to end-stage renal disease, is a common pathological feature of various forms of CKD.* Sustained
inflammation and oxidative stress can induce renal tubular injury accompanied by the release of large amounts of
inflammatory factors that promote fibroblast proliferation and extracellular matrix deposition, thereby accelerating the
process of RF.>® However, the precise pathogenesis remains poorly understood. Thus, there is an urgent need to find
effective treatments to improve RF.

Studies have shown that oxidative stress and disturbances in iron metabolism can lead to renal ferroptosis.””

Ferroptosis, a form of iron-dependent cell death distinct from apoptosis and autophagy, is characterized by oxidative
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stress and the accumulation of lipid ROS.'*"'! In the kidney, excessive Fe*" levels may participate in the Fenton reaction,
leading to lipid peroxidation and ROS production.'” Nrf2 is a key regulator of the cellular antioxidant response,
protecting cells from oxidative stress, inflammation and various growth factors.'> Under basal conditions, Nrf2 levels
are tightly regulated and subject to degradation by the E3 ubiquitin ligase complex. However, during oxidative stress,
ROS interact with Kelch-like ECH-associated protein 1 (Keapl), leading to the dissociation of Nrf2 from Keapl, its
stabilization, and subsequent nuclear translocation. This process activates the expression of downstream antioxidant
genes.'*'> SLC7A11 and GPX4 are critical antioxidant proteins that inhibit ferroptosis by reducing lipid peroxide
formation,'*'® both SLC7A11 and GPX4 are regulated by Nrf2.'” Recent studies have shown that ferroptosis inducers
exacerbate renal injury and RF in CKD models, while inhibitors of ferroptosis can mitigate renal damage and fibrosis.'®
Therefore, identifying novel ferroptosis inhibitors holds significant potential for the treatment of RF.

Vaccarin, a natural flavonoid glycoside found in the seeds of Vaccaria hispanica, possesses well-documented anti-
inflammatory and antioxidant properties.'® %' Previous studies have demonstrated that vaccarin mitigates oxidative stress
and reduces apoptosis and necrosis in a cisplatin-induced acute kidney injury model.”* Additionally, vaccarin has been
shown to improve renal function and alleviate renal tissue damage in diabetic mice by inhibiting RF, inflammatory
factors, and ROS production.”® These findings suggest a promising therapeutic potential for vaccarin in the treatment of
kidney diseases. However, to date, no studies have investigated the protective effects of vaccarin against RF or explored
its molecular mechanisms in the context of RF treatment.

In the present study, we employed network pharmacology to identify the therapeutic targets of vaccarin in RF and
assessed its therapeutic potential using in vivo and in vitro models of RF. Furthermore, we investigated the molecular
mechanisms underlying its effects, with particular emphasis on the relationship between vaccarin and ferroptosis. The
results of this study can inform further research on the improvement of RF by vaccarin.

Materials and Methods

Acquisition of Structural Formulae and Targets of Vaccarin
Information about vaccarin and its 2D and 3D structural formulae were obtained from the PubChem public database
(https://pubchem.ncbi.nlm.nih.gov/) using “Vaccarin” as the keyword, which was subsequently imported into the

SwissTargetPrediction database (https://swisstargetprediction.ch/), the Similarity ensemble approach database and

Netlnfer database (http://lmmd.ecust.edu.cn/netinfer/) to find potential targets can be found, and a large amount of

literature was searched for complementary information.

Analysis of Vaccarin Related Targets
Establishment of gene interaction network by UniProt database (https://www.uniprot.org/) and STRING database

(https://cn.string-db.org/). An “active compound-target” PPI networks were constructed using Cytoscape 3.9.1 software

to observe the relationship between vaccarin and potential targets.

Collection of Targets of RF Action by Vaccarin
We utilized the GSE20247 dataset from the GEO database (https://www.ncbi.nlm.nih.gov/geo/) to investigate the gene
expression profiles associated with human chronic kidney disease. This dataset comprises microarray data from 18

samples, focusing on genes related to renal tubular epithelial cell injury. The selected gene expression data was further
analyzed using the GEO2R analytical tool. Obtaining RF-related targets from GeneCards (https://www.genecards.org/),
OMIM (https://www.omim.org/), MALACARDS (https://www.malacards.org/) and DisGeNET (https://ngdc.cncb.ac.cn/
databasecommons/database/) databases and presented in a Venn diagram.

Analysis of Overlapping Genes
PPI data were extracted using the STRING database and then imported into Cytoscape 3.7.2 software, followed by
a screening of core genes using the CentiScape 2.2 algorithm.
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GO and KEGG Pathway Enrichment Analysis
Using the Metascape database (https://metascape.org/gp/index.html), we performed GO and KEGG analysis of the

differential and visualized them with the ggplot2 package in R4.2.1.

Molecular Docking and Molecular Dynamics Simulation

The 3D structural model of the Nrf2 protein was obtained from the UniProt database, and the ligand file of vaccarin in
SDF format was obtained from the PubChem database. The docking results were further analyzed and visualized using
Discovery Studio 2019 software. Molecular dynamics simulations with the GROMACS 2022 program provide insight
into the stability of protein-ligand interactions. The hydrogen bonds involved were constrained using the LINCS
algorithm with an integration step of 2 fs. The electrostatic interactions were calculated using the Particle mesh Ewald
method with a cutoff of 1.2 nm and a cutoff of 10 A for non-bonding interactions, updated every 10 steps. The simulated
temperature was 298 K and the pressure was 1 bar. Simulated trajectories were analyzed with VMD and pymol.

Reagents

Vaccarin (AB0659, purity 98%) was purchased from ABPHYTO (Chengdu, China). The Losartan tablets were obtained
from MSD (Hangzhou, China). TGF-B (AF-100-21C-100) was obtained from Pepro Tech (America). RSL3 (S8155),
Ferrostatin-1 (Fer-1, S7243) and ML385 (S8790) were purchased from Selleck (Shanghai, China).

UUO Induced Animal Model

C57BL/6 mice (SPF-grade, male, 7-week-old, weighing 18-22 g) provided by the Jihui Laboratory Animal Care Co., Ltd
(Shanghai, China). The mice were kept in the Central Laboratory of the Seventh People’s Hospital. All operations in this
study followed the guidelines for laboratory animals, and the protocol was approved by the Ethics Committee of
Shanghai Seventh People’s Hospital (approval number: 2024-AR-017). In addition, in terms of the care of laboratory
animals, we strictly abide by the Guiding Principles of Laboratory Animal Welfare and Ethics issued by the Ministry of
Science and Technology of the People’s Republic of China.

After adaptation for 1 week, thirty mice were randomly assigned to five groups (sham group, UUO group, 12.5 mg/kg
vaccarin treatment group, 25 mg/kg vaccarin treatment group and 8.57 mg/kg Losartan positive control group, 6 mice per
group). Mice were anesthetized with pentobarbital sodium, and a longitudinal incision was made on the left side of the
abdomen to expose the left ureter, which was double ligated with a 4-0 silk suture, and then the incision was closed. The
mice in the sham group were operated identically except that the ureter was not ligated. Subsequently, mice in vaccarin-
treated and Losartan groups were gavaged for 14 days with the corresponding concentration of the drug, and mice in
sham and UUO groups were gavaged with an equal volume of saline. At the end of treatment, the mice were euthanized,
and serum and kidney tissues were removed for subsequent experiments.

Cell Culture

The HK2 cell was obtained from Shanghai Cell Bank, Chinese Academy of Sciences. Cells were grown in DMEM/F-12
medium containing 6% FBS at 37°C with 5% CO,. HK2 cells were inoculated into 6-well plates and cultured overnight.
The next day, the medium was changed to a medium containing 0.5% FBS with TGF-f, RSL3, Fer-1, ML385 or vaccarin
for 48 h.

Hematoxylin-Eosin (HE) and Masson Staining

Kidney tissues were paraffin-embedded and cut into sections of 4 pm thickness. Staining was performed according to HE
(D006-1-1, Jiancheng, Nanjing, China) and Masson (D026-1-3, Jiancheng, Nanjing, China) instructions. Images are
presented by Leica SCN400 Slide Scanning System and software. Renal tubular injury was assessed in a double-blind
manner and scored according to the severity of the injury.”* Collagen deposition was also scored in a double-blind
analysis.
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Prussian Blue Staining
Paraffin sections of kidney tissue were stained according to the instructions of the Prussian blue (60533ES20, YEASEN,
Shanghai, China) kit. Images are presented by Leica SCN400 Slide Scanning System and software.

WB Assays

Protein was extracted from kidney tissues and HK2 cells by adding protease inhibitors (ST506, Beyotime, Shanghai,
China) with RIPA lysate (P0013B, Beyotime, Shanghai, China). Samples containing 25 pg of protein were separated on
7.5% gel and transferred to a PVDF membrane (Millipore, ISEQ00010), followed by 5% milk and incubation with
antibodies against Fibronectin (1:2500, ab45688, Abcam, USA), N-Cadherin (1:500, sc-8424, Santa Cruz), p-Smad3
(1:2000, ET1609-41, HUABIO), Smad3 (1:1000, ET1607-41, HUABIO), a-SMA (1:2000, ET1607-53, HUABIO), Snail
(1:2000, A11794, ABclonal), Nrf2 (1:1000, 16396-1-AP, proteintech), SLC7A11 (1:2000, HA600098, HUABIO), GPX4
(1:10000, ET1706-45, HUABIO), Keap1 (1:1000, D6B12, Cell Signaling), GAPDH (1:5000, 60004-1-Ig, proteintech),
Lamin B1 (1:2000, ET1606-27, HUABIO) and B-actin (1:2000, AC004, ABclonal) overnight at 4°C. After three TBST
washes, the PVDF membrane was incubated with the secondary antibody (1:10000, HA1001 and HA1006, HUABIO) for
1 h at room temperature. Luminescence detection was performed with the ECL system and analyzed by Image
J software.

qRT-PCR
Total RNA was extracted from kidney tissue using a kit (R401-01, Vazyme, China). qRT-PCR analysis was performed

2*AACT

with the StepOne Plus Sequence Detection System. The final analysis was performed using the relative

quantification method. The primer sequences used are shown in Table 1.

IF Staining

HK2 cells were inoculated in 12-well culture dishes containing slides and intervened with different concentrations of
vaccarin for 24 h. Kidney tissue paraffin and HK2 cells were stained according to the instructions of the Three-color
Fluorescence Kit (RC0086-23RM, Recordbio Biological Technology, Shanghai, China). Finally, the image was presented

with a Leica DMi8 fluorescence microscope.

GSH, MDA and LPO Assays

Mouse blood samples were centrifuged at room temperature, 3000 rpm for 15 min and the upper serum layer was
removed. GSH and MDA levels in mouse serum and HK2 cells were measured with the GSH and MDA (A006-2-1,
A003-1, Jiancheng, Nanjing, China) kit. LPO level in kidney tissue and HK2 cells were measured with the LPO (A106-
1-2, Jiancheng, Nanjing, China) kit.

Table | Primer Sequences

Gene Forward Primer (5'-3") Reverse Primer (5'-3")

m-SLC7AI | CTTTGTTGCCCTCTCCTGCTTC | CAGAGGAGTGTGCTTGTGGACA
m-GPX4 CCTCTGCTGCAAGAGCCTCCC CTTATCCAGGCAGACCATGTGC
m-Nrf2 TCTCCTCGCTGGAAAAAGAA AATGTGCTGGCTGTGCTTTA
m-ACSL4 GGAAAGCAAACTGAAGGCGG AATGGCCATGTCTGAAGGGG
m-PTGS2 TGAGCAACTATTCCAAACCAGC | GCACGTAGTCTTCGATCACTATC
m-NOXI AGAGAGACAGGTGCCTTTGC GCTGCATGACCAGCAATGTT
m-Fibronectin | CCCTATCTCTAGTACCGTTGTCC | TGCCGCAACTACTGTGATTCGG
m-Snail AAGATGCACATCCGAAGC ATCTCTTCACATCCGAGTGG
m-GAPDH GGTTGTCTCCTGCGACTTCA TGGTCCAGGGTTTCTTACTCC
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Fe?* Assays
The levels of Fe*" in kidney tissue were measured with the Fe*" (A039-2-1, Jiancheng, Nanjing, China) kit. Fe*" levels in
HK2 cells were detected with FerroOrange (F374, Dojindo Laboratories, Japan) and fluorescence intensity with Image J.

Detection of ROS
ROS levels in HK2 cells were determined with the ROS (S0033S, Beyotime, Shanghai, China) kit.

Cell Viability

HK2 cells were inoculated in 96-well culture plates and cultured overnight. The cells interfered with vaccarin, TGF-p,
RSL3, and Fer-1 for 24h. Cell viability was assessed according to the CCK-8 (40203ES, YEASEN, Shanghai, China) kit.

Statistical Analysis

Statistical analysis and bar graphs were performed using GraphPad Prism software. Data are expressed as mean + SD.
Differences between multiple groups were compared using one-way ANOVA. P < 0.05 indicated statistically significant
differences.

Results

Prediction and Analysis of the Action Targets of Vaccarin

Firstly, the basic information and molecular structural formula of vaccarin were obtained from the PubChem database
(Figure 1A). Subsequently, 197 target genes of vaccarin were identified from SwissTargetPrediction, Similarity ensemble
approach and Netlnfer databases. A network of 153 nodes and 1272 edges was constructed by obtaining the network data
from the STRING database and visualizing it with the Cytoscape 3.9.1 software (Figure 1B). Analysis of the targets
revealed that the 197 target genes were mainly enriched in amino acid metabolism (Figure 1C). KEGG analysis
suggested that 197 genes were mainly enriched in PI3K-Akt signaling pathway, Human T-cell leukemia virus 1 infection,
Cellular senescence, MAPK signaling pathway, Cell cycle, Measles, Hepatitis B, Ras signaling pathway, JAK-STAT
signaling pathway (Figure 1D). It is well known that amino acids can be involved in the regulation of RF by affecting
multiple signaling pathways. The above analysis suggests that vaccarin has the potential to treat RF.

Analysis of Potential Targets of Vaccarin on RF

We analyzed the mechanism of action of vaccarin on RF using a web-based pharmacological system. A total of 5525
DEGs were obtained from the GSE20247 dataset, and the volcano map (Figure 2A) was plotted with “Adjusted P < 0.05
and log2 (fold change) > 1 or log2 (fold change) < —1” as the initial screening condition. A total of 6399 RF-associated
targets were obtained by merging the above genes with GeneCards, OMIM, MALACARDS and DisGeNET databases
and removing duplicate values. The targets associated with vaccarin and RF were further analyzed using a Wayne
diagram, and a total of 70 potential targets were obtained and analyzed for protein interactions (Figure 2B). The above
genes were then imported into the STRING database, and after eliminating the irrelevant genes, the PPI network was
constructed using Cytoscape 3.9.1 software. As shown in Figure 2C, the “vaccarin target-RF target” network was
constructed in the left graph, in which the yellow nodes were 35 crossed genes. The middle figure is the network diagram
of 35 crossover genes, and the yellow nodes of these 35 genes (which may be the more important genes) were obtained
by setting parameters (Betweenness>204.1, Closeness>0.527, Degree>16.3). The right figure shows the core genes
obtained according to the algorithm of degree value, including AKT1, IL-6, TNF, BCL2, EGFR and so on. The validation
results of the above genes are supplemented in Supplementary Material 1. Enrichment analysis of the above core genes

revealed that changes in biological processes are closely linked to oxidative stress (Figure 2D). KEGG pathways
enrichment analysis revealed that PI3K-Akt signaling pathway, JAK-STAT signaling pathway, AGE-RAGE signaling
pathway in diabetic complications and other related signaling pathways (Figure 2E). We believe that vaccarin action on
RF is closely related to oxidative stress.
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Figure | Prediction and analysis of vaccarin targets. (A) 2D and 3D structures and related information of vaccarin. (B) “Compound-target” network consisting of 153 nodes
and 1272 edges. (C) Sankey diagram of vaccarin target genes and the corresponding enrichment process. (D) String diagram of KEGG signaling pathway of vaccarin target
genes.

Vaccarin Binds Stably to Nrf2

Nrf2 is an important transcription factor regulating oxidative stress, it has been reported that some flavonoids can exert
antioxidant effects by modulating Nrf2. Here, we assessed the binding ability of vaccarin to Nrf2 by Molecular Docking
and Molecular Dynamics simulation. The Molecular Docking results showed that vaccarin had good binding to Nrf2
(Figure 3A). To further verify the binding ability between vaccarin and Nrf2, we performed a Molecular Dynamics
simulation. Firstly, we performed stability analysis, Root Mean Square Deviation (RMSD) is a common measure of the
difference between two structures, reflecting the similarity of the conformation of the two molecules, the RMSD of the
complex structure, and the RMSD of the proteins were gradually stabilized as a whole as the simulation progressed
(Figure 3B). Radius of Gyration (Rg) is an important parameter for measuring the overall structural compactness of
a protein-small molecule, reflecting the range of distribution of molecular atoms with respect to the centre of mass, the
Rg of the complexes remained essentially stable as the simulation proceeded (Figure 3C). Root mean square fluctuation
(RMSF) can be used to measure the magnitude of the displacement of each atom or residue with respect to its average
position, which can help to identify the flexible and rigid regions in the molecules (Figure 3D). The state of the small
molecule on the protein surface can be clarified by the centre-of-mass evolution analysis, the distance between the small
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Figure 2 Screening and analysis of potential targets of RF by vaccarin. (A) Differential gene volcano plot for RF. Blue represents up-regulation, red represents down-
regulation, and grey indicates no statistical difference. (B) Venn diagram of interactions between vaccarin targets and RF targets. (C) Target gene network diagram. The
“vaccarin target-RF” network constructed by 70 crossover genes and 35 key genes obtained by three algorithms, Betweenness, Closeness, and Degree. (D) Bubble map of
GO enrichment analysis. (E) Circle diagram of KEGG enrichment analysis.

molecule and the initial binding site is gradually stabilized, indicating that vaccarin is stably bound to the initial Nrf2
binding site (Figure 3E). Buried Solvent Accessible Surface Area (BuriedSASA) is used to assess which parts of
a molecule or molecular complex are buried internally and cannot be directly accessed by the solvent, the Buried SASA
is gradually stabilized, suggesting that the area of contact between vaccarin and Nrf2 remains stable (Figure 3F).
Secondly, we analyzed the interaction of hydrogen bonding between vaccarin and Nrf2. Hydrogen bonding interaction
is an important force for protein-ligand binding, the number of hydrogen bonds between vaccarin and Nrf2 mainly
remains fluctuating between 3—7 (Figure 3G). Finally, we calculated the change in force upon binding of vaccarin to
Nrf2. VDW is more stable relative to ELE in the complex, and both VDW and ELE are stable (Figure 3H). These results
indicate that the binding between vaccarin and Nrf2 is stable.
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Vaccarin Ameliorated RF in UUO Mice
Network pharmacological analysis showed that vaccarin has therapeutic potential for RF. We established a UUO

mouse model for in vivo experimental validation. HE and Masson staining were used to assess renal tubular injury and
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Figure 4 Vaccarin alleviated renal fibrosis in UUO mice. (A) HE staining of mouse tissue sections demonstrated degree of renal injury. Renal fibrosis was assessed by
Masson’s trichrome staining. (Magnificationx200, Bar = 100 um). The quantitative analysis result of HE staining (B) and Masson staining (C). Levels of Fibronectin (D) and
Snail (E) mRNA in UUO mice. (F) The expressions of Fibronectin, p-Smad3, a-SMA, Snail and Smad3 by WB. (G) The quantitative analysis of Fibronectin, p-Smad3, a-SMA,
Snail and Smad3 by WB. Data are presented as the means % SD (n = 6). *P < 0.01, vs Sham group; *P < 0.05, **P < 0.01, vs UUO group; ns: P > 0.05, no significance.

interstitial fibrosis. Compared with the Sham group, the renal tubules in the UUO group were significantly dilated, and
the interstitium had a large infiltration of inflammatory cells and obvious blue collagen deposition. Renal tubular injury
and interstitial fibrosis were significantly reduced after vaccarin treatment (Figure 4A—C). Next, qRT-PCR analysis
showed that the relative mRNA expression of Fibronectin (FN) and Snail was significantly upregulated in the UUO
group, whereas vaccarin treatment underregulated mRNA expression (Figure 4D and E). In addition, WB results
indicated the treatment with both doses of vaccarin reduced the expression of FN, phosphorylated Smad3 (p-Smad3),
a-smooth muscle actin (a-SMA), Snail and Smad3 (Figure 4F and G). These results suggest that vaccarin attenuates
UUO-induced renal tubular injury and fibrosis.

Vaccarin Inhibited Ferroptosis in UUO Mice

Network pharmacological analyses suggest that the rich biological processes of vaccarin are closely related to oxidative
stress. To clarify whether vaccarin could enhance the antioxidant capacity of UUO mice, we measured MDA and GSH
levels in serum and LPO levels in renal tissues of mice. In the UUO group, MDA and LPO levels were elevated and GSH
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Figure 5 Vaccarin inhibited oxidative stress-induced ferroptosis in UUO mice. (A) Serum MDA level. (B) Serum GSH level. (C) LPO level in renal tissues. (D) Fe?* level in
renal tissues. (E and F) Representative images of iron deposition by Prussian blue staining and its quantitative analysis (Magnificationx200, Bar = 50 pm). (G) Representative
images of kidney GPX4 IF staining (Magnificationx200, Bar = 50 um). (H) Levels of ACSL4, PTGS2 and NOXI| mRNA in renal tissues. (I) Levels of Nrf2, SLC7AI | and GPX4
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levels were decreased, whereas vaccarin treatment significantly decreased MDA and LPO levels and increased GSH
levels (Figure SA-C). Meanwhile, we also found that Fe*" levels were significantly elevated in renal tissues of UUO
group, whereas vaccarin treatment reduced Fe*" levels (Figure 5D). Prussian blue staining also observed iron deposition
in kidney tissue of UUO mice, which was attenuated by vaccarin treatment (Figure SE and F). It has been established that

1618 https: Drug Design, Development and Therapy 2025:19



Cui et al

elevated levels of oxidative stress are a major trigger of ferroptosis, and the pathogenesis of CKD, including RF, is
closely related to ferroptosis.>*®

The above findings motivate us to further explore the role of ferroptosis in the improvement of RF by vaccarin. From
the results of IF staining, it was easy to see that GPX4 was lowly expressed in the UUO group and highly expressed in
the vaccarin-treated group (Figure 5G). ACSL4, PTGS2 and NOX1 were highly expressed in the UUO group, and
mRNA levels were significantly reduced after vaccarin intervention (Figure SH). Subsequently, we assessed changes in
mRNA and protein levels of two key regulators, SLC7A11 and GPX4, during ferroptosis.'® In the UUO group, the
mRNA and protein expression levels of SLC7A11l and GPX4 were significantly down-regulated, while vaccarin up-
regulated their expression in a dose-dependent manner. Nrf2 is essential in regulating SLC7A11 and GPX4 to inhibit
ferroptosis.'”” We found that mRNA and protein levels of Nrf2 were significantly lower in the UUO group and
significantly higher after vaccarin treatment (Figure 5I-K). The results of in vivo experiments showed that vaccarin
could attenuate oxidative stress and ferroptosis in UUO mice by up-regulating Nrf2 and its downstream SLC7A11 and
GPX4 expression.

Vaccarin Inhibited TGF-B- and RSL3-Induced Fibrosis in HK2 Cells

To further validate the anti-fibrotic effect of vaccarin, we established an in vitro model with TGF-B-induced HK2 cells.
First, we evaluated the cytotoxicity of vaccarin. We found that vaccarin at 7.5, 15, 30, and 60 uM had no significant effect on
HK2 cell viability (Figure 6A). RSL3 is a common agonist of ferroptosis.”” We intervened HK2 cells with TGF-p and RSL3
and assayed cell viability, respectively, and showed that both TGF- and RSL3 inhibited cell viability, whereas cell viability
was increased with either vaccarin or Fer-1 (Figure 6B and C). WB results showed the increased expression of FN,
N-Cadherin, a-SMA, Snail and p-Smad3/Smad3 in HK2 cells incubated with TGF-p. Vaccarin significantly decreased the
expression of fibrotic markers (Figure 6D and E). Meanwhile, we found that RSL3 intervention in HK2 cells increased the
expression of the above fibrotic markers, whereas vaccarin and Fer-1 reversed the increase in fibrotic markers (Figure 6F
and G). These findings further confirm the role of ferroptosis in RF, and that vaccarin can significantly ameliorate TGF-p-
and RSL3-induced fibrosis.

Vaccarin Inhibited TGF-B- and RSL3-Induced Ferroptosis in HK2 Cells

The ferroptosis process is accompanied by the accumulation of ROS and Fe**.?® It has been shown that ferroptosis leads
to high production of ROS, promotes oxidative stress and induces renal fibrosis.® Elevated levels of Fe*" were observed
in HK2 cells induced by TGF-B or RSL3 by FerroOrange probes, whereas both vaccarin and Fer-1 interventions reduced
the excessive accumulation of Fe** (Figure 7A and B). Meanwhile, DCFH-DA probes to detect ROS levels in HK2 cells
revealed that TGF-p or RSL3 could induce elevated ROS levels, whereas both vaccarin and Fer-1 interventions reduced
ROS expression (Figure 7C and D). Additionally, vaccarin reduced MDA and LPO levels while elevating GSH levels in
TGF-B- or RSL3-induced HK2 cells (Figure 7E-G). Similarly, in TGF-B- or RSL3-induced HK2 cells, vaccarin
significantly upregulated the expression of Nrf2 and its downstream SLC7A11 and GPX4 (Figure 7H-K). These data
suggest that vaccarin can inhibit TGF-- and RSL3-induced oxidative stress and ferroptosis in HK2 cells by upregulating
Nrf2 and its downstream SLC7A11l and GPX4.

Vaccarin Attenuated TGF-B-Induced RF by Promoting Nrf2 Nuclear Translocation

Molecular Docking and Molecular Dynamics simulation revealed that vaccarin binds stably to Nrf2. Studies have shown
that flavonoids can exert nephroprotective effects by promoting Nrf2 nuclear translocation.?” Therefore, we hypothesized
that vaccarin may exert antifibrotic effects by promoting Nrf2 nuclear translocation. IF staining showed that vaccarin
increased Nrf2 translocation from the cytoplasm to the nucleus (Figure 8A). We subsequently found that vaccarin dose-
dependently decreased Nrf2 protein levels in the cytoplasm and increased Nrf2 protein levels in the nucleus by isolating
cytoplasmic and nuclear proteins (Figure 8B—D). These results suggest that vaccarin can promote Nrf2 translocation from
the cytoplasm to the nucleus. Keapl is a negative regulator of Nrf2 and plays an important role in regulating oxidative
stress responses.’’ We found that when Nrf2 was inhibited by its inhibitor ML385, the upregulation of Nrf2 and its
downstream SLC7A11 and GPX4 by vaccarin was significantly suppressed, whereas Keapl expression was instead
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Figure 6 Vaccarin alleviated TGF-B- and RSL3-induced renal fibrosis in HK2 cells. (A) Cell Viability in HK2 cells was determined by the CCK-8 assay. (B and C)
CCK-8 assay the impact of vaccarin on TGF-B- and RSL3-induced HK2 cells. (D) The expressions of Fibronectin, N-Cadherin, a-SMA, Snail, p-Smad3 and Smad3 by
WB in TGF-B-induced HK2 cells. (E) The quantitative analysis of Fibronectin, N-Cadherin, 0-SMA, Snail and p-Smad3/Smad3 by WB. (F) The expressions of
Fibronectin, N-Cadherin, a-SMA, Snail, p-Smad3 and Smad3 by WB in RSL3-induced HK2 cells. (G) The quantitative analysis of Fibronectin, N-Cadherin, a-SMA, Snail
and p-Smad3/Smad3 by WB. Data are presented as the means + SD (n = 6). P < 0.01, vs Control group; **P < 0.01, vs TGF-B group; *%P < 0.01, vs RSL3 group; ns:
P > 0.05, no significance.

upregulated (Figure 8E and F). We also found that the antifibrotic effect of vaccarin in TGF-B-induced HK2 cells was
significantly reduced when Nrf2 was inhibited (Figure 8G and H). These data suggest that vaccarin inhibits TGF-p-
induced HK2 cell fibrosis by disrupting the Keap1-Nrf2 interaction and promoting Nrf2 translocation from the cytoplasm
to the nucleus.

Discussion
The pathogenesis of RF is a gradual process involving multiple cytokines and molecular mechanisms, ultimately leading to
end-stage renal failure that requires dialysis or renal transplantation.* Fibrotic burden serves as a critical indicator of future
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Figure 7 Vaccarin inhibited TGF-B- and RSL3-induced ferroptosis in HK2 cells. (A and B) FerroOrange probe was used to detect the intracellular Fe*" of cultured
HK2 cells (Magnificationx200, Bar = 20 um). (C and D) Representative images of ROS staining in HK2 cells (Magnificationx200, Bar = 20 pm). (E) MDA levels in HK2
cells. (F) GSH levels in HK2 cells. (G) LPO levels in HK2 cells. (H) The expressions of Nrf2, SLC7All and GPX4 by WB in TGF-B-induced HK2 cells. (I) The
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Figure 8 Vaccarin inhibits TGF-B-induced ferroptosis in HK2 cells in an Nrf2 dependent manner. (A) IF assay showed the relative abundance of Nrf2 in HK2 cells. (B) The levels of
Nrf2 protein in Cytoplasm and Nucleus were detected after treatment with different concentrations of vaccarin in HK2 cells. (C and D) The quantitative analysis of Nrf2 by WB. (E)
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adverse renal outcomes, for which no safe and effective therapies currently exist. This highlights the urgent need for the
development of novel therapeutic drugs or treatments. Vaccarin, a natural flavonoid with known anti-inflammatory and
antioxidant properties, has shown promising potential for the treatment of kidney disease in previous studies.’’ However,
the effects and mechanisms of vaccarin on RF remain unexplored. Network pharmacology offers valuable insights into the
molecular mechanisms underlying drug-target-disease interactions. In this study, we found that the therapeutic effect of
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vaccarin on RF is closely linked to oxidative stress through network pharmacology. Molecular docking and molecular
dynamics simulations suggest that Nrf2 may serve as the specific molecular target through which vaccarin exerts its
beneficial effects on RF. In vivo and in vitro experimental studies demonstrated that vaccarin ameliorates fibrosis by
inhibiting oxidative stress and ferroptosis through activation of the Nrf2/SLC7A11/GPX4 pathway.

UUO is a commonly used in vivo model to induce RF, which can develop over a relatively short period.>*** In the UUO
model, the overproduction of ROS triggers inflammation, oxidative stress, and apoptosis, thereby promoting the progression
of fibrosis.** Losartan, a widely used treatment for CKD-related diseases, has been shown to improve RF.*® In this study,
we investigated the antifibrotic effects of vaccarin using the UUO mouse model, with losartan serving as a positive control.
Our findings demonstrate that vaccarin alleviated kidney damage and reduced collagen fiber deposition. We also observed
that vaccarin decreased the mRNA expression of FN and snail. Moreover, analysis of RF markers revealed that vaccarin
decreased the protein expression of FN, p-Smad3, a-SMA, Snail and Smad3. These findings imply that vaccarin can
ameliorate kidney injury and RF in UUO mice. TGF-f is essential for the development of fibrosis and can be used as
a target for treatment as well as a gauge of the degree of fibrosis.>® To investigate vaccarin’s antifibrotic properties further,
we treated HK2 cells with TGF-B and vaccarin. We found that vaccarin decreased the protein expression of FN,
N-Cadherin, p-Smad3/Smad3, a-SMA and Snail in TGF-f stimulated HK2 cells, which is in line with the in vivo results.
According to these findings, vaccarin may be able to reduce TGF-f induced fibrosis in HK2 cells in vitro.

The network pharmacology-based target screening of vaccarin for RF, followed by GO enrichment analyses, revealed
that its therapeutic effects are closely linked to oxidative stress. Previous studies have found that inhibition of oxidative
stress attenuates UUO and TGF-B-induced RE.*’ In this study, we found that vaccarin reduced MDA and LPO levels and
increased GSH levels in UUO mice and TGF-B-induced HK2 cells, and also reduced ROS levels in HK2 cells, which
confirms the results of the network pharmacology study. Additionally, elevated oxidative factors such as MDA and ROS
contribute to ferroptosis during RF.>® We observed that Fe** levels were significantly elevated in UUO mice and TGF-p
stimulated HK2 cells, which were significantly reduced after vaccarin treatment. SLC7A11 is an amino acid anti-
transporter protein that plays a key role in inhibiting ferroptosis by facilitating cystine uptake for GSH synthesis, thereby
enhancing the cell’s antioxidant capacity.’” GPX4, a glutathione peroxidase in mammals, prevents ferroptosis by
reducing lipid hydroperoxides to lipid alcohols and by inhibiting the accumulation of ROS.** Modulation of the
SLC7A11/GPX4 pathway to attenuate lipid peroxidation and ferroptosis reduces acute kidney injury.*' In this study,
we observed reduced levels of both SLC7A1l and GPX4 in UUO mice and TGF-B-induced HK2 cells. However,
treatment with vaccarin significantly up-regulated the expression of both proteins. Additionally, in HK2 cells induced by
ferroptosis agonist RSL3, we detected increased levels of MDA, LPO, ROS and Fe?*, along with decreased expression of
GSH, SLC7A11 and GPX4. Notably, treatment with vaccarin and Fer-1 reversed these changes. These findings suggest
that vaccarin exerts its anti-renal fibrosis effects by inhibiting oxidative stress and ferroptosis.

Nrf2 is a transcription factor that plays a crucial role in regulating intracellular oxidative stress and exerts antioxidant
effects through its translocation to the nucleus.'* SLC7A11 and GPX4 are key components of the ferroptosis pathway,
both of which are modulated by Nrf2. It has been found that pentoxifylline protects against cerebral ischemia-reperfusion
injury by inhibiting ferroptosis through the Nrf2/SLC7A11/GPX4 pathway.** Keapl is a negative regulatory protein of
Nrf2. Under normal conditions, Nrf2 is degraded in the Keapl-Nrf2 axis, whereas under oxidative stress, Nrf2
dissociates from the Keapl-Nrf2 axis and translocates to the nucleus, where it induces a series of antioxidant
responses.'>* Tt has been shown that notoprotein R1 promotes Nrf2 nuclear translocation to inhibit ferroptosis and
attenuate myocardial injury through the Keap1/Nrf2 pathway.** In this study, molecular docking and molecular dynamics
simulations revealed that Nrf2 may be a key target of vaccarin for the alleviation of RF. Based on the interaction between
vaccarin and Nrf2, we hypothesized that vaccarin may exert its anti-fibrotic effects by promoting Nrf2 nuclear
translocation and inhibiting ferroptosis. Initially, we observed a significant reduction in Nrf2 levels in UUO mice and
TGF-B/RSL3 induced HK2 cells, which were elevated after vaccarin treatment. This suggests that the onset of ferroptosis
during RF progression may be linked to Nrf2 downregulation. Further investigation using IF and WB confirmed that
vaccarin promoted the translocation of Nrf2 from the cytoplasm to the nucleus in a dose-dependent manner. To validate
these findings, we utilized ML385, an Nrf2 inhibitor, and observed that the antifibrotic effects of vaccarin, along with the
inhibition of ferroptosis, were reversed by ML385. We also found that vaccarin inhibited Keapl expression, and this

Drug Design, Development and Therapy 2025:19 heeps: 1623



Cui et al

inhibition was subsequently counteracted by ML385. We suggest that vaccarin disrupts the Keap1-Nrf2 interaction and
promotes Nrf2 nuclear translocation, thereby exerting an antifibrotic effect. However, the use of ML385 alone may not be
sufficient to fully determine the potential of vaccarin on Keapl-Nrf2, and knockdown or overexpression as well as
immunoprecipitation experiments are considered in the future for confirmation.

Collectively, our results suggest that vaccarin can improve RF by inhibiting ferroptosis via Nrf2/SLC7A11/GPX4
signaling pathway. Although studies have reported the use of vaccarin in renal injury, its role in RF has not been reported.
The present study highlights for the first time the antifibrotic properties of vaccarin, which act by inhibiting ferroptosis
through the Nrf2/SLC7A11/GPX4 pathway.

Conclusion

In summary, our study demonstrates that vaccarin can improve RF by activating the Nrf2/SLC7A11/GPX4 signaling
pathway and inhibiting ferroptosis. In addition, we confirmed that Nrf2 is a target of vaccarin action. These suggest that
vaccarin has the potential to improve RF and warrants further exploration for clinical application.
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