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Objective: Diabetic nephropathy (DN) is a leading cause of end-stage renal disease, and current therapeutic options are limited in
effectively managing DN progression. Renal tubular epithelial cell (RTEC) ferroptosis has emerged as a critical mechanism
contributing to DN pathogenesis. This study aimed to investigate the potential synergistic effects of quercetin (QCT) and rosuvastatin
(RSV) on inhibiting RTEC ferroptosis and ameliorating DN progression, providing a novel combinatorial therapeutic strategy.
Methods: Public database data were analyzed using network pharmacology to identify QCT-DN-related and RSV-DN-related targets,
followed by Gene Ontology and Kyoto Encyclopedia of Genes and Genomes enrichment analyses. NRK-52E cells were cultured
in vitro under high glucose conditions (30 mM glucose) to induce damage, then incubated with QCT and/or RSV. Enzyme-linked
immunosorbent assay measured inflammatory cytokines (IL-6, TGF-B, TNF-a), flow cytometry detected reactive oxygen species
(ROS), and colorimetric assays quantified superoxide dismutase (SOD), malondialdehyde (MDA), and iron ions. Quantitative reverse
transcription polymerase chain reaction (QRT-PCR) evaluated ferroptosis-related genes (GPX4, SLC7A11).

Results: Network pharmacology analysis revealed primary enrichment of both QCT-DN-related and RSV-DN-related targets in
ferroptosis-related pathways. In vitro cell experiments showed that both QCT and RSV, when used individually, significantly inhibited
the expression of inflammatory cytokines (IL-6, TGF-f, and TNF-a), ROS generation, SOD levels, MDA levels, iron ion levels, and
the expression of ferroptosis-related genes (GPX4 and SLC7A11) in NRK-52E cells under high-glucose conditions. Furthermore,
compared to the individual use of QCT or RSV, the combined use of QCT and RSV demonstrated a more significant inhibitory effect
on the inflammatory phenotype and ferroptosis levels in NRK-52E cells.

Conclusion: This study highlights the potential of combining QCT and RSV for DN management. Network pharmacology confirmed
associations between QCT/RSV targets and NRK-52E cell ferroptosis. In vitro experiments validated superior protective effects of co-
treatment over individual treatments, warranting further in vivo investigation.
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Introduction

Diabetes is the most common metabolic disorder worldwide, with its incidence rising sharply. According to the International
Diabetes Federation, it was estimated that approximately 537 million people were living with diabetes in 2021, and this
number is expected to rise to 783 million by 2045." Diabetic nephropathy (DN) is one of the most common complications of
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diabetes and a leading cause of chronic kidney failure and end-stage renal disease.”> While current therapeutic strategies
predominantly target glycemic control and renin-angiotensin system inhibition,> recent advances have unveiled novel
therapeutic targets. Notably, interventions modulating podocyte autophagy® and mitochondrial dynamics’ have shown
promise in preclinical models, highlighting the need for multi-target approaches to address DN’s pathological complexity.

The pathogenesis of DN is intricately linked to oxidative stress induced by chronic hyperglycemia. In renal tissues,
this manifests as mitochondrial ROS overproduction in podocytes and tubular epithelial cells, coupled with macrophage-
driven inflammation through NF-kB-mediated cytokine release (eg, TGF-P, IL-6).> These processes synergistically
promote glomerulosclerosis and interstitial fibrosis, while caspase-3-dependent apoptosis of renal cells disrupts the
glomerular filtration barrier, exacerbating proteinuria.® Such multifaceted mechanisms underscore the limitations of
current monotherapies and necessitate innovative combinatorial strategies.

This therapeutic gap has driven interest in statins’ pleiotropic effects beyond lipid regulation. Rosuvastatin (RSV),
a hydrophilic statin, demonstrates particular promise through its dual modulation of oxidative stress and inflammation — inhibiting
NADPH oxidase activity in glomerular endothelial cells while suppressing NF-kB-mediated inflammatory cascades.”'®
However, emerging evidence reveals a paradox: chronic statin use may exacerbate diabetic renal injury via mitochondrial

. . . . 11.12
dysfunction and insulin resistance,

creating an imperative for adjuvant therapies to mitigate these adverse effects.

Natural products with inherent polypharmacology offer unique advantages in this context. Quercetin (QCT), a dietary
flavonoid, exemplifies this potential through its simultaneous targeting of multiple DN pathways. Beyond general
antioxidant properties, QCT specifically enhances Nrf2-mediated glutathione synthesis in renal cells while blocking
NLRP3 inflammasome activation — mechanisms that complement statin therapy by addressing both oxidative damage
and sterile inflammation.'*"'* Recent studies further suggest synergistic potential when combining statins with flavonoids.
For instance, atorvastatin-QCT coadministration showed enhanced nephroprotection via TXNIP/NLRP3 axis
modulation."> However, RSV’s pharmacological profile — marked by superior hydrophilicity (reducing hepatotoxicity
risk), extended half-life (19 vs 14 hours), and greater LDL-c reduction capacity (63% vs 50%) — positions it as a more
favorable partner for QCT in addressing diabetic dyslipidemia while minimizing off-target effects.'®

Emerging insights into ferroptosis — an iron-dependent cell death pathway — further illuminate DN’s pathogenesis and
therapeutic opportunities. Characterized by iron-driven lipid peroxidation, ferroptosis differs fundamentally from apoptosis or
necrosis.!” In diabetic kidneys, hyperglycemia induces iron overload through transferrin receptor 1 dysregulation, while
GPX4 downregulation and ACSL4 upregulation create a permissive environment for ferroptotic renal tubular damage.'® This
mechanistic understanding aligns with observed therapeutic effects: QCT mitigates ferroptosis in acute kidney injury by
upregulating ferritin heavy chain (FTHI) to sequester labile iron,'” whereas RSV enhances cystine uptake via SLC7A11 in
breast cancer models.”® Their complementary mechanisms — iron chelation (QCT) and glutathione precursor availability
(RSV) — suggest potent synergy against DN-associated ferroptosis.>' >

Based on network pharmacology analysis and in vitro cell experiments, this study aimed to investigate the effects of
QCT and/or RSV on renal tubular epithelial cells (RTECs) (NRK-52E) in DN by regulating ferroptosis, with the objective
to clarify the protective role of QCT and/or RSV in DN.

Materials and Methods

Ethical Approval

The use of NRK-52E cell line (ATCC® CRL-1571™) was reviewed and approved by the Institutional Biosafety
Committee of Guangxi Medical University Cancer Hospital (Approval No. GXMUCH-IBC-2023-045). All procedures
followed the NIH Guidelines for Research Involving Recombinant or Synthetic Nucleic Acid Molecules (2019).

Cell Culture

Rat renal tubular epithelial cells (NRK-52E, ATCC® CRL-1571™) were obtained from the American Type Culture Collection
(ATCC, USA) and cultured in Dulbecco’s Modified Eagle Medium (DMEM; Gibco, Cat. No. 11965092) supplemented with
10% fetal bovine serum (FBS; Gibco, Cat. No. 10099141C) and 1% penicillin-streptomycin (HyClone, Cat. No. SV30010) at
37°C in a humidified atmosphere containing 5% CO,. Experimental groups were established as follows: (1) Control/Normal
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glucose (NG), treated with 5.5 mM D-glucose (Sigma-Aldrich, Cat. No. G7021; purity >99.5%); (2) High glucose (HG),
treated with 30 mM D-glucose to simulate a diabetic nephropathy model; (3) HG + Low-dose quercetin (L-QCT), treated with
30 mM glucose and 10 pg/mL quercetin (MedChemExpress, Cat. No. HY-18085; HPLC purity 99.23%); (4) HG + High-dose
quercetin (H-QCT), treated with 30 mM glucose and 50 pg/mL quercetin; (5) HG + Low-dose rosuvastatin (L-RSV), treated
with 30 mM glucose and 5 pg/mL rosuvastatin (MedChemExpress, Cat. No. HY-17506; HPLC purity 99.81%); and (6) HG +
High-dose rosuvastatin (H-RSV), treated with 30 mM glucose and 25 pg/mL rosuvastatin. All treatments were administered
for 48 hours, with media replaced every 24 hours to maintain nutrient consistency, based on prior optimization studies.**

Cell Counting Kit-8 (CCK-8) Assay

Cells were seeded in 96-well plates (Corning, NY, USA; Cat. No. 3599) at 1x10* cells/well. After 24 h attachment, cells
were treated with QCT (0, 6.25, 12.5, 25, 50, 100 pg/mL) or RSV (0, 6.25, 12.5, 25, 50, 100 pg/mL) for 48 h. 10 pL
CCK-8 reagent (Meilunbio, Dalian, China; Cat. No. MA0218-1; detection range: 1x10>~1x10° cells/well) was added per
well, followed by 2 h incubation at 37°C. Absorbance was measured at 450 nm using a SpectraMax i3x microplate reader
(Molecular Devices, San Jose, CA).

Enzyme-Linked Immunosorbent Assay (ELISA)

Cell culture supernatants were centrifuged at 300xg for 10 min (Eppendorf 5430R) to remove debris. Cytokine levels
were quantified using: Secreted IL-6: Human IL-6 ELISA Kit (Elabscience, E-EL-R0015c, sensitivity 9.38 pg/mL, intra-
assay CV <8%); Intracellular TGF-B: Cells lysed with RIPA buffer (Beyotime, PO013B); Rat TGF-B1 ELISA Kit
(Cusabio, CSB-E04727r, detection limit 15.6 pg/mL); TNF-a: Rat TNF-o ELISA Kit (MultiSciences, 70-EK382RB,
linear range 4.68-300 pg/mL). Absorbance (450 nm) was measured in triplicate using a Bio-Rad xMark reader. Protein
concentrations normalized to 2 mg/mL via BCA assay (Pierce, 23225).

Flow Cytometry

Flow cytometry and the fluorescent probe DCFH-DA (Yeasen, China) were used to assess the ROS levels in NRK-52E
cells (1x10%group). The NRK-52E cells were treated with 10 uM DCFH-DA for 30 min in an incubator kept in the dark
at 37°C. After washing with phosphate-buffered saline, the levels of ROS were measured using a flow cytometer (FACS
Aria, BD Biosciences, USA).

Detection of the Levels of Superoxide Dismutase (SOD), Malondialdehyde (MDA),

and lIron lons

Cell lysates were prepared using ice-cold PBS containing 0.1% Triton X-100. Superoxide dismutase (SOD) activity was
measured using the SOD Activity Assay Kit (Yeasen, 60101 ES76), which detects both Cu/Zn-SOD and Mn-SOD with a linear
range of 0.5-20 U/mL. Malondialdehyde (MDA) content was determined using the Lipid Peroxidation MDA Assay Kit
(Aidisheng, BC0025), which specifically reacts with thiobarbituric acid-reactive substances. Total iron (Fe** + Fe’*) was
quantified using the Iron Assay Kit (mlbio, ml037816), with a detection limit of 0.1 pg/dL. Absorbance was measured at 450
nm for SOD, 532 nm for MDA, and 593 nm for iron using a Bio-Rad xMark microplate reader. All data were normalized to
total protein content as determined by the BCA assay.

Quantitative Reverse Transcription Polymerase Chain Reaction (qRT-PCR)

Total RNA was extracted from cells using Trizol (Thermo Fisher, USA), and subsequently converted into cDNA using
reverse transcription kit (Vazyme, China). The reverse transcription thermal cycling conditions were as follows: initial
denaturation at 95°C for 3 min; 30 cycles of denaturation at 95°C for 30s and annealing at 58°C for 30s; and extension at
72°C for 30s, followed by a final extension 4°C for 30 min. B-actin was used as the internal reference. All primers used in
this study (Table 1) were synthesized by Sangon Biotech (Shanghai, China). qRT-PCR was performed using the Tag Pro
Universal SYBR qPCR Master Mix (Vazyme, China) to measure the relative expression levels of target genes, and the
data were calculated using the 2 method.
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Table | Primer Sequences for qRT-PCR

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

GPX4 GGGGACAAAGAGCCGGTAG | GGTTACTGGGACCTAGGGGA
SLC7All | CAACGCTGTCTCTCACTGGT | GACTGCCTTGACTTCCGTGA
GAPDH TCCATGACAACTTTGGTATC CAGGGATGATGTTCTGGA

Prediction of Potential Targets of Drugs in Treating DN
The targets of QCT were seeked by The Traditional Chinese Medicine Systems Pharmacology (TCMSP) (https://old.tcmsp-e.
com/tcmsp.php), The Encyclopedia of Traditional Chinese Medicine (ETCM) (http://www.tcmip.cn/ETCM/) and The

Symptom Mapping (Symmap) (http://www.symmap.org) databases. Then, the disease genes in DN were predicted by
GeneCards (https://www.genecards.org/), The Disease Gene Network (DISGENET) (https://disgenet.com/academic-apply)
and The Online Mendelian Inheritance in Man (OMIM) (https:/www.omim.org) databases. The targets of RSV were seeked
by The PubChem (https://pubchem.ncbi.nlm.nih.gov) database. Finally, based on the targets of QCT/RSV and disease genes in
DN, the common targets were discerned and exhibited with a Venn diagram by using the Venny 2.1 website (https://bioinfogp.

cnb.csic.es/tools/venny/). Our study is exempt from approval based on national legislation guidelines, such as item 1 and 2 of

Article 32 of the Measures for Ethical Review of Life Science and Medical Research Involving Human Subjects dated
February 18, 2023, China.

Construction of Protein-Protein Interaction (PPI) Network

The potential targets of QCT/RSV in treating DN were put into the STRING platform (https://cn.string-db.org/cgi/input.pl),
the PPI network was constructed hiring the condition of “Multiple proteins” and “Homo sapiens” and the software of
Cytoscape 3.9.1 (National Institute of General MedicalSciences, Bethesda, MD, USA). Centiscape 2.2 plugin was used to
calculate the closeness, degree, betweenness between nodes, and hub genes.

Functional Enrichment Analysis and Protein-Protein Interaction (PPl) Network

Construction
With the aid of DAVID database (https://david.ncifcrf.gov/home.jsp), GO function and KEGG pathway enrichment
analyses of hub genes were carried out to explore the biological function and pathways of UA in DN. During the

LEINNT3

analysis, the parameter “species”, “list type”, and “identifier” were successively set to “Homo sapiens”, “gene list”, and
“official gene symbol”. A q value <0.05 or P value <0.05 were arranged in descending order. The histograms and bubble
charts were constructed using R 4.2.0 software (LucentTechnologies, Murray Hill, NJ, USA).

Statistical Analysis

Network pharmacology-related analyses were performed using R software (version 4.2.2). The in vitro experimental
results were presented as mean = SD (n=6 biological replicates). Independent samples #-test was used to compare
statistical significance between two groups. For comparisons involving more than two groups, one-way analysis of
variance followed by Tukey’s post hoc test was applied. P < 0.05 was considered statistically significant.

Results
Effect of QCT on NRK-52E Cell Injury in DN

CCK-8 results showed no significant difference in the effect of different concentrations of QCT on NRK-52E cell
viability under normal conditions (Figure 1A), while under HG conditions, 100 pg/mL QCT significantly inhibited NRK-
52E cell viability (Figure 1B). Therefore, 10 or 50 pg/mL QCT was chosen for subsequent studies named L/H-QCT
group. ELISA results indicated that, compared to the Control group, the expression levels of IL-6, TNF-a, and TGF-
were significantly increased in the HG group; while compared to the HG group, these expression levels were significantly
reduced in the HG+L/H-QCT group (Figure 1C).
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Figure | Effect of QCT on NRK-52E cell injury in DN. (A and B) CCK-8 was used to detect the effect of different concentrations of QCT (0, 6.25, 12.5, 25, 50, 100 ug/mL)
on the viability of NRK-52E cells under normal (5.5 mM glucose) (A) and high glucose (30 mM glucose) (B) conditions. (C) Cells were treated under normal conditions (5.5
mM glucose), high glucose (30 mM glucose), low-dose QCT (10 ug/mL) and high-dose QCT (50 ug/mL). And then, ELISA assay assessing the cellular expression levels of IL-6,
TNF-0, and TGF-B in each group. ns represents no significant difference, *P < 0.05, **P < 0.01, ***P < 0.001.

Enrichment Analysis of QCT-DN-Related Targets

As shown in Figure 2A, a total of 765 DN-related genes were obtained through screening in the public databases, with
the corresponding number of these genes from each database as follows: DISGENET (45), GeneCards (636), and OMIM
(148); and additionally, 2378 QCT-related genes were also obtained, with the corresponding number of these genes from
each database as follows: ETCM (2266), TCMSP (100), and Symmap (256). By taking the intersection of QCT-related
targets and DN-related targets, 194 potential QCT-DN-related targets were identified. A PPI network was constructed for
these potential targets, as shown in Figure 2B. To identify the biological processes and cellular pathways that these
potential targets might be involved in, GO and KEGG enrichment analyses were performed. Figure 2C shows the top 15
enriched BP terms, with targets related to response to oxidative stress. Figure 2D shows the top 10 enriched CC terms.
Figure 2E shows the top 10 enriched MF terms, with targets related to iron ion stress. Figure 2F shows the top 30
enriched KEGG pathways, with targets related to ferroptosis.

Effect of QCT on NRK-52E Cell Ferroptosis in DN

Flow cytometry results revealed significantly increased cellular ROS levels in the HG group compared to the Control
group, but significantly decreased cellular ROS levels in the HG+L/H-QCT group compared to the HG group
(Figure 3A). Additionally, the cellular levels of SOD, MDA, and iron ions were significantly higher in the HG group
than in the Control group, while they were significantly reduced in the HG+L/H-QCT group compared to the HG group
(Figure 3B—D). Subsequently, qRT-PCR was used to measure the cellular expression of ferroptosis-related genes (GPX4
and SLC7A11). The results showed that, compared to the Control group, the expression of GPX4 and SLC7A11 was
significantly increased in the HG group, while in the HG+L/H-QCT group, their expression was significantly decreased
compared to the HG group (Figure 3E).

Effect of RSV on NRK-52E Cell Injury in DN

CCK-8 results showed that under normal conditions, 100 pg/mL RSV significantly inhibited NRK-52E cell viability
(Figure 4A). However, under HG conditions, 50 pg/mL RSV significantly inhibited NRK-52E cell viability (Figure 4B).
As a result, 5 or 25 pg/mL RSV was selected for subsequent studies named L/H-RSV group. ELISA results showed that,
compared to the Control group, the cellular expression of IL-6, TNF-a, and TGF-f was significantly increased in the HG
group; whereas compared to the HG group, their expression was significantly decreased in the HG+RSV group (Figure 4C).

Enrichment Analysis of RSV-DN-Related Targets
As shown in Figure 5A, 99 RSV-related genes were obtained through screening in the public databases. By taking the
intersection of RSV-related targets and DN-related targets, a total of 17 RSV-DN-related potential targets were identified,
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Figure 2 Enrichment analysis of QCT-DN-related targets. (A) Analysis of QCT-DN targets. (B) PPl network analysis of QCT-DN-related targets. (C-E) GO enrichment
analysis of QCT-DN-related targets (C) BP; (D) CC; (E) MF). (F) KEGG enrichment analysis of QCT-DN-related targets.

as shown in Figure 5B. A PPI network was constructed for these potential targets, as shown in Figure 5C. To find out the
biological processes and cellular pathways that the potential targets might be involved in, GO and KEGG enrichment
analyses were performed. Figure SD shows the top 15 targets enriched in BP, with targets related to response to chemical
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Figure 3 Effect of QCT on NRK-52E cell ferroptosis in DN. (A-E) Cells were treated under normal conditions (5.5 mM glucose), high glucose (30 mM glucose), low-dose
QCT (10 pg/mL) and high-dose QCT (50 pg/mL). Then, Flow cytometry was used to detect the cellular ROS levels (A); Colorimetric assay was used to detect cellular SOD,
MDA and iron ion levels (B-D); qRT-PCR was used to detect cellular GPX4 and SLC7AIl | expression in each group of NRK-52E cell (E). ns represents no significant
difference, **P < 0.01, **P < 0.001.

stress. Figure SE shows the top 2 targets enriched in CC. Figure 5F shows the top 10 targets enriched in MF. Figure 5G
shows the top 30 targets enriched in KEGG, with targets related to ferroptosis.

Effect of RSV on NRK-52E Cell Ferroptosis in DN

Flow cytometry results showed significantly elevated cellular ROS levels in the HG group compared to the Control
group. In comparison with the HG group, the cellular ROS levels in the HG+L/H-RSV group were significantly
decreased (Figure 6A). Meanwhile, compared to the Control group, the cellular levels of SOD, MDA, and iron ions
were significantly elevated in the HG group. In the HG+L/H-RSV group, the cellular levels of SOD, MDA, and iron ions
were significantly decreased compared to the HG group (Figure 6B-D). Subsequent qRT-PCR analysis revealed
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Figure 4 Effect of RSV on NRK-52E cell injury in DN. (A and B) CCK-8 was used to detect the effect of different concentrations of RSV (0, 6.25, 12.5, 25, 50, 100 ug/mL)
on the viability of NRK-52E cells under normal (5.5 mM glucose) (A) and high glucose (30 mM glucose) (B) conditions. (C) Cells were treated under normal conditions (5.5
mM glucose), high glucose (30 mM glucose), low-dose RSV (5 pg/mL) and high-dose RSV (25 pg/mL). And then, ELISA assay assessing the cellular expression levels of IL-6,
TNF-0, and TGF-f in each group. ns represents no significant difference, *P < 0.05, **P < 0.01, **P < 0.001.

significantly elevated expression of ferroptosis-related genes (GPX4 and SLC7A11) in the HG group compared to the
NG group. Compared to the HG group, the expression of GPX4 and SLC7A11 in the HG+L/H-RSV group cells was
significantly decreased (Figure 6E).

Effect of QCT Combined with RSV on NRK-52E Cell Ferroptosis in DN

To further investigate the combined effect of QCT and RSV on NRK-52E cells in DN, NRK-52E cells were incubated in a HG
environment with QCT, RSV, or QCT+RSV. ELISA results showed significantly decreased expression of IL-6, TNF-a, and
TGF-B in the RSV and QCT groups compared to the Control group. Furthermore, their expression was more significantly
decreased in the QCT+RSV group (Figure 7A). Meanwhile, compared to the Control group, there was significantly decreased
levels of SOD, MDA, and iron ions in the RSV and QCT groups, and these levels were more significantly reduced in the QCT
+RSV group (Figure 7B-D). Through qRT-PCR detection of the expression of ferroptosis-related genes (GPX4 and SLC7A1),
it was found that compared to the Control group, the expression of GPX4 and SLC7A11 significantly decreased in the RSV
and QCT groups, and their expression reduced more significantly in the QCT+RSV group (Figure 7E).

Discussion

DN is one of the most common and serious complications associated with diabetes, but the underlying causes of its onset
and progression remain unclear, highlighting the urgent need for in-depth research into its pathogenesis and the
development of effective treatment strategies.”>>® Recent advances in DN therapeutics have emphasized targeting
renal tubular injury, as renal tubules account for 90% of kidney volume and are central to DN progression.””*® Our
study utilized the NRK-52E cell model to investigate HG-induced tubular damage, aligning with established approaches
for evaluating proximal tubular injury.’

Critically, we observed that HG conditions triggered a pro-inflammatory phenotype in NRK-52E cells, marked by
elevated IL-6, TNF-a, and TGF-B (Figure 1C). This finding echoes prior reports linking hyperglycemia to inflammatory
cytokine upregulation via ROS overproduction.®® Notably, our data extend beyond inflammation to reveal a novel
ferroptosis-driven mechanism. The paradoxical increase in GPX4/SLC7A11 under HG (Figure 3E) suggests an initial
compensatory antioxidant response, which is ultimately overwhelmed by chronic iron overload (Figure 3D) —
a phenomenon recently documented in diabetic kidneys.’' QCT’s ability to reverse this trend through iron chelation
and lipid peroxidation suppression (Figure 3A—-D) positions it as a dual-action therapeutic agent.

QCT’s nephroprotective effects are well-documented, including PPARa-mediated fatty acid oxidation®? and PI3K/
AKT-dependent anti-apoptosis.”> Our study adds a new dimension to this understanding by demonstrating QCT’s
ferroptosis inhibition via GPX4/SLC7A11 downregulation (Figure 3E), which correlates with reduced ROS and MDA
levels (Figure 3A and B). This mechanism aligns with Lei Hou et al’s findings in STZ-induced diabetic rats,** but diverges
in highlighting iron metabolism as a key target. The coordinated suppression of IL-6/TNF-a (Figure 1C) and ferroptosis
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Figure 6 Effect of RSV on NRK-52E cell ferroptosis in DN. (A—E) Cells were treated under normal conditions (5.5 mM glucose), high glucose (30 mM glucose), low-dose
RSV (5 pg/mL) and high-dose RSV (25 pg/mL). Then, Flow cytometry was used to detect the cellular ROS levels (A); Colorimetric assay was used to detect cellular SOD,
MDA and iron ion levels (B-D); qRT-PCR was used to detect cellular GPX4 and SLC7AIl | expression in each group of NRK-52E cell (E). ns represents no significant
difference, *P < 0.05, **P < 0.01, ***P < 0.001.

markers implies crosstalk between inflammatory and iron regulatory pathways, potentially mediated by NF-kB’s control
over iron regulatory proteins.*’

While QCT targets oxidative stress at its source, RSV complements this action through lipid modulation. Clinical studies
affirm RSV’s renoprotective effects via microalbuminuria reduction®® and HO-1 induction.’” Our data reveal RSV’s previously
unreported anti-ferroptotic activity in renal cells, evidenced by SLC7A11 suppression (Figure 6E) — a mechanism akin to its
cancer chemopreventive effects.®® Abdou et al’s recent work® further contextualizes this finding, showing RSV enhances
glutathione synthesis, which synergizes with QCT’s iron-chelating properties to amplify ferroptosis inhibition.

The network pharmacology analysis (Figures 2F and 5QG) strategically guided our focus to ferroptosis, yet this
prioritization necessitates acknowledging unexplored pathways. For instance, the Nrf2-Keap1 axis — a master regulator of
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Figure 7 Effect of QCT combined with RSV on NRK-52E cell ferroptosis in DN. (A-E) Cells were treated under high glucose (30 mM glucose), QCT (50 pg/mL) and RSV
(25 pg/mL). And then, ELISA assay assessing the cellular expression levels of IL-6, TNF-0, and TGF-B in each group (A). Colorimetric assay was used to detect cellular SOD,
MDA and iron ion levels (B-D); qRT-PCR was used to detect cellular GPX4 and SLC7AIl | expression in each group of NRK-52E cell (E). ns represents no significant
difference, *P < 0.05, **P < 0.01, **P < 0.001.

antioxidant responses*® — likely interacts with our observed GPX4/SLC7A11 changes but was beyond this study’s scope.
Similarly, mTOR-autophagy signaling, which modulates lipid peroxidation,*' represents a promising avenue for inves-
tigating QCT/RSV synergism. By depth-focused validation of ferroptosis markers across multiple assays (ROS/MDA/
SOD/iron ions + qPCR), we established a robust mechanistic foundation for future multi-omics explorations.

Clinically, our combinatorial approach holds translational promise. The superior efficacy of QCT+RSV over mono-
therapy (Figure 7) mirrors trends in recent DN trials combining antioxidants and statins.** Specifically, the 48% greater
reduction in MDA with combination therapy versus QCT alone (p<0.001, Figure 7C) underscores their synergistic lipid
peroxidation blockade. These results align with Feng et al’s Nrf2/HO-1 activation model*® but uniquely demonstrate
statin-flavonoid cooperativity in ferroptosis suppression.
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Limitations

While this study provides compelling evidence for QCT/RSV synergism in ferroptosis inhibition, several limitations
warrant consideration. First, the exclusive focus on ferroptosis pathways — though mechanistically justified by network
pharmacology predictions — leaves open questions about crosstalk with other DN-related pathways. For instance, the
Nrf2-Keapl axis, a master regulator of antioxidant responses,** was not interrogated despite its known interactions with
both GPX4* and statin pharmacology.*® Second, the in vitro NRK-52E model, while validated for tubular injury
studies,*’ cannot fully replicate the glomerular-tubular crosstalk or immune microenvironment of diabetic kidneys.
Third, our dose selection (QCT 10-50 pg/mL; RSV 5-25 pg/mL) — though based on CCK-8 viability assays — lacks
pharmacokinetic validation of achievable tissue concentrations in diabetic models. Finally, the 48-hour treatment window
precludes assessment of long-term adaptive responses, such as FSP1-mediated ferroptosis resistance observed in chronic

DN.*® Future studies should integrate multi-omics approaches with in vivo diabetic models to address these gaps.**~>>

Conclusion

In conclusion, this study establishes a novel therapeutic paradigm combining the natural flavonoid quercetin (QCT) with
the statin rosuvastatin (RSV) to combat diabetic nephropathy (DN) progression through coordinated ferroptosis inhibi-
tion. Mechanistically, QCT’s iron chelation capacity and RSV’s modulation of glutathione synthesis converge to suppress
lipid peroxidation and restore redox homeostasis in renal tubular epithelial cells. Network pharmacology analysis
predicted significant enrichment of ferroptosis-related pathways, a finding that was experimentally validated through
multi-parametric assays measuring ROS, MDA, iron ion levels, and gene expression via qPCR. Notably, the concurrent
reduction in both inflammatory cytokines (IL-6 and TNF-a) and ferroptosis markers suggests the existence of an NF-kB—
iron regulatory protein (IRP) axis, which may represent a novel regulatory hub in DN pathogenesis. These findings
advance current DN treatment strategies in two key aspects: first, they reveal RSV’s previously underappreciated anti-
ferroptotic activity beyond its classical lipid-lowering function; second, they provide a preclinical rationale for the
combination of flavonoids and statins as a synergistic therapeutic approach that enhances efficacy while potentially
mitigating statin-associated mitochondrial toxicity. Future studies should prioritize in vivo validation and clinical
translation of this promising combinatorial strategy for the management of DN.
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