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ABSTRACT 

Vancomycin (VCM) is commonly used to treat infections caused by Gram-positive bacteria. However, over the 
past decades, VCM overdose has increasingly been linked to kidney damage. The mechanisms driving this
nephrotoxicity remain incompletely understood. This study aimed to investigate how VCM induces renal 
injury.Kidney tissues from mice were analyzed for the expression of Ki67, DDX5, PTGS2, GPX4, and SLC7A11
using immunohistochemistry, RT-qPCR, and Western blot. In parallel, HK-2 cells were assessed for viability and 
apoptosis via CCK-8 and flow cytometry. Additional assays measured ACSL4, PTGS2, GPX4, SLC7A11, DDX5,
and Ki67 expression in HK-2 cells at the mRNA and protein levels.VCM triggered ferroptotic cell death in both
HK-2 cells and mouse kidney tissues. Application of Ferrostatin-1 (Fer-1), a ferroptosis inhibitor, restored cell 
survival and improved renal structure and function in VCM-exposed models. VCM treatment reduced GPX4 
levels, a critical enzyme that prevents lipid peroxidation and ferroptosis. Notably, knocking down GPX4 in HK-
2 cells recapitulated VCM-induced changes, including upregulation of ACSL4, PTGS2, DDX5, and Ki67,
suggesting that GPX4 suppression mediates VCM-triggered ferroptosis.These results demonstrate that VCM-
induced kidney injury involves ferroptosis driven by GPX4 downregulation and accumulation of lipid peroxides.
This study provides new mechanistic insight into VCM nephrotoxicity and may guide safer therapeutic strategies
for its clinical use. 
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Introduction 

The kidney functions as the main organ for excreting drugs and detoxifying harmful substances, which makes it 
particularly prone to damage from toxins. Injury to the kidney can impair both its excretory and detoxifying roles, 
and persistent damage may result in irreversible loss of nephrons and renal cells, potentially progressing to chronic 
kidney disease [1]. Certain pharmaceuticals, such as cisplatin and vancomycin (VCM), are well-known for their 
nephrotoxic potential, with reports suggesting that nearly 30% of patients receiving VCM therapy develop acute 
kidney injury [2, 3]. 
VCM, originally termed compound 05865, was first isolated from Streptomyces orientalis in the 1950s and has 
been widely employed to treat infections caused by gram-positive bacteria [4]. Its use has grown over the past 
decade due to the increasing prevalence of penicillin-resistant bacterial strains [5]. Nonetheless, excessive VCM 
exposure can severely burden renal function, potentially leading to significant kidney injury. Cohort and 
retrospective studies have indicated that VCM-induced nephrotoxicity is closely related to dose [3], and clinical 
analyses have identified additional risk factors including peak dose, loading dose, administration route, and 
treatment duration [6]. VCM has also been reported to promote the production of reactive oxygen species (ROS) 
in rodent kidneys [7]. Despite these observations, the mechanisms underlying VCM-related renal toxicity are not 
fully understood. 
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Ferroptosis is a regulated, iron-dependent mode of cell death characterized by the buildup of lipid peroxides. 
Glutathione peroxidase 4 (GPX4), a membrane-associated enzyme, is essential for neutralizing lipid peroxides 
and preventing ferroptosis [8]. When cellular antioxidant defenses are compromised, iron or lipoxygenases 
catalyze lipid peroxidation of polyunsaturated fatty acid-containing phospholipids (PUFA-PLs) in membranes, 
resulting in ferroptotic cell death [9]. The accumulation of ROS disrupts lipid balance and contributes to cell 
demise. Based on this, we hypothesized that ferroptosis may play a critical role in VCM-induced nephrotoxicity. 
The present study aims to clarify how VCM triggers renal injury in vitro and in vivo through ferroptosis and to 
investigate the molecular mechanisms involved in this process. 

Materials and Methods 

Animal model 
C57BL/6J mice received intraperitoneal injections of VCM (400 mg/kg/day) for seven consecutive days to 
establish a renal injury model [10]. As a positive control, Erastin (10 mg/kg/day), a ferroptosis inducer that 
depletes glutathione (GSH), was administered following the same schedule. To evaluate the effect of ferroptosis 
inhibition, VCM-treated mice were co-administered Ferrostatin-1 (Fer-1, 1 mg/kg/day) for seven days. Control 
animals received intraperitoneal injections of phosphate-buffered saline (PBS, pH 7.4). Kidney tissues were 
collected for weighing, histological examination, and molecular analyses. Sections were stained with 
hematoxylin-eosin (H&E) to evaluate structural changes and with specific antibodies to determine protein 
expression. Protein and RNA were extracted for Western blotting and quantitative reverse transcription 
polymerase chain reaction (qRT-PCR) analyses [11]. All animal experiments were approved by the Animal Care 
and Use Committee of Shanghai Children’s Hospital (NO.SHCH-IACUC-2022-XMSB-34) and were performed 
according to ARRIVE guidelines and the NIH Guide for the Care and Use of Laboratory Animals. 

Periodic Acid-Schiff (PAS) staining 
Kidney specimens were fixed in 4% paraformaldehyde, paraffin-embedded, and sectioned at 2 μm. Sections were 
stained using the PAS Stain Kit (Abcam, USA, Cat. No. ab150680) according to the manufacturer’s instructions 
[12]. 

Immunohistochemistry (IHC) staining 
Paraffin kidney sections (2 μm) were stained using the Ultra Vision Quanto Detection System HRP DAB kit 
(Thermo Scientific, USA). Sections were incubated with primary antibodies against Ki67 (1:200, Proteintech, 
China), DDX5 (1:100, Proteintech, China), GPX4 (1:100, Proteintech, China), and PTGS2 (1:200, Abcam, China) 
following the manufacturer’s instructions [13]. 

Cell culture and VCM treatment 
HK-2 cells (Shanghai Zhong Qiao Xin Zhou Biotechnology, China) were cultured in high-glucose DMEM 
supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin at 37 °C in 5% CO₂. When cells 
reached ~70% confluence, they were exposed to VCM at concentrations of 2, 4, or 6 mM for 24 hours. Erastin (5 
mM) was used as a positive control. For ferroptosis inhibition studies, cells were co-treated with Fer-1 (1 mM) 
and VCM for 24 hours before analysis [14]. 

Cell Counting Kit-8 (CCK-8) assay 
Cell viability was measured using CCK-8 (Beyotime, China, C0038). Cells were seeded in 96-well plates and 
incubated with CCK-8 reagent for 2 hours at 37 °C. Absorbance at 450 nm was recorded using a microplate reader. 
Cell viability (%) was calculated as: [A (treated)/B (control)] × 100%, where A is the absorbance of treated wells 
and B is that of untreated control wells. Semi-logarithmic plots of viability versus drug concentration were created 
using GraphPad Prism 9.0 [15]. 

Propidium Iodide (PI) staining 
For monolayer HK-2 cells, the medium was removed, and cells were washed twice with PBS (pH 7.4). Cells were 
then incubated with PI solution (0.5 mg/mL in PBS) for 15 minutes at room temperature and visualized using a 
fluorescence microscope (ECLIPSE NI, Nikon, Japan) with an excitation wavelength of 488 nm. 
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Annexin V/PI staining and flow cytometry 
HK-2 cells were detached using trypsin-EDTA, collected, and washed twice with PBS. Cells were then suspended 
in 400 μL of staining solution containing 4 μg/mL Annexin V-FITC and 4 μg/mL propidium iodide (PI) and 
incubated in the dark at room temperature for 30 minutes. After staining, cells were gently resuspended in 400 μL 
PBS and analyzed using flow cytometry to assess apoptotic and necrotic populations [16]. 

Protein isolation and western blot analysis 
For total protein extraction, HK-2 cells were lysed in RIPA buffer (P0013C, Beyotime, China) supplemented with 
1 mM PMSF on ice for 10 minutes. Protein concentrations were measured using a BCA assay, and samples were 
denatured at 100 °C for 10 minutes. Equal amounts of protein (2 mg/mL) were separated via SDS-PAGE and 
transferred to PVDF membranes. Membranes were blocked with 5% skim milk in PBST for 1 hour and incubated 
overnight at 4 °C with primary antibodies: DDX5 (1:1000, 10804-1-AP, Proteintech, China), GPX4 (1:1000, 
67763-1-Ig, Proteintech, China), ACSL4 (1:1000, ab81150, Abcam, USA), Ki67 (1:1000, 27309-1-AP, 
Proteintech, China), PTGS2 (1:500, ab179800, Abcam, China), SLC7A11 (1:1000, 26864-1-AP, Proteintech, 
China), and Tubulin (1:8000, AF0001, Beyotime, China). Following three washes with PBST, membranes were 
incubated with the corresponding HRP-conjugated secondary antibodies for 1 hour at room temperature. Protein 
bands were visualized using the Super Signal West Pico chemiluminescent substrate (Pierce) [15]. 

RNA extraction and quantitative RT-PCR 
Total RNA was isolated using TRIzol reagent according to standard protocols. RNA samples were treated with 
DNase to eliminate genomic DNA contamination. First-strand cDNA synthesis was performed using a cDNA 
synthesis kit (11123ES60, Yeasen, China). qRT-PCR was then carried out with SYBR-Green Master Mix 
(11202ES08, Yeasen, China), with GAPDH as the internal reference. Primer sequences are detailed in Table 1 
[17]. 

Table 1. Primer sequences 

 
Enzyme-linked immunosorbent assay (ELISA) 
Intracellular labile iron levels were assessed using an iron assay kit (Abcam, ab83366) to evaluate the cellular 
labile iron pool (LIP). Additionally, intracellular reactive oxygen species (ROS, cat. no. E004) and glutathione 
(GSH, cat. no. A006) concentrations were measured with commercial ELISA kits (Nanjing Jiancheng 
Bioengineering Institute, China) following the manufacturers’ protocols [18]. 

siRNA-Mediated gene silencing 
GPX4-specific siRNA and a non-targeting negative control (NC) siRNA were obtained from General BIOL. The 
sequences were as follows: NC siRNA: 5’-GACTCACGTGGTAAGGAGCTCAATT-3’; GPX4 siRNA: 5’-
GGAUGAAAGUCCAGCCCAATT-3’. HK-2 cells at ~70% confluence were transfected with these siRNAs 

Name  Primer Sequences 

Ki67 
Forward 5’-AAACCCCACCAAGTAAAACA-3’ 

Reverse 5’-CCAAGGCAAGCTCAGGAC-3’ 

GPX4 
Forward 5’-AGTGGATGAAGATCCAACCCAAGG-3’ 

Reverse 5’-GGGCCACACACTTGTGGAGCTAGA3’ 

PTGS2 
Forward 5’-TGACCAGAGCAGGCAGATGA-3’ 

Reverse 5’-CCAGTAGGCAGGAGAACATATAACA-3’ 

SLC7A11 
Forward 5’-GTCTGGAGAAACAGCCAAGG-3’ 

Reverse 5’-CGGAGTTCCTCGAATAGCTG-3’ 

ACSL4 
Forward 5’-GTAATTGGTGGACAGAACATC-3’ 

Reverse 5’-TACTCTCCTGCTTGTAACTTC-3’ 

GAPDH 
Forward 5’-AAAGAAGCTCAACTACATGG-3’ 

Reverse 5’-TGCAAAGAATGCGTCCCAGAG-3’ 
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using Lipofectamine 3000 (Invitrogen, USA). To examine ferroptosis inhibition, cells transfected with GPX4 
siRNA were co-treated with Fer-1 (1 mM) for 72 hours [19]. 

Statistical analysis 
All experiments were performed in triplicate. Data are presented as mean ± standard deviation (SD). Comparisons 
across multiple groups were analyzed by one-way analysis of variance (ANOVA) followed by Tukey’s post hoc 
test. A p-value <0.05 was considered statistically significant. 

Results and Discussion 

Ferrostatin-1 mitigates vancomycin-induced renal injury in mice 
Emerging evidence suggests that ferroptosis of renal tubular cells is a critical driver of kidney injury [20]. To 
investigate the involvement of ferroptosis in vancomycin (VCM)-induced nephrotoxicity, mice were treated with 
200 mg/kg VCM to induce renal injury. Gross examination revealed that kidneys from VCM-treated mice 
appeared pale and swollen relative to the control group, which received saline. Kidney weights in the VCM and 
erastin-treated groups were significantly higher than those of controls, whereas co-administration of Fer-1 
markedly attenuated this increase (Figure 1a). Serum creatinine (CR) and blood urea nitrogen (BUN) levels, 
elevated in VCM-treated mice, were also reduced following Fer-1 treatment, indicating restored renal function 
(Figure 1a). 
Histopathological evaluation with H&E staining revealed nuclear shrinkage, dissolution, and loss in VCM-treated 
renal tissues, with necrotic tubular epithelial cells detaching into the lumen, resembling the pathology observed 
in erastin-treated mice. Fer-1 treatment significantly mitigated tubular dilation and necrosis induced by VCM 
(Figure 1b). PAS staining demonstrated glomerular swelling and collagen deposition in the VCM group, which 
were alleviated by Fer-1 co-treatment (Figure 1c). 
Furthermore, molecular analyses, including RT-qPCR, immunohistochemistry, and Western blot, showed that 
Ki67 expression was suppressed in VCM-treated kidneys, whereas Fer-1 rescued Ki67 levels (Figures 1d–1g). 
Collectively, these findings indicate that VCM induces renal injury, reduces tubular cell viability, and promotes 
cell death, while Fer-1 effectively counteracts these detrimental effects by inhibiting ferroptosis. 
 

 

a) b) 

 
c) d) 
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e) 

 

f) g) 
Figure 1. Ferrostatin-1 Alleviates VCM-Induced Kidney Injury in C57BL/6J Mice 

(a) Kidney tissues were collected and weighed following VCM administration. VCM treatment caused a 
significant increase in renal weight compared with the control group. Serum creatinine (CR) and blood urea 

nitrogen (BUN) levels were also elevated after VCM treatment, as measured by ELISA, whereas co-treatment 
with Fer-1 significantly reduced these parameters. (b) H&E staining (400×) revealed enlarged luminal areas and 

structural abnormalities in the kidneys of VCM-treated mice, which were largely reversed by Fer-1 
administration. (c) PAS staining demonstrated swollen glomeruli with marked collagen deposition in VCM-

exposed kidneys, and Fer-1 treatment ameliorated these pathological changes. (d–g) Expression levels of Ki67 
and DDX5 were evaluated by qRT-PCR (d), immunohistochemistry (200×, e), Western blotting (f), and 

densitometric quantification of Western blot bands (g). VCM treatment caused a significant reduction in both 
mRNA and protein expression of Ki67 and DDX5, while Fer-1 restored their expression to near-normal levels. 

***P<0.001 

VCM downregulates GPX4 and induces ferroptosis in mouse kidneys 
To determine whether VCM triggers ferroptosis in renal tissue, we assessed key ferroptosis-related markers. VCM 
treatment significantly decreased GPX4 and SLC7A11 expression at both the transcript and protein levels, while 
PTGS2 expression was markedly increased (Figures 2a–2d). Administration of Fer-1 reversed these changes, 
upregulating GPX4 and SLC7A11 and reducing PTGS2 expression in VCM-treated kidneys (Figures 2a–2d). 
Serum analysis further confirmed ferroptotic alterations: ROS levels were elevated, and GSH levels were reduced 
in VCM-treated mice. Fer-1 co-treatment restored ROS and GSH to levels comparable with controls (Figure 2e). 
These findings indicate that VCM induces a ferroptosis-like phenotype in mouse kidneys, which can be mitigated 
by ferroptosis inhibition. 
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a) 

 

b) c) 

 
d) e) 

Figure 2. VCM induces ferroptotic cell death in mouse kidneys 
(a) Immunohistochemistry (IHC) analysis showed that VCM treatment led to decreased expression of GPX4 
and SLC7A11 and increased expression of PTGS2 in renal tissues. Co-treatment with Fer-1 reversed these 

effects, restoring GPX4 and SLC7A11 levels while reducing PTGS2 expression. (b–c) Western blot analysis 
and densitometric quantification confirmed that VCM downregulated GPX4 and SLC7A11 and upregulated 

PTGS2 protein levels in the kidneys, which were normalized by Fer-1 treatment.  (d) qRT-PCR results 
demonstrated a similar trend at the transcriptional level, with VCM suppressing GPX4 and SLC7A11 mRNA 

expression and elevating PTGS2 mRNA, while Fer-1 co-treatment restored normal expression levels. (e) 
ELISA measurements of serum revealed that VCM increased ROS levels and decreased GSH content, 

indicative of ferroptosis. Fer-1 administration mitigated these changes, suggesting its protective effect against 
VCM-induced oxidative stress. ***P<0.001. 

VCM induces cell death in HK-2 cells 
To explore the effect of VCM on human renal proximal tubular cells, HK-2 cells were exposed to varying 
concentrations of VCM. Bright-field microscopy revealed morphological changes, including cell shrinkage and 
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shortening, in VCM-treated groups compared with controls (Figure 3a). Cell density decreased noticeably with 
VCM treatment. 
CCK-8 assays demonstrated dose-dependent cytotoxicity, with 2, 4, and 6 mM VCM reducing cell viability by 
approximately 15%, 29%, and 38%, respectively (Figure 3b). Propidium iodide (PI) staining confirmed increased 
cell death in VCM-treated HK-2 cells, which was also dose-dependent (Figure 3d). 
Flow cytometry analyses indicated that VCM did not significantly increase apoptosis in HK-2 cells. Instead, the 
proportion of dead cells increased (Figures 3c and 3e), consistent with the CCK-8 and PI staining results. These 
findings indicate that VCM induces non-apoptotic, ferroptosis-like cell death in HK-2 cells. 
 

 

 

a) 

 
c) b) 

 
 

d) e) 
Figure 3. VCM induced HK-2 cell death. (a) Morphological changes of HK-2 cells caused by low 

concentrations of VCM (2–6 mM). (b) CCK-8 assays revealed decreased viability of HK-2 cells caused by 
different concentrations of VCM. (c) Flow cytometry analysis revealed VCM-induced HK-2 cell death. (d) 

Fluorescence microscopy showed more PI-positive cells after treatment with different concentrations of 
VCM. Bar graph, 50 μm. (e) Statistical analysis of the flow cytometry results. *P<0.05, *** P<0.001. 

 

 

a) b) 
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c) d) 

e) 
Figure 4. Fer-1 restores viability in VCM-Treated HK-2 cells. (a) CCK-8 assays revealed that co-treatment 

with Fer-1 markedly improved the viability of HK-2 cells exposed to VCM. 
(b–d) western blotting and qRT-PCR analyses showed that VCM treatment reduced the expression of 

proliferation marker Ki67 and DDX5 at both protein and mRNA levels, whereas Fer-1 co-treatment restored 
their expression (b–d). (e) Fluorescence microscopy demonstrated fewer PI-positive cells in the Fer-1 co-

treatment group, indicating reduced cell death. *P<0.01, ***P<0.001. 
 
Fer-1 mitigates VCM-Induced cytotoxicity in HK-2 cells 
To evaluate whether inhibition of ferroptosis could rescue HK-2 cell viability, cells were co-treated with VCM 
and Fer-1. Fer-1 significantly restored cell survival in HK-2 cells treated with VCM or Erastin (Figure 4a), 
suggesting that ferroptosis contributes to VCM-induced cytotoxicity. Correspondingly, both the mRNA and 
protein levels of Ki67, a marker of proliferation, and DDX5, an ATP-dependent RNA helicase involved in gene 
expression and proliferation regulation, were upregulated following Fer-1 treatment (Figures 4b–4d). In addition, 
PI staining showed a reduced proportion of dead cells in the Fer-1 co-treatment group compared to VCM alone 
(Figure 4e). 

VCM induces LIP and ROS accumulation in HK-2 cells 
Lipid peroxidation is a critical trigger of ferroptosis [21]. One hallmark of ferroptosis is the increase in the cellular 
labile iron pool (LIP), which often leads to excessive ROS accumulation. Considering that Fer-1 effectively 
rescued cell viability, we hypothesized that VCM cytotoxicity involves ferroptotic mechanisms. ELISA analyses 
confirmed that VCM treatment elevated both LIP and ROS levels in HK-2 cells, whereas Fer-1 co-treatment 
significantly reduced these increases (Figure 5a). These results further support the involvement of ferroptosis in 
VCM-induced renal cell damage. 
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a) b) 

  
c) d) 

Figure 5. VCM promotes ferroptosis and modulates ferroptosis-related proteins in HK-2 cells. (a) ELISA 
analyses showed that VCM treatment increased intracellular ROS and labile iron pool (LIP) levels while 

decreasing GSH content in HK-2 cells. Co-treatment with Fer-1 partially reversed these changes by reducing 
ROS and LIP and restoring GSH levels. (b–d) qRT-PCR and Western blotting analyses revealed that VCM 

exposure upregulated ACSL4 and PTGS2 expression and downregulated GPX4 and SLC7A11 at both 
mRNA and protein levels. Fer-1 co-treatment counteracted these effects by lowering ACSL4 and PTGS2 

levels and restoring GPX4 and SLC7A11 expression. *P<0.05, **P<0.01, ***P<0.001. 

VCM reduces GSH and alters ferroptosis-related protein expression 
GSH is a critical intracellular antioxidant involved in detoxifying hydrogen peroxide [22]. VCM treatment 
significantly decreased intracellular GSH levels, whereas Fer-1 supplementation restored GSH concentrations 
(Figure 5a). Proteins including GPX4, ACSL4, PTGS2, and SLC7A11 are well-established regulators of 
ferroptosis. Consistent with this, VCM increased ACSL4 and PTGS2 expression while reducing GPX4 and 
SLC7A11 levels at both mRNA and protein levels (Figures 5b–5d). These results paralleled the effects observed 
in Erastin-treated HK-2 cells, supporting the role of ferroptosis in VCM-induced cell death. 

VCM induces ferroptosis in HK-2 cells via GPX4 downregulation 
GPX4 is a key mammalian glutathione peroxidase capable of reducing lipid hydroperoxides (L-OOH) to lipid 
alcohols (L-OH), thereby preventing ferroptosis [23]. In HK-2 cells, VCM treatment decreased both GPX4 levels 
and intracellular GSH content (Figures 5a and 5c). To determine whether GPX4 reduction mediates VCM-
induced ferroptosis, we knocked down GPX4 using a GPX4-specific siRNA and confirmed knockdown efficiency 
via qRT-PCR and Western blotting (Figures 6a and 6b). GPX4-knockdown (GPX4-KD) HK-2 cells displayed 
decreased proliferation, as indicated by downregulated Ki67 and DDX5, and increased ferroptosis markers 
ACSL4 and PTGS2 (Figures 6d–6g). Additionally, GPX4-KD cells exhibited elevated LIP and ROS levels and 
reduced GSH content, consistent with VCM-treated cells (Figure 6c). Importantly, Fer-1 co-treatment mitigated 
the adverse effects of GPX4 knockdown by restoring Ki67 and DDX5 expression, reducing ACSL4 and PTGS2 
levels, lowering LIP and ROS accumulation, and increasing GSH concentration (Figure 6c). Collectively, these 
findings demonstrate that VCM induces ferroptotic cell death in HK-2 cells primarily through downregulation of 
GPX4. 
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a) b) c) 

d) e) 

 

f) g) 
Figure 6. VCM induces ferroptosis in HK-2 cells via GPX4 downregulation. 

HK-2 cells were transfected with either non-targeting control siRNA (si-NC) or GPX4-specific siRNA (si-
GPX4) for 24 hours. 

(a, b) qRT-PCR and Western blot analyses confirmed effective knockdown of GPX4. (c) ELISA assays 
demonstrated that GPX4 knockdown led to increased intracellular ROS and labile iron pool (LIP) levels, 

alongside reduced GSH content. Co-treatment with Fer-1 partially reversed these changes by lowering ROS 
and LIP levels and restoring GSH concentrations. (d–g) Analysis of ferroptosis- and proliferation-related 

proteins revealed that GPX4 knockdown elevated ACSL4 and PTGS2 expression while decreasing Ki67 and 
DDX5 at both mRNA and protein levels. Fer-1 co-treatment mitigated these effects, restoring Ki67 and 

DDX5 levels and reducing ACSL4 and PTGS2 expression. These outcomes were consistent with 
observations in VCM-treated HK-2 cells. *P<0.05, **P<0.01, ***P<0.001. 

Vancomycin (VCM) has been widely employed to treat infections caused by Gram-positive bacteria. However, 
rising doses to combat drug-resistant pathogens have been associated with severe nephrotoxicity [24–27]. VCM 
has been reported to increase reactive oxygen species (ROS) in rat kidneys, which can trigger ferroptosis in 
multiple cell types, including renal tissue. 
In this study, a mouse model of VCM-induced renal injury was established. Histological analysis using H&E and 
PAS staining revealed enlarged kidney lumens in VCM-treated mice, which were normalized by the ferroptosis 
inhibitor Fer-1. Fer-1 also reduced serum creatinine (CR) and blood urea nitrogen (BUN) levels in these mice. 
Similar renoprotective effects of Fer-1 have been reported in oxalate-induced kidney injury [28]. These results 
suggest that VCM induces kidney injury in vivo via ferroptosis. 
VCM treatment also reduced HK-2 cell viability and increased LIP and ROS accumulation in vitro, effects that 
were reversed by Fer-1 co-treatment, confirming the involvement of ferroptosis in VCM-induced cell death. VCM 
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exposure led to upregulation of PTGS2 and downregulation of GPX4 and SLC7A11 in both HK-2 cells and mouse 
kidneys, while Fer-1 restored GPX4 and SLC7A11 expression and reduced PTGS2 levels. These findings 
demonstrate that inhibiting ferroptosis can attenuate VCM-induced renal injury in vitro and in vivo. 
Iron-dependent lipid peroxidation is a hallmark of ferroptosis [29]. GPX4, which reduces lipid hydroperoxides, is 
essential for preventing ferroptosis, and its depletion is lethal in mice [30]. VCM reduced GPX4 expression in 
HK-2 cells, suggesting that ferroptosis induction may occur through GPX4 downregulation. GPX4 knockdown in 
HK-2 cells increased LIP and ROS levels and upregulated ACSL4 and PTGS2, confirming its central role in 
ferroptosis. Fer-1 treatment reversed these effects, highlighting the protective role of ferroptosis inhibition. GPX4 
downregulation has also been implicated in exacerbating ischemia-reperfusion-induced kidney injury [31]. 
ACSL4, an acyl-CoA synthetase involved in fatty acid metabolism, facilitates LIP accumulation and promotes 
ferroptosis [32, 33]. In this study, ACSL4 expression increased after VCM exposure, indicating its contribution 
to VCM-induced ferroptosis. SLC7A11, responsible for cystine uptake and glutathione synthesis, was 
downregulated by VCM, leading to ROS accumulation and tissue damage [34–36]. These results suggest that 
VCM promotes ferroptosis through upregulation of ACSL4 and downregulation of SLC7A11 in vitro and in vivo. 
The mouse model used 400 mg/kg VCM to induce kidney injury [37]. Using body surface area conversion, this 
corresponds to ~32 mg/kg/day for a 60 kg adult. Previous studies suggest that 25 mg/kg VCM does not elevate 
the risk of acute kidney injury [38]. Whether 32 mg/kg/day would cause similar effects in humans requires further 
investigation. 

Conclusion 

VCM induces renal injury in mouse kidneys and triggers ferroptotic cell death in HK-2 cells and mouse renal 
tissues by downregulating GPX4. These findings elucidate a key molecular mechanism underlying VCM-induced 
nephrotoxicity and highlight potential therapeutic targets for mitigating renal injury. 
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