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Background: Vancomycin (VCM) has long been used clinically to fight against Gram-positive bacterial infections. In recent decades,
an increased number of kidney injury cases caused by VCM overdose have been reported. In this study, we further investigated the
mechanism of VCM-overdose-induced kidney injury.

Methods: Immunohistochemistry (IHC) staining, RT-qPCR and Western blot assays were used to determine ki67, DDXS5, PTGS2,
GPX4 and SLC7AL11 expressions in the kidney tissues of mice. CCK-8 and flow cytometry assays were used to determine HK2 cell
viability and apoptosis. In addition, RT-qPCR and Western blot assays was applied to evaluate the expressions of ACSL4, PTGS2,
GPX4, SLC7A11, DDX5 and Ki67 in HK2 cells.

Results: We found that VCM induced ferroptosis in vitro and in vivo. Ferrostatin-1 (Fer-1) is a potent inhibitor of ferroptosis, Fer-1
rescued cell viability and renal function renal morphology in VCM-treated cells and mice, respectively. Further, GPX4, which plays an
essential role in reducing lipid hydroperoxides and preventing ferroptosis, was observed to be downregulated by VCM treatment.
Interestingly, we found that GPX4-knockdown HK-2 cells exhibited a similar phenotype and gene expression level of ACSL4, PTGS2,
DDXS5 and Ki67 compared with VCM-treated cells, which suggested that VCM could induce ferroptosis in HK2 cells by down-
regulating GPX4.

Conclusion: In conclusion, VCM induced renal injury in the kidney tissues of mice. In addition, VCM induced ferroptosis cell death
in HK-2 cells and in the kidney tissues of mice by down-regulating GPX4 and causing the accumulation of peroxides. These data
suggested that VCM could induce renal injury in vitro and in vivo via triggering ferroptosis. This study further elucidates the
mechanism of VCM-induced renal injury and provides additional references for clinical use of VCM.
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Introduction
The kidney is the main excretory organ for many drugs and is easily exposed to toxins. Therefore, kidney injury is
closely related to the loss of excretion and detoxification functions. In serious cases, persistent kidney injury can result in
irreversible death of kidney cells and nephrons, leading to chronic kidney diseases.' It has been reported that some drugs,
such as cisplatin and vancomycin (VCM), could induce nephrotoxicity, and approximately 30% of patients being treated
with VCM will develop acute kidney injury.>

VCM, previously known as compound 05865, was found in the 1950s. It was originally isolated from Streptomyces
orientalis and has been an effective inhibitor of infections caused by most gram-positive organisms.* VCM has been more

Drug Design, Development and Therapy 2023:17 283-295 283
Received: 14 October 2022 © 2023 Yin et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php
AT 2nd incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work

Accepted: 12 January 2023
Published: 1 February 2023

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Yin et al Dove

frequently used in the last decade due to the increased infections caused by penicillin-resistant organisms.’ However, VCM
overdose can put a heavy burden on the kidney, which may even cause serious kidney injury. A series of cohort and
retrospective studies have shown that the incidence of nephrotoxicity is dependent on the dose of VCM.? In addition,
several clinical studies have reported risk factors associated with VCM-induced nephrotoxicity, including the maximal dose
of VCM, the loading dose of VCM, the administration method, and the duration of VCM treatment.® Furthermore, VCM
can also promote reactive oxygen species (ROS) production in rat kidney.” Despite these associations between VCM usage
and kidney injury, the mechanism underlying VCM-induced nephrotoxicity remains unclear.

Ferroptosis is an iron-dependent, programmed necrosis caused by the accumulation of intracellular lipid ROS. Glutathione
peroxidase 4 (GPX4) is a member of the glutathione peroxidase family, which distributed on membrane structures in the cell
and has the effect of antagonizing elevated lipid ROS and inhibiting ferroptosis.® Ferroptosis is an iron-dependent form of
programmed cell death. Its main mechanism is that when the intracellular antioxidant system is damaged, ferroptosis is
catalyzed by iron divalent or ester oxygenase. Phospholipid molecules containing long chains of unsaturated fatty acids
(PUFA-PLS) on the cell membrane system can induce lipid peroxidation, which leads to cell death.” Accumulation of ROS
may cause imbalance of lipid regulation. We speculated that ferroptosis plays a vital role in VCM-induced nephrotoxicity.

Therefore, we aimed to explore how VCM could induce kidney injury in vivo and in vitro via triggering ferroptosis.
Meanwhile, we investigated the mechanism by which VCM induces ferroptosis in vivo and in vitro.

Materials and Methods
Animal Model

VCM (400 mg/kg/day) was injected intraperitoneally into C57BL/6J mice for 7 consecutive days to construct
a mouse model of kidney injury.'® Erastin (10 mg/kg/day), which is a known ferroptosis inducer that functions
by depleting glutathione (GSH), was intraperitoneally injected into the mice following the same scheme to
establish a positive group. To test the effects of Fer-1 on mice treated with VCM, VCM (400 mg/kg/day) and
Fer-1 (1 mg/kg/day) were intraperitoneally injected into the mice at the same time for 7 consecutive days. In the
blank control group, phosphate buffered saline (PBS, pH=7.4) was intraperitoneally injected simultaneously.
Kidney tissues were then obtained from mice of different groups for weighing and further analyses. The kidney
tissues were subsequently made into slices, which were stained with hematoxylin-ecosin (H&E) to observe
histopathological changes and with specific antibodies to evaluate protein expression in situ following
Bushwillow’s protocol. Protein and RNA were also extracted from the kidney tissues for Western blotting and
quantitative reverse transcription polymerase chain reaction (QRT-PCR) analyses following previously published
protocols."' Animal study was approved by the Animal Care and Use Committee of experimental Animal
Management and Ethics Committee, Shanghai Children’s Hospital (NO.SHCH-IACUC-2022-XMSB-34) and
performed according to the ARRIVE guidelines and the National Institutes of Health Guide for the Care and
Use of Laboratory Animals.

Periodic Acid-Schiff (PAS) Staining

The kidney tissues were fixed with 4% buffered paraformaldehyde, embedded in paraffin, and cut into 2-um-thick
sections, which were stained with the PAS Stain Kit (Abcam, USA, Cat. No. ab150680) in accordance with the
manufacturer’s instructions. '?

Immunohistochemistry (IHC) Staining

The kidney tissues were fixed with 4% buffered paraformaldehyde, embedded in paraffin, and cut into 2-um-thick sections
for staining with the Ultra Vision Quanto Detection System HRP DAB kit (Thermo Scientific, Fremont, CA, USA) and
being probed with primary antibodies of anti-Ki67 (1:200 dilution, 27309-1-AP, Proteintech, China), anti-DEAD-box
helicase 5 (DDX5) (1:100 dilution, 10804-1-AP, Proteintech, China), anti-GPX4 (1:100 dilution, 14432-1-AP, Proteintech,
China), anti-prostaglandin-endoperoxide synthase 2 (PTGS2) antibody (1:200 dilution, ab179800, Abcam, China), in

. . . 1
accordance with the manufacturers’ instructions.'>

284 https: Drug Design, Development and Therapy 2023:17

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Yin et al

Cell Culturing and VCM Treatment

The HK-2 cell line was obtained from Shanghai Zhong Qiao Xin Zhou Biotechnology (China) and maintained in high-glucose
Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin
at 37 °C in a 5% CO, incubator. At 70% confluency, HK-2 cells were treated with different concentrations (2 mM, 4 mM and 6
mM) of VCM for 24 h and harvested for further analyses. Erastin (5 mM) was used to treat the cells to generate a positive group.
To test if VCM was responsible for the decline in cell viability, HK-2 cells were treated simultaneously with both Fer-1 (1 mM)
and VCM for 24 h and harvested for further analyses.'*

Cell Counting Kit-8 (CCK-8) Assay

The viability of HK-2 cells with different treatments was detected by CCK-8 (C0038, Beyotime, China). In brief, the
harvested cells were seeded into a 96-well plate and incubated with the CCK-8 solution at 37 °C for 2 h. Then the optical
absorbance of each well was measured at 450 nm using a microplate reader. and the survival rate of cells was calculated.
Cell viability (%) = A (dosing)/B (undosed) x100%. A (dosing): Absorbance of pores with cells, CCK-8 and drug
solution. B (undosed): Absorbance of pores with cells, CCK-8 and drug-free solution. Using cell viability rate as the
horizontal axis and logarithm of drug concentration as the horizontal axis to make semi-logarithm plots, calculated by
plotting method via GraphPad prism software 9.0."

Propidium lodide (Pl) Staining

For monolayer HK-2 cells, the cell culture medium was removed, and the cells were washed twice with PBS (pH=7.4).
Afterwards, a PI working solution (0.5 mg/mL in PBS) was added into the cells for incubation for 15 minutes at room
temperature. Then the cells were observed with a fluorescence microscope (ECLIPSE NI, NIKON, JAPAN) at the
excitation wavelength of 488 nm.

Annexin V/PI Staining for Flow Cytometry Analysis

The HK-2 cells were digested with trypsin-EDTA, collected, and washed with PBS twice. Then the cells were incubated
in a 400-pL mixture of PI (4 pg/mL) and Annexin V-fluorescein isothiocyanate (FITC) (4 pug/mL) for 30 minutes in the
dark at room temperature. Afterwards, 400 pL. PBS was used to gently resuspend the cells. At last, the cells were
analyzed by flow cytometry.'®

Total Protein Extraction and Western Blotting

HK-2 cells were incubated in a radio immunoprecipitation assay (RIPA) lysis buffer (P0013C, Beyotime, China) containing
phenylmethanesulfonylfluoride (PMSF, 1mM) at 4 °C for 10 minutes to extract total protein. The total protein samples were
denatured in a boiling water bath for 10 minutes and quantified by the bicinchoninic acid (BCA) assay following the standard
instructions. The concentration of the protein samples was adjusted to 2 mg/mL before performing sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE). The protein samples separated by SDS-PAGE were transferred onto
polyvinylidene difluoride (PVDF) membranes. After blocking the membranes with 5% skim milk in phosphate-buffered
saline with Tween 20 (PBST) for 1 h, the membranes were incubated in primary antibodies, including the anti-DDX5 antibody
(1:1000 dilution, 10804-1-AP, Proteintech, China), anti-GPX4 antibody (1:1000 dilution, 67763-1-Ig, Proteintech, China),
anti-acyl-CoA synthetase long-chain family member 4 (ACSL4) antibody (1:1000 dilution, ab81150, Abcam, USA), anti-
Ki67 antibody (1:1000 dilution, 27309-1-AP, Proteintech, China), anti-PTGS2 antibody (1:500 dilution, ab179800, Abcam,
USA), anti-solute carrier family 7 member 11 (SLC7A11) antibody (1:1000 dilution, 26864-1-AP, Proteintech, China), and
anti-Tubulin antibody (1:8000 dilution, AF0001, Beyotime, China) at 4 °C overnight. After rinsing the membranes three times
with PBST (10 minutes each time), the membranes were incubated in the corresponding horseradish peroxidase (HRP)-
conjugated secondary antibody (1:1000 dilution) for 1 h at room temperature. After rinsing the membranes three times with
PBST (10 minutes each time), the protein bands on the membranes were visualized using the Super Signal West Pico kit
(Pierce)."
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Total RNA Extraction and RT-qPCR

Total RNA was extracted with the TRIzol reagent following the standard instructions. The purified RNA was treated
with DNase to remove DNA contamination and the first strand of cDNA was synthesized using a cDNA synthesis kit
(11123ES60, Yeasen, China). The synthesized cDNA was used as a template for qRT-PCR using the SYBR-Green
Real-Time PCR Master Mix (11202ES08, Yeasen, China). GAPDH was utilized as the internal reference gene for
normalization of target gene expression. The RT-qPCR primers are listed in Table 1."”

Enzyme-Linked Immunosorbent Assay (ELISA)

The production of the cellular labile iron pool (LIP) was determined through assessing intracellular iron concentration by
using an iron assay kit (Abcam, ab83366). In addition, ROS (cat. no. E004), and GSH (cat. no. A006) was determined using
commercial ELISA kits (Nanjing Jiancheng Bioengineering Institute, China) according to the manufacturers’ instructions.'®

siRNA Transfection

The siRNA targeting GPX4, and a non-targeting negative control (NC) siRNA were purchased from General BIOL. The
sequence of siRNA NC is: 5’-GACTCACGTGGTAAGGAGCTCAATT-3". The sequence of GPX4-specific siRNA is: 5’-
GGAUGAAAGUCCAGCCCAATT-3’. These siRNAs were transfected into HK-2 cells at 70% confluency by Lipofectamine
3000 (Invitrogen, USA). For the inhibition of ferroptosis, the transfected cells were incubated with Fer-1 (1 mM) for 72 h."’

Statistical Analysis

Each experiment was repeated three times. All data are presented as mean + standard deviation. Differences among
multiple groups were analyzed using a one-way analysis of variance and Tukey’s post-hoc test. P<0.05 was considered to
indicate a statistically significant difference.

Results

Fer-1 Reverses VCM-Induced Renal Injury in Mice

Substantial studies have demonstrated that ferroptosis of renal tubular cells significantly contributes to the process
of kidney injury.?® To explore the role of ferroptosis in VCM- induced kidney injury, we constructed a kidney
injury model by treating mice with 200 mg/kg VCM. Compared with the mice in the control group, which were
injected with normal saline, the kidney tissues of mice treated with VCM were pale and swollen, indicating
abnormal kidney morphology. We weighed the kidneys isolated from VCM-treated and erastin-treated mice and
found that they were significantly heavier than those from control mice. In addition, Fer-1 treatment significantly
reduced the kidney weight in VCM-treated mice (Figure 1A). Additionally, the levels of serum CR and BUN were

Table | Primer Sequences

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’

SLC7AI I 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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Figure 1 VCM caused obvious renal injury in C57BL/6] mice, while Fer-| treatment reversed the harmful effects of VCM. (A) The dissected renal tissue was weighed after
injection of VCM. After VCM injection, the weight of renal tissue increased. In addition, serum CR and BUN levels in mice were assessed by ELISA. (B) H&E staining (400%)
showed that the mice injected with VCM had significantly enlarged lumen areas in the kidney, which were reversed by Fer-1 treatment. (C) PAS staining showed swollen
glomerulus with obvious collagen deposition in the kidney tissues of mice injected with VCM. Expression levels of Kié7 and DDXS5 in the kidney tissues of mice measured by
(D) gRT-PCR analysis, (E) immunohistochemistry staining (200%), (F) Western blotting analysis and (G) quantification of Western blotting results. The results showed that
the mRNA and protein levels of Ki67 and DDX5 decreased in the kidney tissues of mice injected with VCM. Moreover, Fer-1 treatment restored the expression of Kié7 and
DDX5 at the mRNA and protein levels. **P<0.001.

elevated in VCM-treated mice, while Fer-1 reduced serum CR and BUN levels in VCM-treated mice (Figure 1A).
These findings indicated that the abnormal kidney function induced by VCM was reversed by Fer-1 treatment.
H&E staining showed that in the VCM-treated group was significantly enlarged and the the nucleus shrinks,
dissolves, and disappears. Necrotic renal tubular epithelial cells shed into the lumen, showing fuzzy granular
structures, similar to the pathological features of the Erastin-treated group, while Fer-1 reversed the enlarged
kidney luminal area induced by VCM treatment (Figure 1B). The results of PAS staining (Figure 1C) showed
swollen renal tissue and obvious collagen deposition in the glomerulus of the VCM-treated mice. These
pathological changes were reversed by Fer-1. Furthermore, RT-qPCR, immunohistochemistry staining and
Western blot assays revealed a decreased level of Ki67 in VCM-treated mice, while Fer-1 rescued the down-
regulated expression of Ki67 induced by VCM (Figure 1D-G). Taken together, the above results demonstrated
that VCM treatment caused renal injury in mice, reduced renal cell viability, and promoted renal cell death. Fer-1
is an inhibitor of ferroptosis, in addition, Fer-1 treatment reversed all the aforementioned effects induced by VCM

treatment.
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GPX4 Was Downregulated in Mice Injected with VCM

To further explore whether VCM induces ferroptosis in renal cells, we determined the expression levels of ferroptosis-
related genes in VCM-treated mice. As expected, the expressions of GPX4 and SLC7A11 were down-regulated at both
the mRNA and protein levels in VCM-treated mice, while the mRNA and protein levels of PTGS2 were up-regulated
(Figure 2A-D). In addition, Fer-1 up-regulated GPX4 and SLC7A11 levels and down-regulated PTGS2 level in VCM-
treated mice (Figure 2A-D). Next, we obtained the serum of experimental mice and determined the contents of ROS and
GSH, which are indicators for ferroptosis. In the serum of mice treated with VCM, ROS content was up-regulated, while
GSH content was down-regulated; Fer-1 restored the serum levels of ROS and GSH (Figure 2E). Overall, VCM
treatment induced a ferroptosis-like phenotype in mouse kidneys.
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Figure 2 VCM caused renal injury via inducing ferroptosis cell death in animals. (A) IHC staining showed that GPX4 and SLC7AI | were downregulated and PTGS2 was
upregulated in the kidney tissues of VCM-treated mice. In addition, Fer-1 restored the expressions of GPX4 and SLC7AI | and reduced the expression of PTGS2 in mice
injected with VCM. Expression levels of PTGS2, GPX4 and SLC7AI | in the kidney tissues of mice measured by (B) Western blotting analysis and (C) quantification of
Western blotting results, (D) qRT-PCR analysis. The results indicated that VCM increased the expression of PTGS2 and decreased the expression of GPX4 and SLC7AI | at
the mRNA and protein levels in the kidney tissues of mice. In addition, Fer-| treatment restored the expression of GPX4 and SLC7AI | and decreased the expression of
PTGS2 at the mRNA and protein levels in the kidney tissues of VCM-treated mice. (E) ELISA results revealed the accumulation of ROS and the reduction of GSH content in
the serum of VCM-treated mice. Fer-1 treatment reversed the effects of VCM on serum ROS and GSH contents. ***P<0.001.
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VCM Induced HK-2 Cell Death

HK-2 is a normal human kidney proximal tubular cell line. We attempted to investigate the effects of VCM on the kidney
in vitro by treating HK-2 cells with different concentrations of VCM and monitoring the cells’ morphology and viability. Under
a bright-field microscope, the VCM-treated HK-2 cells appeared more coarse and shorter (Figure 3A). The number of cells in
the VCM-treated group was significantly lower compared with the control group (Figure 3A). The cell viability was examined
by CCK-8 assay. As expected, VCM reduced the viability of HK-2 cells to different degrees (Figure 3B). 2, 4, and 6 mM VCM
induced about 15%, 29% and 38% growth inhibition in HK2 cells, suggesting that VCM obviously reduced the viability of HK-
2 cells (Figure 3B). We selected different concentrations (2 mM, 4 mM and 6 mM) of VCM for further analyses. We further
determined the viability of HK-2 cells by PI staining. As shown in Figure 3D, the number of PI-positive cells was significantly
higher in the VCM-treated group compared with the control group and that number increased dose-dependently with VCM. To
further examine whether the decreased cell number in the VCM-treated group was a result of apoptosis, we carried out flow
cytometry analyses. Compared with the control group, the ratio of apoptotic HK-2 cells was not significantly increased by VCM
treatment. Instead, the proportion of dead cells increased in the VCM-treated group (Figure 3C and E), which was consistent
with the findings of CCK-8 assay and PI staining. These results demonstrated that VCM induced non-apoptotic HK-2 cell death.

Fer-1 Restored the Viability of VCM-Treated HK-2 Cells
We speculated that Fer-1 could rescue the viability of VCM-treated HK-2 cells. To test this hypothesis, we treated HK-2
cells with VCM and Fer-1 at the same time and determined the cell viability. Excitingly, we found that Fer-1 indeed
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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 Pl-positive cells after treatment with different concentrations of VCM. Bar graph, 50 pm. (E) Statistical analysis of the flow cytometry results. *P<0.05, *** P<0.001.
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Figure 4 Fer-| restored the viability of HK-2 cells. The (A) cell viability, (B) Kié7 and DDX5 protein levels, and (C) Ki67 and DDX5 mRNA levels measured by CCK-8,
Western blotting analysis and qRT-PCR analysis, respectively, of VCM-treated HK-2 cells were restored by Fer-l co-treatment. (D) Quantification of Western blotting
results. (E) Fluorescence microscopy showed less Pl-positive cells in the Fer-1 co-treatment groups. *P<0.01, ***P<0.001.

successfully rescued the viability of HK-2 cells treated with VCM and Erastin (Figure 4A). These results implied that
ferroptosis might play an important role in renal injury induced by VCM. Furthermore, the mRNA and protein levels of
Ki67, a marker of cell proliferation, and DDX5 (Involved in gene expression regulation and ATP-dependent RNA
helicase activity, participates in proliferation-related regulation) were up-regulated after Fer-1 treatment in VCM-treated
HK-2 cells (Figure 4B-D). At the same time, the ratio of PI-positive cells was reduced after Fer-1 treatment compared
with cells treated with VCM only (Figure 4E).

VCM Promoted the Accumulation of LIP and ROS

Lipid peroxidation by itself is sufficient to induce ferroptosis.?' There are many reasons for an increase in LIP, which is
an important ferroptosis feature. The imbalance of LIP in vivo usually causes the accumulation of ROS. We have shown
that Fer-1 can successfully rescue the viability of VCM-treated HK-2 cells. Based on this finding, we hypothesized that
the cytotoxicity of VCM was closely associated with ferroptosis. To test this hypothesis, we first determined the contents
of LIP and ROS in VCM-treated HK-2 cells by ELISA. The results indicated that both LIP and ROS were increased in
VCM-treated HK-2 cells (Figure 5A). In contrast, the contents of LIP and ROS decreased after the addition of Fer-1 in
VCM-treated HK-2 cells (Figure 5A).

GSH is one of the most significant reducing agents for hydrogen peroxide detoxification.”? As shown in Figure 5A,
the intracellular concentration of GSH was reduced after VCM treatment, suggesting that the content of GSH in cells
decreased in VCM-treated HK-2 cells, while Fer-1 restored the concentration of GSH in VCM-treated HK-2 cells. It has
been previously reported that GPX4, ACSL4, PTGS2, and SLC7A11 are proteins correlated with ferroptosis. We
therefore evaluated their expression at the mRNA and protein levels. We noticed that ACSL4 and PTGS2 were up-
regulated, while GPX4 and SLC7A11 were down-regulated after VCM treatment (Figure 5B-D). These observations
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Figure 5 VCM promoted the accumulation of LIP and ROS and regulated the expression of ferroptosis-related proteins ACSL4, PTGS2, GPX4 and SLC7AI | in HK-2 cells.
(A) ELISA results revealing the contents of ROS, GSH and LIP in HK-2 cells. We found that the contents of ROS and LIP increased, while that of GSH decreased in VCM-
treated HK-2 cells. Furthermore, Fer-1 co-treatment inhibited the accumulation of LIP and ROS and restored the content of GSH partly in VCM-treated HK-2 cells.
Expression levels of ACSL4, PTGS2, GPX4 and SLC7AI | in HK-2 cells measured by (B) qRT-PCR analysis, (C) Western blotting analysis and (D) quantification of Western
blotting results. The findings exhibited that VCM induced the expression of ACSL4 and PTGS2 while reduced the expression of GPX and SLC7AI | at the mRNA and
protein levels in HK-2 cells. In addition, Fer-1 co-treatment decreased the expression of ACSL4 and PTGS2 and restored the expression of GPX and SLC7AI | at the mRNA
and protein levels in VCM-treated HK-2 cells. *P<0.05, **P<0.01, ***P<0.001.

were similar to those obtained from Erastin-treated HK-2 cells. Thus, these results confirmed that VCM-induced cell
death was closely associated with ferroptosis.

VCM Induced Ferroptosis in HK-2 Cells Through Downregulation of GPX4

GPX4 is a well-known GSH peroxidase in mammals. It is the only enzyme capable of converting lipid hydroperoxyl
derivatives (L-OOH) to lipid hydroxy derivatives (L-OH).**> To explore the effect of VCM on ferroptosis in HK-2 cells,
as displayed in Figure 5A and C, we found that the levels of GSH and GPX4 reduced simultaneously in VCM-treated
HK-2 cells. We therefore tested whether the ferroptosis of VCM-treated HK-2 cells were induced by the reduction of
GPX4 expression. We knocked down GPX4 in HK-2 cells using a GPX4-specific siRNA and validated the knockdown
effects with qRT-PCR and Western blotting analyses (Figure 6A and B). We observed downregulation of Ki67 and DDXS5
and upregulation of ACSL4 and PTGS2 at the mRNA and protein levels in GPX4-knockdown (GPX4-KD) HK-2 cells
(Figure 6D-G). As a result, the proliferation of GPX4-KD HK-2 cells was decreased. These results were consistent with
those observed in VCM-treated HK-2 cells. At the same time, we observed the accumulation of LIP and ROS and the
reduction of GSH concentration by ELISA (Figure 6C) in GPX4-KD HK-2 cells, which, again, resembled the findings in
VCM-treated HK-2 cells. More importantly, Fer-1 co-treatment successfully reversed the adverse effects of GPX4
knockdown on HK-2 cells by enhancing Ki67 and DDXS5 expression, decreasing ACSL4 and PTGS2 expression,
reducing LIP and ROS contents, and increasing intracellular GSH concentration (Figure 6C), again resembling the
observations in VCM-treated HK-2 cells. Taken together, these findings suggested that VCM induced ferroptosis in HK-2
cells through downregulation of GPX4.

Discussion

VCM has long been used clinically to fight against Gram-positive bacterial infections. With the emergence of drug-
resistant micro-organisms, a higher dose of VCM has been adopted, resulting in severe kidney injury. It has been reported
that VCM could induce ROS accumulation in the kidney of rats, and that the aberrant accumulation of ROS induced

ferroptosis in many types of cells and tissues, including kidney tissues.”* >’
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Figure 6 VCM induced ferroptosis in HK-2 cells through downregulation of GPX4. HK-2 cells were transfected with siRNA NC or GPX4 siRNA (si-GPX4) for 24 h. (A)
qRT-PCR and (B) Western blotting results confirming the knockdown efficiency of the GPX4-specific siRNA. (C) ELISA results revealing the contents of ROS, GSH and LIP
in HK-2 cells. We observed that the contents of ROS and LIP increased, while that of GSH decreased in GPX4-KD HK-2 cells. Furthermore, Fer-I co-treatment inhibited
the accumulation of LIP and ROS and restored the content of GSH partly in GPX4-KD HK-2 cells. Expression levels of ACSL4, PTGS2, Ki67 and DDXS5 in HK-2 cells
measured by (D) Western blotting analysis, (E) quantification of Western blotting results and (F) qRT-PCR analysis. (G) qRT-PCR analysis of DDX5 and Kié7 at the mRNA
level. The results revealed that GPX4 knockdown in HK-2 cells increased the expression of ACSL4 and PTGS2 and decreased the expression of DDX5 and Kié7 at the
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in GPX4-KD HK-2 cells. These results were consistent with those observed in VCM-treated HK-2 cells. *P<0.05, **P<0.01, ***P<0.001.

To explore the influence of VCM administration on mice, a mouse model of VCM-induced renal injury was
constructed. By H&E staining and PAS staining of mouse kidneys, as expected, the mice injected with VCM showed
enlarged kidney luminal regions compared with the mice in control group; however, that change was restored by
a ferroptosis inhibitor Fer-1. Moreover, Fer-1 obviously reduced serum CR and BUN levels in VCM-treated mice. Xie
et al showed that Fer-1 could alleviate oxalate-induced renal injury through suppressing ferroptosis.”® These data
indicated that VCM treatment could result in mouse kidney injury by inducing ferroptosis in vivo.

In the present study, we also demonstrated that VCM treatment induced HK2 cell death and LIP and ROS
accumulation in HK-2 cells, while the effects of VCM treatment were reversed when the cells were co-treated with
Fer-1. These results confirmed that VCM caused renal cell death through inducing ferroptosis. To further verify this
conclusion, we examined the expression levels of ferroptosis-related proteins in vitro and in vivo before and after VCM
treatment. We found that the expression level of PTGS2 was up-regulated, but GPX4 and SLC7A11 expressions were
repressed in the kidney tissues of mice or HK2 cells upon VCM treatment. Surprisingly, inhibiting ferroptosis by Fer-1
enhanced GPX4 and SLC7AI11 levels, but reduced PTGS2 level in VCM-treated mice or VCM-treated HK2 cells. These

results verified that inhibiting ferroptosis could attenuate VCM-induced kidney injury in vitro and in vivo.
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Iron-dependent lipid peroxidation is a hallmark of ferroptosis.”’ As an essential enzyme responsible for reducing lipid
peroxides, GPX4 depletion is lethal in mice.*® In our experiments, we detected a decrease in GPX4 expression in VCM-treated
HK-2 cells. We further speculated whether VCM-induced ferroptosis was caused by the downregulation of GPX4. Thus, we
tested this hypothesis by knocking down GPX4 with a specific siRNA in HK-2 cells. Knockdown of GPX4 elevated LIP and
ROS level and increased ACSL4 and PTGS2 expressions in HK-2 cells, suggesting that downregulation of GPX4 could
induce ferroptosis in HK-2 cells. However, these changes were reversed by Fer-1 treatment. In addition, it has been shown that
downregulation of GPX4 could aggravate ischemia reperfusion-induced renal injury in mice.*' These results indicated that
VCM could induce ferroptosis in HK-2 cells through down-regulating GPX4, which in turn promote renal injury.

ACSL4 is a member of the acyl-CoA synthetase long-chain family which catalyzes fatty acids to produce acyl-CoA.
Interestingly, ACSL4 also plays an essential role in induction of ferroptosis.*> ACSL4 facilitates the accumulation of LIP
during Erastin-induced ferroptosis.'® In addition, knockdown of ACSL4 increases the resistance to ferroptosis.*
Therefore, ACSL4 has been regarded as a biomarker of ferroptosis. In our study, ACSL4 was up-regulated during
VCM treatment, suggesting that VCM could induce ferroptosis in vitro and in vivo via upregulating ACSL4.

SLC7AI11 facilitates cystine uptake and glutamate release to promote glutathione synthesis and maintain the redox
balance.** Inhibition of SLC7A11 is accompanied by the accumulation of ROS, which in turn promote tissue injury.>>=°
In this study, we found that VCM inhibited the expression of SLC7A11 both in HK-2 cells and in the kidney tissues of
mice. These findings indicated that VCM induce ferroptosis in vitro and in vivo via downregulating SLC7A11.

In this study, 400 mg/kg VCM was used to establish a mouse model with kidney injury.’” According to the body
surface area normalization method, the dose of 60 kg adult was about 32 mg/kg/d because the dose of mice was 400 mg/
kg/d. Hodiamont et al found that 25 mg/kg VCM could not increase the risk of acute kidney injury.*® However, whether
32 mg/kg VCM could lead to kidney injury in human remains unknown, which need to be further investigated.

Conclusion

Our results indicated that VCM induced renal injury in the kidney tissues of mice. In addition, VCM significantly
induced ferroptosis in HK-2 cells and in the kidney tissues of mice by down-regulating GPX4. These data suggested that
VCM could induce renal injury in vitro and in vivo via triggering ferroptosis. These findings may provide an important
molecular mechanism of VCM-induced renal injury.
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