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Background: Sepsis-associated acute kidney injury (SA-AKI) is a critical clinical complication with high mortality, involving
ferroptosis and mitochondrial dysfunction, although the regulatory mechanisms remain incompletely defined. E3 ubiquitin lig-
ases play key roles in post-translational regulation of cell death pathways, but their specific involvement in SA-AKI-associated
ferroptosis is poorly understood. This study aimed to investigate the role and mechanism of the E3 ubiquitin ligase mind bomb
2 (MIB2) in SA-AKI, focusing on its regulation of ferroptosis and mitochondrial function via glutathione peroxidase 4 (GPX4).
Methods and Materials: An SA-AKI model was established by treating HK-2 cells with different concentrations of lipopolysac-
charide (LPS). Cell viability was detected using the cell counting kit-8 (CCK-8) assay. The mRNA and protein expression levels
of MIB2 and GPX4 were detected using reverse-transcription polymerase chain reaction (RT-qPCR) and Western blotting (WB).
The interaction between MIB2 and GPX4 was verified by co-immunoprecipitation (Co-IP). An MIB2 knockdown model was
constructed by means of sh-MIB2 transfection. The MIB2 knockdown model treated with ras-selective lethal small molecule 3
(RSL3), a GPX4 inhibitor, was subjected to the detection of reactive oxygen species (ROS), glutathione (GSH), Fe>*, and malon-
dialdehyde (MDA) by means of flow cytometry and assay kits. To evaluate mitochondrial function, the mitochondrial morphol-
ogy, membrane potential, and adenosine triphosphate (ATP) content were analyzed via transmission electron microscopy, JC-1
staining, and chemiluminescence.

Results: LPS reduced the viability of HK-2 cells in a manner dependent on both concentration and time, significantly increased
the mRNA and protein levels of MIB2 (p < 0.001), and simultaneously decreased the mRNA and protein levels of GPX4 (p <
0.001). Co-IP confirmed a direct interaction between MIB2 and GPX4. Knocking down MIB2 could significantly reverse the
down-regulation of GPX4 induced by LPS (p < 0.001), and reduced the levels of intracellular reactive oxygen species (ROS),
Fe’* and MDA, accompanied by glutathione (GSH) depletion and lipid ROS accumulation. MIB2 knockdown also improved
mitochondrial morphological aberrations (increased proportion and length of intact cristae), increased mitochondrial membrane
potential and ATP content, and enhanced cell viability (p < 0.001). Treatment with RSL3 could reverse the up-regulation effect
of MIB2 knockdown on GPX4 and the protective effects on ferroptosis and mitochondrial function.

Conclusions: The E3 ubiquitin ligase MIB2 induces ferroptosis and mitochondrial dysfunction in HK-2 cells by binding to GPX4
and promoting its degradation, thus exacerbating SA-AKI. MIB2 knockdown can alleviate these pathological processes by sta-
bilizing GPX4.
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Introduction

Sepsis is a life-threatening syndrome characterized by
an uncontrolled host response to infection, leading to mul-
tiorgan dysfunction and a mortality rate exceeding 30%
in severe cases [1]. Overwhelming production of reactive
oxygen species (ROS) in this condition causes oxidative
damage and dysfunction in multiple organs, with the kid-
neys being particularly vulnerable, often leading to sepsis-
associated acute kidney injury (SA-AKI) [2—4]. The re-
ported occurrence rate of SA-AKI varies from 25% to 75%
[5]. Those with sepsis-associated AKI face a 3- to 5-fold in-
crease in 60-day mortality compared to non-AKI patients,
and the mortality rate for SA-AKI is significantly higher
than for non-septic AKI [6—8]. While much emphasis was
placed on researching effective preventive and treatment
approaches for SA-AKI, their therapeutic outcomes are of-
ten less than satisfactory, as pathological mechanisms re-
main largely unclear. Thus, investigating these mecha-
nisms are vital for improving prevention and treatment of
SA-AKI, as well as patient prognosis.

Ferroptosis is an iron-dependent form of regulated
cell death, which is biologically and morphologically dis-
tinct from apoptosis, necrosis, and autophagy. Its hallmark
is iron-dependent lipid peroxidation of membrane unsatu-
rated fatty acids, catalyzed by divalent iron or lipoxyge-
nases, ultimately leading to cell membrane damage and cell
death [9,10]. During ferroptosis, antioxidants, including
glutathione (GSH) and glutathione peroxidase 4 (GPX4),
show reduced expression [11-13].

Ubiquitination, a pivotal post-translational modifica-
tion, involves the covalent attachment of ubiquitin to tar-
get proteins via the concerted action of ubiquitin-activating,
ubiquitin-conjugating, and ubiquitin-ligating enzymes [ 14—
16]. Dysregulation of this ubiquitin-proteasome-mediated
regulatory pathway has been implicated in an array of
pathological states, including non-small cell lung cancer,
hepatocellular carcinoma, breast malignancies, skeletal dis-
orders, and ischemia/reperfusion-mediated acute kidney in-
jury, often in conjunction with aberrant ferroptotic signal-
ing [17-20].

Mind bomb 2 (MIB2) is an E3 ligase that targets the
Notchl protein for ubiquitination [21]. At current stage,
however, not much is known about the role of MIB2 in kid-
ney diseases, and whether it affects ferroptosis and mito-
chondrial function in SA-AKI by regulating GPX4 through
ubiquitination remains to be confirmed. Notably, while fer-
roptosis and GPX4 ubiquitination are critical in SA-AKI,
the specific E3 ligases mediating GPX4 degradation in this
context remain unclear. Additionally, MIB2’s function
in renal diseases, especially its potential role in regulat-
ing GPX4, ferroptosis, or mitochondrial dysfunction during
SA-AKI, has never been explored.

In this study, we investigated whether MIB2 acts as
an E3 ligase to regulate GPX4 via ubiquitination, thereby
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influencing ferroptosis, mitochondrial function, and SA-
AKI progression. Our work identified a novel MIB2-GPX4
axis, filling a key knowledge gap in the SA-AKI pathogen-
esis. Herein, we hypothesized that MIB2, as an E3 ubig-
uitin ligase, may regulate GPX4 ubiquitination and degra-
dation, thereby inducing ferroptosis and exacerbating SA-
AKI. This study aims to clarify this mechanism and explore
the potential of targeting MIB2 as a therapeutic strategy for
SA-AKI.

Materials and Methods

Cell Culture and Cell Transfection

The HK-2 cells (CL-0109, Procell Life Science &
Technology Co., Ltd., Wuhan, China) were used in the
study. The HK-2 cells were identified through short
tandem repeat (STR) profiling, and no mycoplasma
was detected. The cells were cultivated in high-glucose
Dulbecco’s Modified Eagle Medium (DMEM, Cat#
11965092, Gibco, Thermo Fisher Scientific, Waltham,
MA, USA) supplemented with 10% fetal bovine serum
(FBS, Cat# 10099141C, Gibco, Thermo Fisher Scientific,
Waltham, MA, USA) and 1% penicillin-streptomycin
(PS, Cat# 15140122, Gibco, Thermo Fisher Scientific,
Waltham, MA, USA). At 37 °C, the culture was pre-
served in a humidified setting with 5% carbon dioxide.
The shRNA targeting MIB2 (sh-MIB2) and a negative
control shRNA (sh-NC) for use in the cell transfec-
tion experiments were sourced from Nanyang Oulinge
Biotechnology Co., Ltd. (Nanyang, Henan, China), with
sequences listed in the following: (1) sh-MIB2-1: sense
5’-CGCAGUGCUACAUGCACAACA-3’, anti-sense 5'-
UUGUGCAUGUAGCACUGCGUG-3’; (2) sh-MIB2-2:
sense 5'-CGCACGACCUGCUGCUGUACG-3’, anti-
sense 5’-UACAGCAGCAGGUCGUGCGCG-3’; (3) sh-
MIB2-3: sense 5'-GUGUGUGCCUGGACUACGACC-3’,
anti-sense 5'-UCGUAGUCCAGGCACACACGG-3’; and
(4) sh-NC: sense 5'-UUCUCCGAACGUGUCACGUTT-
3/, anti-sense 5-ACGUGACACGUUCGGAGAATT-3'.
The three sh-MIB2 sequences were tested to determine
the most optimal sequence that delivers the best off-target
effects and efficient knockdown of MIB2 mRNA and
protein, verified by quantitative reverse-transcription poly-
merase chain reaction (RT-qPCR) and Western blotting
(WB). Following the manufacturer’s guidelines, HK-2
cells were seeded in 6-well plates (Cat# 3516, Corning
Inc., Corning, NY, USA). Upon reaching 50% confluence,
the cells were transfected with 50 nM sh-MIB2 or sh-NC
using Lipofectamine 3000 (Cat# L3000015, Invitrogen,
Thermo Fisher Scientific, Waltham, MA, USA).

RSL3 (Cat# HY-100218A, MedChemExpress, Mon-
mouth Junction, NJ, USA) was prepared as a 10 mM
stock solution in dimethyl sulfoxide (DMSO, Cat# D2650,
Sigma-Aldrich, Merck KGaA, Darmstadt, Germany) and
diluted to a final working concentration of 3 uM in com-
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plete medium. For groups requiring RSL3 treatment
(LPS+sh-MIB2+RSL3 and LPS+sh-NC+RSL3), RSL3
was added to HK-2 cells 24 hours after shRNA transfec-
tion and maintained for 24 hours. During this period,
lipopolysaccharide (LPS, Cat# L2880, Sigma-Aldrich,
Merck KGaA, Darmstadt, Germany; 4.5 pg/mL) was co-
administered with RSL3 to ensure simultaneous stimula-
tion, and the medium was not refreshed to avoid disrupting
the 24-hour treatment window.

The overall timeline for MIB2 knockdown experi-
ments was as follows: (1) HK-2 cells were seeded and
cultured to 50% confluence (18-24 hours); (2) transfected
with sh-MIB2 or sh-NC; (3) cultured for 24 hours to stabi-
lize transfection; (4) treated with LPS (4.5 pg/mL) alone
or in combination with RSL3 (3 uM) at 24 hours post-
transfection; (5) maintained for 24 hours before sample col-
lection for downstream assays.

CCK-8 Assay

HK-2 cells were treated with various LPS concentra-
tions (0.56, 1.12, 2.25, 4.5, and 9 pg/mL) [13,22]. A 3
mg/mL LPS stock solution was prepared by dissolving 3
mg of LPS powder in 1 mL of DMSO. The LPS solution
was diluted in complete medium to the desired concentra-
tions, and cells were treated accordingly. After 24, 48, or 72
hours, a CCK-8 assay (Cat# C0038, Beyotime Biotechnol-
ogy, Shanghai, China) was performed. Each well received
20 pL of CCK-8 reagent, and the cells were incubated in
the dark at 37 °C for 1 to 4 hours. A microplate reader
(Synergy H1, Epoch 2, BioTek Instruments, Winooski, VT,
USA) was used to measure the optical density (OD) at 450
nm to evaluate the effects of various LPS concentrations on
cell growth, while cell morphology was examined with an
inverted light microscope (Olympus IX73, Olympus Cor-
poration, Tokyo, Japan) at 100x magnification.

RT-qPCR Analysis

Total RNA was extracted from HK-2 cells at 48 hours
post-transfection using TRIzol reagent (Cat# 15596026, In-
vitrogen, Thermo Fisher Scientific, Waltham, MA, USA).
The RNA’s concentration and purity were evaluated using
a NanoDrop 2000 spectrophotometer (Thermo Fisher Sci-
entific, Waltham, MA, USA). For cDNA synthesis, 1 ug
of total RNA was reverse-transcribed using a PrimeScript
RT Master Mix (Cat# RR036A, Takara Bio Inc., Shiga,
Japan) with gDNA Eraser to eliminate genomic DNA con-
tamination. The StepOnePlus Real-Time PCR System (Ap-
plied Biosystems, Thermo Fisher Scientific, Waltham, MA,
USA) was used to perform RT-qPCR. The primer sequences
for MIB2, GPX4, GAPDH (internal control) are shown in
Table 1. Relative mRNA expression levels were calculated
using the 2~ 22 method, normalized to the internal refer-
ence gene GAPDH.

Detection of ROS Level

The HK-2 cells were adjusted to a density of 5 x 10°
cells/mL, placed in a 6-well plate with 2 mL in each well,
and incubated at 37 °C with 5% CO- for a duration of 24
hours. Cells were exposed to LPS at a final concentration
of 4.5 ug/mL and maintained in culture for 72 hours before
cell harvesting for subsequent analysis. For ROS detection,
the cells were collected and processed as follows:

To detect total intracellular ROS, DCFH-DA (Cat#
S0033S, Beyotime Biotechnology, Shanghai, China) was
diluted to 10 uM in serum-free medium (1:1000 ratio). The
cells (1-20 million cells/mL) were incubated with the di-
luted DCFH-DA probe reagent for 20 minutes, with gentle
mixing every 5 minutes. To detect oxidized lipids, C11-
BODIPY probe (Cat# D3861, Invitrogen, Thermo Fisher
Scientific, Waltham, MA, USA) was diluted to 5 puM in
serum-free medium (1:1000 ratio). The cells were incu-
bated with the probe reagent at 37 °C in the dark for 30
minutes. After incubation with either probe reagent, the
cells were washed three times with serum-free medium to
remove unbound probes. Samples were analyzed via flow
cytometry (oxidized lipids was monitored by the shift from
red to green fluorescence), and data were processed with
FlowJo 7.6 software (v7.6, FlowJo LLC, Ashland, OR,
USA).

Iron Detection

The intracellular iron levels were measured using a
commercial iron assay kit (Cat# ab83366, Abcam, Cam-
bridge, UK). All materials were equilibrated to 20 °C-25
°C. For sample pretreatment, 3 x 106 cells were added to
150 pL of buffer and subjected to 400 Amps for 5 seconds
per cycle, repeated 3—5 times, then centrifuged at 1200 rpm
for 10 minutes. The supernatant was collected for measure-
ment. A 1 mM iron standard solution was prepared by dilut-
ing 10 pL of 100 mM standard reagent in 990 pL of double-
distilled water. Reaction wells were prepared by adding 25
puL of sample. Each standard well received 5 pL of iron-
reducing reagent, and each sample well received 5 puL of
buffer. Following mixing, the standards and samples were
kept at 37 °C for 30 minutes, after which 100 pL of iron
probe was added and incubated in the dark for an additional
60 minutes.

Transmission Electron Microscopy (TEM)

Prior to TEM analysis, the cells were prepared as
follows: first fixed in 2.5% glutaraldehyde (Cat# G5882,
Sigma-Aldrich, Merck KGaA, Darmstadt, Germany) in 0.1
M PBS (pH 7.4) for 3 hours at room temperature to sta-
bilize ultrastructure. They were then gently scraped (to
avoid damage), centrifuged at 1500 xg for 5 minutes at
4 °C, refixed in the same glutaraldehyde for 1 hour, and
post-fixed in 1% osmium tetroxide (0.1 M PBS) for 1.5
hours at 4 °C. After 3 PBS washes (15 minutes each), cells
were dehydrated via graded ethanol, infiltrated with epoxy
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Table 1. List of primer sequences.

Sequences
Gene
Forward (5'-3") Reverse (5'-3')
MIB2 AGCGGGCGGCTTCTACTA GCGGTCCGTGATACGATG
GPX4 GTGAGGCAAGACCGAAGT TCCCGAACTGGTTACACG

GAPDH  GGAGCGAGATCCCTCCAAAAT

GGCTGTTGTCATACTTCTCATGG

MIB2, mind bomb 2; GPX4, glutathione peroxidase 4; GAPDH, Glyceraldehyde-3-phosphate dehy-
drogenase. All primers were synthesized by Sangon Biotech Co., Ltd. (Shanghai, China).

resin, embedded, polymerized at 60 °C for 48 hours, sec-
tioned into 60—80 nm slices, stained with uranyl acetate
(Cat# 21447, Electron Microscopy Sciences, Hatfield, PA,
USA) and lead citrate (Cat# 17800, Electron Microscopy
Sciences, Hatfield, PA, USA), air-dried, and imaged using
a Hitachi HT7700 TEM at 120 kV.

Western Blotting (WB)

Proteins were extracted from HK-2 cells with a RIPA
buffer containing protease and phosphatase inhibitors, and
their concentration was measured using a BCA protein as-
say kit (Cat# P0012, Beyotime Biotechnology, Shanghai,
China). Electrophoresis was performed on a 10% SDS-
PAGE gel with 50 pg of protein samples, which were then
transferred to a PVDF membrane (Cat# IPVH00010, Milli-
pore, Merck KGaA, Darmstadt, Germany). The membrane
was incubated overnight at 4 °C with primary antibodies
against GPX4 (1:1000, Cat# DF6701, Affinity Biosciences,
Changzhou, China) and GAPDH (1:2000, Cat# ab181602,
Abcam, Cambridge, UK) after being blocked with 5% non-
fat dry milk. Subsequently, the membrane was incubated
with HRP-labeled Goat Anti-Rabbit IgG H&L (1:2500,
Cat# ZB-2301, ZSGB-BIO, Beijing, China) for 2 hours at
room temperature following TBST washes. An ECL sys-
tem (Cat# CJ600, Applygen Technologies, Beijing, China)
was used to visualize the bands, and BandScan software
(v5.0, GlycoBiosciences, Toronto, ON, Canada) was em-
ployed to analyze their intensities [23].

Co-IP Assay

To verify the direct interaction between MIB2 and
GPX4 and investigate MIB2-mediated ubiquitination of
GPX4, Co-IP assays were performed. HK-2 cells were
lysed in IP lysis buffer (Cat# P0012, Beyotime Biotechnol-
ogy, Shanghai, China) containing protease inhibitors (Com-
plete Mini, Cat# 11836153001, Roche, Basel, Switzer-
land) on ice for 30 minutes. Lysates underwent centrifu-
gation at 12,000 xg for 15 minutes at 4 °C, and the su-
pernatant was obtained. In the immunoprecipitation pro-
cess, 500 pg of total protein was incubated with 2 pg of
anti-GPX4 antibody (1:2000, Cat# 14432-1-AP, Protein-
tech, Wuhan, China) or IgG control (1:100, Cat# ab172730,
Abcam, Cambridge, UK) overnight at 4 °C while gently ro-
tating. After adding Protein A/G agarose beads (Cat# sc-
2003, Santa Cruz Biotechnology, Dallas, TX, USA), the

incubation was extended for another 4 hours at 4 °C. Fol-
lowing five washes with cold IP buffer, the bound proteins
on the beads were eluted by boiling in 2x SDS loading
buffer for 10 minutes. The eluted proteins were then sub-
jected to Western blot analysis. Primary antibodies against
ubiquitin (1:1000, Cat# #20326, CST, Danvers, MA, USA),
and GPX4 (1:2000, Cat# 14432-1-AP, Proteintech, Wuhan,
China) were added to the membrane, followed by incuba-
tion at 4 °C overnight with gentle shaking to ensure spe-
cific binding. After washing with Tris-buffered saline con-
taining 0.1% Tween-20 (TBST) three times (10 minutes
each), HRP-labeled Goat Anti-Rabbit IgG H&L (1:2500,
Cat# ZB-2301, ZSGB-BIO, Beijing, China) was used as the
secondary antibody, and the membrane was incubated with
it at room temperature (25 & 2 °C) for 1.5 hours with gentle
shaking. As a control, input samples containing 10% of the
total protein were included.

ELISA Detection

Levels of MDA and GSH were quantified using an
enzyme-linked immunosorbent assay (ELISA) kit (Cat#
ab118970 and Cat# ab239709, Abcam, Cambridge, UK).
RIPA buffer (Cat# P0013B, Beyotime Biotechnology,
Shanghai, China)was used to lyse HK-2 cells, and the cell
lysate was then subjected to centrifugation at 12,000 xg
for 10 minutes. Supernatants were collected after centrifu-
gation for subsequent analyses. Samples and standards
were incubated in a pre-coated microplate (Abcam, Cam-
bridge, UK) at 37 °C for 2 hours, followed by sequential
incubations with biotinylated antibody (1 hour at 37 °C),
streptavidin-HRP (30 min at 37 °C), and TMB substrate (15
minutes). After stopping the reaction, absorbance at 450
nm was measured, and concentrations were determined by
reference to the standard curve plotted.

JC-1 Staining for Mitochondrial Membrane
Potential

Mitochondrial membrane potential was detected using
a JC-1 Assay Kit (Cat# C2006, Beyotime Biotechnology,
Shanghai, China). HK-2 cells were seeded in 6-well plates
and treated in accordance with the manufacturer’s instruc-
tions provided with the JC-1 Assay Kit. After treatment,
the cells were incubated with 10 uM JC-1 working dye so-
lution at 37 °C for 20 minutes in the dark. After wash-
ing twice with JC-1 buffer, the cells were incubated with
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Hoechst 33342 (1 pg/mL in PBS, Cat# C1022; Beyotime
Biotechnology, Shanghai, China) at room temperature for
10 minutes in the dark to label nuclei. Afterward, the cells
were washed three times with PBS. Fluorescence images
were captured using a fluorescence microscope (Olympus
IX73, Olympus Corporation, Tokyo, Japan) with excita-
tion/emission wavelengths of 488 nm/530 nm (for JC-1
monomer, green fluorescence) and 543 nm/590 nm (for
JC-1 aggregates, red fluorescence). The evaluation of mi-
tochondrial membrane potential in terms of mitochondrial
membrane potential (AWm) involved calculating the red-
to-green fluorescence intensity ratio, with a lower ratio in-
dicating a loss of membrane potential.

ATP Detection by Chemiluminescence

HK-2 cells were lysed using ATP lysis buffer (Cat#
S0026, Beyotime Biotechnology, Shanghai, China), and
subsequently centrifuged at 12,000 xg for 5 minutes to ob-
tain the supernatants. A volume of 100 pL of ATP detec-
tion working solution (Cat# S0026; Beyotime Biotechnol-
ogy, Shanghai, China) was added to a 96-well white plate,
followed by 20 uL of sample or ATP standard. Lumines-
cence intensity was measured immediately using a Spectra-
Max iD3 Multi-Mode Microplate Reader (Molecular De-
vices, San Jose, CA, USA). The standard curve was used to
calculate ATP concentrations, which were then normalized
to the protein concentration.

Statistical Analysis

Data are presented as mean =+ standard deviation (SD)
from at least three independent biological replicates (de-
fined as experiments using distinct cell culture batches) for
key assays (RT-qPCR, WB, ROS detection, etc.). A double-
blind design was applied, in which both experimenters and
analysts were blinded to group allocations to reduce bias.
The Shapiro-Wilk test was used to assess the normality
of data distribution. For cell viability experiments involv-
ing both concentration and time factors (Fig. 1A), two-way
analysis of variance (ANOVA) was performed to evaluate
the main effects and their interaction. To analyze differ-
ences among multiple groups, one-way ANOVA was em-
ployed, and Tukey’s post hoc test was used for pairwise
comparisons. The unpaired two-tailed Student’s #-test was
utilized for comparisons between two groups, with a p <
0.05 indicating statistical significance. Statistical analyses
were conducted using GraphPad Prism version 8.0.1 (ver-
sion 8.0.1, GraphPad Software, San Diego, CA, USA).

Results

Effect of LPS on the Viability of HK-2 Cells and the
Expression Levels of MIB2 and GPX4

CCK-8 assay results (Fig. 1A) revealed that LPS in-
hibited HK-2 cell viability in a concentration- and time-
dependent manner. Compared to those treated with 0

pg/mL LPS (control group), the cells treated with increas-
ing LPS concentrations (0.56 pg/mL to 9 pg/mL) in an
extended treatment duration (from 24 to 72 hours) expe-
rienced significantly lower viability, with the most pro-
nounced effect observed at 9 pg/mL LPS for 72 hours
(»p < 0.001). RT-gqPCR analysis (Fig. 1B) demonstrated
that LPS treatment significantly upregulated M/B2 mRNA
expression and significantly downregulated GPX4 mRNA
expression in HK-2 cells (p < 0.001). Western blot re-
sults (Fig. 1C) were consistent with the mRNA expres-
sion trends, showing significantly increased MIB2 protein
expression and significantly decreased GPX4 protein ex-
pression in the LPS-treated group (p < 0.001). Co-IP as-
says (Fig. 1D) further confirmed a direct interaction be-
tween MIB2 and GPX4 in the HK-2 cells. As shown in
Fig. 1E, under LPS stimulation, GPX4 in the sh-NC group
exhibited strong ubiquitination signals, whereas sh-MIB2
markedly reduced GPX4 ubiquitination, as observed in the
immunoblot. Input blots confirmed that the total GPX4 pro-
tein levels were elevated in the sh-MIB2 group, consistent
with reduced degradation. These data directly demonstrate
that MIB2 enhances GPX4 ubiquitination, a key step in pro-
teasomal degradation.

Effects of LPS on Ferroptosis and Mitochondrial
Function-Related Indicators in HK-2 Cells

According to flow cytometry analysis (Fig. 2A,B), the
LPS-treated group exhibited a significantly higher levels of
intracellular ROS and lipid ROS compared to the control
group (p < 0.001). Results from the iron assay kit (Fig. 2C)
demonstrated a significant elevation in intracellular Fe*
content in the LPS-treated group (p < 0.001). According
to the ELISA results (Fig. 2D,E), LPS treatment signifi-
cantly increased intracellular MDA content and decreased
intracellular GSH content (p < 0.001), suggesting enhanced
lipid peroxidation. TEM observation (Fig. 2F) revealed that
LPS treatment induced abnormal mitochondrial morphol-
ogy in HK-2 cells, characterized by reduced and disorga-
nized mitochondrial cristae, whereas quantitative analysis
(Fig. 2G) indicated that the proportion and length of mito-
chondria exhibiting intact dense cristae were significantly
reduced in the LPS-treated group (p < 0.001). JC-1 stain-
ing results (Fig. 2H) demonstrated that LPS treatment sig-
nificantly decreased the mitochondrial membrane potential
(manifested as a reduced JC-1 aggregate/monomer ratio, p
< 0.001). The intracellular ATP levels were significantly
diminished in the LPS-treated group (p < 0.001), as shown
by the chemiluminescence assay (Fig. 2I), suggesting mito-
chondrial function impairment.

Verification of the Transfection Efficiency of
sh-MIB2 in HK-2 Cells

RT-qPCR analysis (Fig. 3A) demonstrated that the
MIB2 mRNA levels in the sh-MIB2 group cells were sig-
nificantly reduced compared to the sh-NC group (p <
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Fig. 1. Effects of LPS on HK-2 Cell Viability and Expression Levels of MIB2 and GPX4. (A) CCK-8 assay was used to detect
the effects of different concentrations of LPS on HK-2 cell viability at 24, 48, and 72 h. Two-way ANOVA was performed to analyze
the effects of concentration, time, and their interaction. Comparisons were made among different concentrations at the same time point,
as well as across different time points within the same concentration. (B) RT-qPCR was used to detect the expression levels of MI/B2
and GPX4 mRNA. (C) Western blot detection of expression levels of MIB2 and GPX4 proteins. (D) Co-IP detection of the binding
relationship between MIB2 and GPX4. (E) GPX4 ubiquitination in LPS-treated HK-2 cells (sh-NC vs sh-MIB2) was detected by GPX4
immunoprecipitation and ubiquitin immunoblotting. IP: GPX4, Immunoblotting: Ubiquitin (IB: UB). (A) *p < 0.05, ***p < 0.001
vs Control (0 pg/mL); #p < 0.05, ###p < 0.001 vs. 24 h at the same concentration; (B-D) ***p < 0.001 vs Control; n = 3. LPS,
lipopolysaccharide; MIB2, mind bomb 2; GPX4, glutathione peroxidase 4; RT-qPCR, reverse-transcription polymerase chain reaction;
Co-IP, co-immunoprecipitation; sh-NC, negative control sShRNA.
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MIB2 in HK-2 cells of each group. ***p < 0.001 vs sh-NC, n = 3.

0.001). This finding was confirmed by Western blot re-
sults (Fig. 3B) that MIB2 protein expression was markedly
downregulated in the sh-MIB2 group relative to the sh-NC
group (p < 0.001). Among the three sh-MIB2 sequences,
sh-MIB2-3 resulted in the most significant reduction in
mRNA (Fig. 3A) and protein levels of MIB2 (Fig. 3B) com-
pared to sh-NC. Therefore, sh-MIB2-3 was selected for sub-
sequent functional experiments. These results collectively
indicate that sh-MIB2 effectively knocks down MIB2 ex-
pression in HK-2 cells.

Effect of MIB2 Knockdown on HK-2 Cell
Proliferation Through GPX4 Regulation

RT-qPCR analysis (Fig. 4A) demonstrated that com-
pared to the LPS+sh-NC group, the LPS+sh-MIB2 group
exhibited significantly reduced MIB2 mRNA levels and
significantly elevated GPX4 mRNA levels (p < 0.001);
following co-treatment with RSL3 (a GPX4 inhibitor) in
the LPS+sh-MIB2+RSL3 group, GPX4 mRNA levels were
markedly decreased relative to the LPS+sh-MIB2 group (p
< 0.001). Western blot results (Fig. 4B) aligned with the
mRNA trends, further confirming that MIB2 knockdown
upregulated GPX4 protein expression—an effect reversed
by RSL3. Phase-contrast microscopy combined with CCK-
8 assay (Fig. 4C) revealed significantly enhanced cell vi-
ability in the LPS+sh-MIB2 group versus the LPS+sh-
NC group (p < 0.001), whereas the LPS+sh-MIB2+RSL3
group showed significantly reduced viability compared to
the LPS+sh-MIB2 group (p < 0.001).

Effect of MIB2 Knockdown on Ferroptosis of HK-2
Cells Through GPX4 Regulation

Detection of ROS using DCFH-DA fluorescent probe
(Fig. 5A,B) revealed that intracellular ROS and oxidized
lipids levels were significantly reduced in the LPS+sh-
MIB2 group compared to the LPS+sh-NC group (p <

0.001), whereas the LPS+sh-MIB2+RSL3 group exhibited
significantly elevated ROS levels relative to the LPS+sh-
MIB2 group (p < 0.01). Iron assay (Fig. 5C) demon-
strated that intracellular Fe?* content was significantly de-
creased in the LPS+sh-MIB2 group versus the LPS+sh-NC
group (p < 0.001)—an effect partially reversed by RSL3
co-treatment. ELISA analysis (Fig. 5D,E) showed signifi-
cantly lower MDA and higher GSH content in the LPS+sh-
MIB2 group than in the LPS+sh-NC group (p < 0.001),
while the LPS+sh-MIB2+RSL3 group displayed signifi-
cantly increased MDA and significantly decreased GSH
content compared to the LPS+sh-MIB2 group (p < 0.001).

Effects of MIB2 Knockdown on Mitochondrial
Function-Related Indexes in HK-2 Cells by
Regulating GPX4

Transmission electron microscopy (TEM) observa-
tion (Fig. 6A) revealed improved mitochondrial morphol-
ogy with more organized cristae structure in the LPS+sh-
MIB2 group compared to the LPS+sh-NC group, whereas
the LPS+sh-MIB2+RSL3 group exhibited renewed mito-
chondrial disorganization similar to the LPS+sh-NC group.
Quantitative analysis (Fig. 6B,C) demonstrated that both
the proportion of mitochondria with intact dense cristae and
cristae length were significantly increased in the LPS+sh-
MIB2 group versus the LPS+sh-NC group (p < 0.001),
and RSL3 co-treatment significantly reversed this effect (p
< 0.01). JC-1 staining (Fig. 6D) showed significantly el-
evated mitochondrial membrane potential in the LPS+sh-
MIB2 group relative to the LPS+sh-NC group (p < 0.001),
which was markedly reduced by RSL3 administration (p
< 0.001). Chemiluminescence assay (Fig. 6E) indicated
significantly increased intracellular ATP content in the
LPS+sh-MIB2 group compared to the LPS+sh-NC group
(p < 0.001), while RSL3 treatment substantially decreased
ATP levels (p < 0.001).
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Fig. 4. MIB2 knockdown inhibits HK-2 cell proliferation via GPX4 regulation. (A) RT-qPCR was employed to detect the mRNA
expression levels of MIB2 and GPX4. (B) WB was used to detect the expression levels of MIB2 and GPX4 proteins. (C) Cell images of
each group observed under an optical microscope and statistical analysis of cell survival rate measured using CCK-8. ***p < 0.001 vs

LPS+sh-NC; #p < 0.01, *p < 0.001 vs LPS+sh-MIB2, n = 3.

Discussion

This study identifies a novel mechanism in SA-AKI
whereby the E3 ubiquitin ligase MIB2 exacerbates renal
tubular epithelial cell injury by promoting ferroptosis and
mitochondrial dysfunction, via direct ubiquitination and
degradation of GPX4. These findings expand our under-
standing of post-translational regulation of ferroptosis in
SA-AKI, a critical clinical condition with incompletely de-
fined pathophysiology [24,25].

Our results demonstrate that LPS treatment, a well-
established approach to creating in vitro model of sepsis,
significantly upregulates MIB2 expression while downreg-
ulating GPX4 in HK-2 cells. This inverse expression pat-
tern, coupled with the direct interaction between MIB2 and
GPX4 confirmed by Co-IP, strongly suggests that MIB2
may target GPX4 for degradation. Functional experiments
further support this: knockdown of MIB2 reversed LPS-
induced GPX4 downregulation, reduced ferroptosis mark-
ers (ROS, Fe?t, MDA), improved mitochondrial morphol-
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levels in HK-2 cells using DCFH-DA fluorescent probe, with the relative fluorescence intensity of ROS shown on the right. (B) Flow
cytometry was used to detect oxidized lipids levels in HK-2 cells. (C) Iron ion detection kit was used to measure the intracellular iron
content. (D,E) MDA and GSH assay kits were utilized to detect intracellular MDA and GSH contents. ***p < 0.001, ****p < 0.0001,
vs LPS+sh-NC; *p < 0.01, #p < 0.001, *p < 0.0001 vs LPS+sh-MIB2, n = 3.

ogy and function, and enhanced cell viability. Importantly, hibitor RSL3, confirming that GPX4 is a critical down-
these protective effects were abrogated by the GPX4 in- stream effector of MIB2 in SA-AKI. Notably, this regula-
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tory axis also involves transcriptional modulation, as ob-
served in our analysis of GPX4 mRNA levels.

Notably, MIB2 knockdown increased both protein and
mRNA expression of GPX4 (Fig. 4), which we interpret as a
dual regulatory mode: MIB2 directly promotes GPX4 ubiq-
uitination/degradation (core mechanism), while indirectly

modulating GPX4 transcription via regulation of septic-
induced transcriptional repressors. This coordinated reg-
ulation explains the parallel elevation of GPX4 mRNA and
protein, with MIB2-mediated ubiquitination remaining the
primary effector.
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Our findings have three key implications: (i) MIB2
is identified as a novel E3 ligase for GPX4, adding to the
repertoire of post-translational regulators of ferroptosis in
SA-AKI. (ii) There is a functional crosstalk between fer-
roptosis and mitochondrial dysfunction in SA-AKI, with
GPX4 as a convergence point, and MIB2 as an upstream
regulator of this crosstalk. (iii) MIB2 represents a potential
therapeutic target, as its inhibition could stabilize GPX4,
thereby mitigating ferroptosis and mitochondrial dysfunc-
tion, offering higher specificity than broad-spectrum fer-
roptosis inhibitors.

Our work aligns with and extends prior studies
on GPX4 regulation and SA-AKI. For example, while
TRIM21 [15] and HSP90 [26] regulate GPX4 stability via
other pathways, our study uniquely identifies MIB2 as an
E3 ligase that directly ubiquitinates GPX4 in SA-AKI, un-
covering a new post-translational regulatory node specific
to this condition. Notably, Zhou et al. [27] highlighted
transcriptional regulation of GPX4 in SA-AKI, whereas our
work reveals a complementary post-translational mecha-
nism, demonstrating that GPX4 is regulated at both the tran-
scriptional and post-translational levels in septic renal in-
jury.

Notably, a recent study linked MIB2 to ferroptosis
in sevoflurane-induced neuronal damage [28]; however,
our work differs by focusing on SA-AKI and defining the
molecular basis—GPX4 ubiquitination—thereby expand-
ing MIB2’s pathogenic role to renal injury. Collectively,
these comparisons underscore the specificity of MIB2-
GPX4 axis in SA-AKI and its potential as a unique ther-
apeutic target.

However, several limitations exist. First, our exper-
iments were conducted in vitro using HK-2 cells; in vivo
validation using MIB2 knockout or conditional knockout
mouse models of SA-AKI is necessary to confirm the physi-
ological relevance. Second, the specific ubiquitination sites
on GPX4 targeted by MIB2 and the type of ubiquitin chain
(e.g., K48 vs. K63) remain undefined, requiring further bio-
chemical analysis. Third, we did not explore whether MIB2
affects other ferroptosis-related proteins (e.g., SLC7A11)
or mitochondrial regulators, which could expand our un-
derstanding of its role in SA-AKI. Fourth, we did not ex-
plore the upstream signaling pathways driving LPS-induced
MIB2 upregulation. It is well established that LPS activates
gene expression in kidney cells primarily through classical
pathways such as TLR4, NF-«xB, or MAPK. Future studies
could employ specific inhibitors (e.g., TAK-242 to block
TLR4, BAY 11-7082 to block NF-£B) in functional exper-
iments to ascertain if these pathways are responsible for
LPS-induced MIB2 upregulation.

Conclusions

In summary, our study demonstrates that MIB2 exac-
erbates SA-AKI by promoting GPX4 degradation, leading
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to ferroptosis and mitochondrial dysfunction in renal tubu-
lar epithelial cells. Targeting MIB2 may represent a novel
strategy to preserve GPX4 activity and alleviate SA-AKI,
but further preclinical investigations are warranted for val-
idating our findings.
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