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Abstract. Ferroptosis exerts a recognized role in the patho‑
genesis of acute kidney injury (AKI) and is considered a 
critical target for improving its prognosis. Emerging evidence 
indicates that ferroptosis serves a pivotal role in pathogen‑
esis of AKI and targeting ferroptosis provides a promising 
therapeutic strategy in treatment of AKI. In the present study, 
ligustroflavone (LIG), which is a flavonoid with oral activity 
extracted from Ligustrum  lucidum, was found to inhibit 
ferroptosis through activation of nuclear factor erythroid 
2‑related factor 2 (NRF2) via inhibition of GSK3β in vivo and 
in vitro. In vivo, cisplatin (CDDP) and ischemia‑reperfusion 
injury (IRI)‑induced murine models of AKI were constructed 
to evaluate the possible effects of LIG. In vitro, the protective 

effects of LIG were assessed in cultured mouse renal proximal 
tubular epithelial cells (TKPTs). Immunostaining, reverse 
transcription‑quantitative PCR, western blot and lipid peroxi‑
dation assays were performed to detect renal tubular injury and 
ferroptosis. The results of the present study demonstrated that 
LIG administration significantly ameliorated CDDP or IRI 
induced renal damage in mice. Additionally, administration 
of LIG significantly ameliorated lipid peroxide accumula‑
tion and inhibited ferroptosis in the kidneys of AKI mice. 
In vitro, LIG treatment markedly ameliorated CDDP‑induced 
lipid peroxidation and ferroptosis in cultured TKPTs via 
GSK3β inhibition and NRF2 activation. Furthermore, 
knockout of GSK3β also protected against CDDP‑induced 
cell death and LIG exerted no additional protective effects 
in GSK3β‑knockout TKPTs. Together, the present findings 
offer a new potential strategy for AKI therapies by targeting 
ferroptosis.

Introduction

Acute kidney injury (AKI) is marked by a rapid decline in 
renal function, together with concurrent structural and func‑
tional impairment of the kidneys (1). Clinical manifestations 
include the accumulation of nitrogenous metabolic products 
in the body including blood urea nitrogen (BUN) and serum 
creatinine (SCr) or oliguria  (2). AKI is prevalent among 
hospitalized patients (with incidence rate more than 10%), 
particularly those who are critically ill, and is attributed to 
drugs, ischemia and renal obstruction. The exact pathogenesis 
remains a matter of debate (3). This underscores the need to 
explore novel treatment approaches.

Renal tubular epithelial cells (RTECs) are the primary 
cells damaged by AKI (4). Following injury, RTECs undergo 
pathological alterations such as degeneration, apoptosis, 
necrosis and shedding (5). Previous studies have indicated that 
both patients with AKI and AKI animal models display iron 
and lipid metabolism dysregulation, ultimately resulting in 
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ferroptosis in RTECs (6,7). Ferroptosis is an iron‑dependent 
form of programmed cell death that manifests as mitochon‑
drial structural damage and lipid peroxidation, with specific 
triggers, regulators and effectors (8). Nuclear factor erythroid 
2‑related factor 2 (NRF2) is an antioxidant transcription factor 
that directly or indirectly affects ferroptosis through various 
pathways. Previous studies have shown that the NRF2 pathway 
has the potential to alleviate iron cell death‑related patholog‑
ical damage and is a key target for disease intervention (9‑11). 
Glycogen synthase kinase 3β (GSK3β), a key negative regulator 
of NRF2, triggers the ubiquitination and degradation of NRF2. 
Additionally, active GSK3β promotes the recognition and 
binding of NRF2 by β‑transducin repeat‑containing proteins 
(β‑TrCPs) via phosphorylation of the Ser335 and Ser338 sites 
within the Neh6 domain of NRF2, consequently, promoting 
Kelch‑like ECH‑associated protein 1 (KEAP1)‑mediated ubiq‑
uitination of NRF2 and the subsequent proteasome‑dependent 
degradation of NRF2 (12). Previous studies have demonstrated 
that direct disruption of the NRF2‑KEAP1 protein to protein 
interaction induces NRF2 activation and shows protective 
effects in AKI (13,14). Therefore, targeting the GSK3b‑NRF2 
signaling axis is another possible effective approach for NRF2 
activation to inhibit ferroptosis and improve AKI.

The traditional Chinese medicine (TCM) Ligustrum 
lucidum has long been employed in renal tonification therapy 
for several decades, attributed to its remarkable efficacy and 
low incidence of adverse reactions (15). Ligustrum lucidum 
was first recorded in Shen Nong's Herbal Classic, is also 
found in the Compendium of Materia Medica, and is noted 
as a herb without obvious toxicity (16). Recent studies have 
identified ligustroflavone (LIG; also known as nuezheno‑
side), which is a f lavonoid with oral activity extracted 
from Ligustrum  lucidum. The chemical formula of LIG 
is C33H40O18 with a molecular weight of 724.66  g/mol. 
To date, LIG has been reported to exert protective effects 
against ischemic stroke, diabetes‑induced osteoporosis and 
liver fibrosis (17‑19). LIG exhibits neuroprotective pharma‑
cological effects by enhancing neurological function and 
reducing brain tissue damage in ischemic stroke models 
by targeting receptor‑interacting serine/threonine‑protein 
kinase 1/3 (RIPK1/3) and mixed lineage kinase domain like 
pseudokinase (MLKL) to inhibit necroptosis  (17), while 
downregulating the NLR family pyrin domain containing 1 
(NLRP1) inflammasome and cytokines  (20). In anti‑liver 
fibrosis, LIG downregulates TGF‑β/Smad signaling, inhibits 
hepatic stellate cell activation and collagen deposition, 
reduces serum ALT/AST levels and alleviates liver tissue 
oxidative damage (18). For regulation of calcium metabolism 
and anti‑osteoporosis LIG acts as a calcium‑sensing receptor 
antagonist, promotes parathyroid hormone release to regu‑
late calcium balance and improves bone mineral density 
and bone microstructure in diabetic model mice (19). LIG 
also exhibits anti‑inflammatory effects which support the 
anti‑inflammatory application of Ligustrum plants in tradi‑
tional Mediterranean medicine (21).

However, there have been no relevant reports on the 
application value of LIG for the treatment of AKI. Therefore, 
the present research seeks to further evaluate the potential 
renoprotective effect of LIG on AKI and its underlying 
mechanism.

Materials and methods

LIG. LIG, with a purity of 99.90%, was procured from 
TargetMol Chemicals, Inc. (Targetmol; cat. no. T3802). As a 
naturally flavonoid, LIG was isolated from the common plant 
Ligustrum lucidum. In the present study, for animal experi‑
ments, LIG was fully dissolved in the solvent [10% dimethyl 
sulfoxide (DMSO) + 40% PEG300 + 5% Tween‑80 + 45% 
saline, v/v] as specified in the instructions provided by the 
manufacturer.

Experimental animal manipulation and medication. The 
experimental male mice bred on the C57BL/6J genetic back‑
ground, with an average age of 8 weeks, were procured from 
the Laboratory Animal Center of Nanjing Medical University. 
All animals (54 mice, weighing 20‑25 g) were housed indi‑
vidually under standard and environmentally controlled cages 
(12/12‑h light/dark cycle, 22˚C) with free access to water and a 
commercial rodent diet to ensure their health and well‑being. 
The experimental procedures strictly conformed to Chinese 
national standard [Guidelines for the Ethical Review of 
Laboratory Animal Welfare (GB/T 35892-20181) (22)] and 
were approved by the Animal Ethics Committee of Nanjing 
Medical University (approval no. 2310025‑2).

All mice were allowed to acclimatize for a week before 
the present study and then were assigned by simple random‑
ization. The operators were unaware of the respective group 
condition. Cisplatin (CDDP) injection and ischemia‑reper‑
fusion injury (IRI) were selected as AKI models. In the 
CDDP‑induced AKI model, all mice were weighed and 
then orally administered LIG (15 or 30 mg/kg/day) or an 
equivalent solvent continuously for 3 days prior to AKI 
model. LIG was fully dissolved in the solvent (10% DMSO 
+ 40% PEG300 + 5% Tween‑80 + 45% saline, v/v) and the 
final volume of DMSO administered to mice was 1 µl/g/d. 
Humane endpoints were strictly followed throughout 
the experiment. Mice were humanely euthanized if they 
exhibited severe lethargy, significant weight loss (>20% 
of baseline body weight), inability to eat or drink, severe 
dyspnea, or sustained neurological dysfunction. The experi‑
mental groups were: Vehicle, LIG, vehicle + CDDP, and LIG 
+ CDDP (n=6). At 3 days after a single intraperitoneal injec‑
tion of saline vehicle or 20 mg/kg CDDP (cat. no. 232120; 
MilliporeSigma). Blood samples (300  ml per mouse) 
were collected from the inferior vena cava under general 
anesthesia. Mice were anesthetized with 5% isoflurane for 
induction, followed by 2.5% isoflurane for maintenance 
using a multi‑channel small animal anesthesia system 
(R550, RWD Life Science). Under deep anesthesia, mice 
were euthanized by exsanguination, and kidney tissues were 
subsequently harvested for further analysis. The IRI experi‑
ment was conducted as previously described (23). All mice 
were organized into four groups: Vehicle, LIG, vehicle + 
IRI and LIG + IRI groups (n=6). Similarly, the mice were 
treated daily with LIG by gavage (30 mg/kg/day) 3 day prior 
to IRI surgery. Mice were anesthetized with 2.5% isoflu‑
rane, subjected to renal IRI surgery, and euthanized 24 h 
postoperatively. In addition, conventional indexes of Scr 
and BUN were detected by a standard biochemical analyzer, 
and renal tissues were stored at ‑80˚C for further analyses.
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Cell culture. The TKPT cell line (ATCC; cat. no. CRL‑3361) 
was cultured in Dulbecco's Modified Eagle Medium (DMEM)/
F‑12 medium (cat. no.  319075CL; Gibco; Thermo Fisher 
Scientific, Inc.) containing 10% fetal bovine serum (FBS; cat. 
no. 26170035; Gibco; Thermo Fisher Scientific, Inc.;) and 1% 
penicillin‑streptomycin (cat. no. C0224; Beyotime Institute 
of Biotechnology) at 37˚C under a 5% CO2 humidified atmo‑
sphere. For drug use, TKPTs (1x106) were initially incubated 
with selected concentrations of LIG for 24 h and then stimu‑
lated with 5 µg/ml CDDP (cat. no. P4394; MilliporeSigma) for 
another 24 h. The control group was given the equal volume of 
0.1% DMSO (cat. no. D2650; MilliporeSigma). Total cellular 
proteins or RNA were harvested for subsequent analysis.

GSK3β‑knockout (GSK3β‑KO) TKPTs constructed: The 
CRISPR/Cas9 plasmids targeting mouse GSK3β [the guide (g) 
RNA sequences are presented in Table SI] were constructed 
by using PX459 (cat. no. 62988; Addgene, Inc.). gRNAs were 
designed using Benchling's CRISPR Guide RNA Design Tool 
(https://benchling.com/). gRNA1 targeted exon 1 of GSK3b, 
affecting the N‑terminal regulatory region, while gRNA2 
targeted exon 5, affecting the C‑terminal catalytic lobe. Then 
the plasmids were transfected into TKPTs using Lipofectamine 
2000 (cat. no. 11,668,030; Thermo Fisher Scientific, Inc.), and 
the positive cells were selected using puromycin (2 µg/ml) for 
3 days prior to clonal expansion. PX459 was used as a negative 
control. Western blotting (WB) was performed to confirm the 
successful knockout of GSK3β.

Renal histopathological examinations. The preserved 
kidney tissues from mice were cut into 4‑µm sections using 
a microtome. After deparaffination (Paraffin sections were 
deparaffinized in xylene for 5‑10 min, repeated twice) and 
rehydration (through a graded ethanol series 100, 95, 85, 75%, 
5 min each, and rinsed in distilled water), all slides were 
subjected to routine staining with periodic acid‑Schiff (PAS) 
staining (cat. no. C0142S; Beyotime Institute of Biotechnology) 
synchronously, following the manufacturer's instructions. 
Briefly, after deparaffinization, the paraffin sections were 
immersed in distilled water. PAS oxidizing agent was applied 
to the sections, and incubated at room temperature for 5 min. 
The sections were rinsed with distilled water twice, 1 min 
each time. The sections were covered with Schiff's reagent 
and stained in the dark for 10 min, before rinsing again with 
distilled water for 2 min. The nuclei were counterstained with 
hematoxylin for 2 min. The evaluation of renal pathological 
changes involved the assessing renal tubular dilation, brush 
border loss, tubular cell necrosis, intratubular cell detach‑
ment and cast formation. The pathological indicators of each 
manifestation were graded using a semi‑quantitative scoring 
method: 0 (no damage), 1 (<25), 2 (25‑50%), 3 (50‑75%) 
and 4 (>75%), referring to our previous study (24). The sum 
of the tubular injury score was separately calculated in ≥5 
randomly different fields per sample (magnification, x400) 
by a professional brightfield microscope (BX51; Olympus 
Corporation).

Reverse transcription‑quantitative PCR (RT‑qPCR). RNA 
was obtained from fresh renal tissues of the model mice using 
the TRIzol kit (cat. no. 9108; Takara bio, Inc.). The extracted 
RNA was adjusted to a concentration of 1 µg/µl and reversely 

transcribed into cDNA following the manufacturer's protocol. 
The cDNA was amplified on the QuantStudio™ 3 system 
using SYBR Green Master Mix (cat. no. q111‑02/03; Vazyme 
Biotech Co., Ltd.). Cycling conditions were as follows: 95˚C 
for 10  min, followed by 40 repeats of 15  sec at 95˚C for 
denaturation and 1 min at 60˚C for annealing and extension. 
The primers (Table SI) were synthesized by a biotechnology 
company (Beijing Tsingke Biotech Co., Ltd.). The mRNA 
levels were normalized to β‑actin which was used as the 
reference gene and quantified using the 2‑ΔΔCq method (25).

WB. Protein was isolated from homogenized renal biopsies 
(30 mg/mouse) and TKPT cells (2x106) using RIPA buffer 
(cat. no.  P0013B; Beyotime Institute of Biotechnology); 
subsequently, protein samples (30  µg) were subjected to 
10% SDS‑PAGE (cat. no.  P0012A; Beyotime Institute of 
Biotechnology) under the condition of constant voltage of 120 
V and transferred onto PVDF membranes (cat. no. IPFL00010; 
Merck KGaA). After blocking in 5% skim milk, the membranes 
were incubated with the targeted antibodies (Table SII) over‑
night at 4˚C, washed with Tris‑buffered saline containing 
0.02% Tween (TBST) and incubated with HRP‑conjugated 
secondary antibodies at RT for 1 h. Following SuperSignal™ 
West Pico Chemiluminescent Substrate Kit (cat. no. 34577; 
Thermo Fisher Scientific, Inc.), the proteins bands were finally 
visualized using a chemiluminescence system (ChemiDoc™ 
ECL; Bio‑Rad Laboratories, Inc.) and measured using ImageJ 
software (version 1.51; National Institutes of Health). For 
fraction WB, nuclear and cytoplasmic protein were extracted 
using a Nuclear and Cytoplasmic Protein Extraction Kit 
(cat. no. P0027; Beyotime Institute of Biotechnology). Then 
the protein samples were analyzed by WB.

Cell viability, cell death and cell injury assays. TKPT cells 
were cultured in 96‑well v‑bottom plates at 2x104 cells per 
well and allowed to attach overnight with the appropriate 
growth medium. After the indicated drug treatment dura‑
tion, the medium was replaced with the Cell Counting Kit‑8 
(CCK‑8) reagent (cat. no. KGA317; Nanjing KeyGen Biotech 
Co., Ltd.). TKPT cells were incubated with CCK‑8 medium 
(10 µl CCK8 + 90 µl serum‑free cell culture medium per well) 
at 37˚C for 2 h, and the absorbance was measured at 450 nm 
using a commercial microplate absorbance reader (BioTek 
Synergy H1; Agilent Technologies, Inc.). The percentage of 
viable cells in each group was calculated and compared as a 
percentage relative to untreated controls. Liproxstatin‑1 was 
used as the ferroptosis inhibitor control because it is a highly 
potent, stable, and widely accepted canonical inhibitor. 
Compared with ferrostatin‑1, liproxstatin‑1 shows greater 
metabolic stability and comparable or higher inhibitory effi‑
cacy, making it more suitable for our experimental system. 
Extensive literature confirms liproxstatin‑1 as a reliable posi‑
tive control to verify ferroptosis (26), thus justifying its use 
as the sole inhibitor. For ferroptosis‑specific rescue experi‑
ments, liproxstatin‑1 (cat. no. HY‑12726; MedChemExpress) 
was used as a ferroptosis‑specific inhibitor in the present 
study.

In the cell death assay, a common BrightGreen kit (cat. 
no. A112‑01/02/03; Vazyme Biotech Co., Ltd.) was utilized for 
TUNEL staining. Initially, 4‑µm frozen renal tissue sections 
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were fixed with 4% paraformaldehyde at room temperature to 
preserve the integrity of the cellular structure. Subsequently, 
the slides were treated with 0.1% Triton X‑100 at room temper‑
ature for 5 min. Then, the TdT enzyme recommended by the 
kit, along with fluorescently labeled dUTP, was added to the 
samples. After washing, the samples were dried in the dark, 
mounted with an anti‑fade mounting medium and observed 
under a fluorescence microscope (Carl Zeiss AG). Finally, the 
positive green fluorescent cell counts were calculated.

In addition, TKPT cell injury was also analyzed. The 
cells were cultured in 12‑well plates at 2x105 cells per well 
and allowed to attach overnight with the appropriate growth 
medium. The cells were incubated with CDDP (5 mg/ml) with 
or without LIG treatment (20 µM) for 24 h. The cell supernatant 
was collected by centrifugation (5,000 x g) at 4˚C for 5 min. 
The lactate dehydrogenase (LDH) levels in the supernatant 
were detected using a LDH Release Assay Kit (cat. no. C0016; 
Beyotime Institute of Biotechnology) according to the manu‑
facturer's instructions.

Cellular thermal shift assay (CETSA). In vitro, the target 
proteins of LIG were identified using the CETSA method (27). 
TKPTs were seeded on culture plates and treated with 20 µM 
LIG. The supernatant of the cell lysate was heated for 3 min 
in a Veriti thermal cycler (Applied Biosystems; Thermo Fisher 
Scientific, Inc.) at temperatures ranging from 42 to 52˚C, 
then cooled at 4˚C for 3 min. The heat‑denatured precipitated 
proteins were removed by centrifugation. The target proteins 
were quantified via WB, and the melting curve of soluble 
GSK3β protein was plotted using GraphPad (version 6.01; 
Dotmatics).

Immunohistochemical (IHC) staining. Briefly, the mouse 
kidneys were fixed and cut into 4‑µm sections. IHC staining 
was performed on all samples from each group, with three 
sections for each sample. Further steps of dewaxing, hydration, 
antigen retrieval, inactivation of endogenous enzymes and 
blocking were carried out following standard protocols (28). To 
characterize inflammatory levels of the affected kidney, immu‑
nostaining was performed on kidney sections using primary 
antibodies for F4/80 (1:100; cat. no. 70076; Cell Signaling 
Technology, Inc.) at 4˚C overnight and then incubated with 
SignalStain® Boost IHC Detection Reagent (HRP, Rabbit) (cat. 
no. 8114S; Cell Signaling Technology, Inc.) as the secondary 
antibody at room temperature for 1 h. A total of 5 microscopic 
images were captured randomly from each section (magnifica‑
tion, x40). Subsequently, representative images were imaged 
using a digital slide scanner (Olympus Corporation). Finally, 
the integrated optical density (IOD) values of each visual 
field were quantified using ImageJ software (1.51j8; National 
Institutes of Health), and a semi‑quantitative analysis of F4/80 
expression was analyzed.

Immunofluorescence (IF) staining and confocal microscopy. 
For IF staining, the renal sections (4 µm) were dewaxed, then 
antigen retrieval for the paraffin‑embedded renal sections 
was performed using the microwave heating method in 
citrate antigen retrieval solution (cat. no. P0083; Beyotime 
Institute of Biotechnology). Selected sections were incubated 
with 10% FBS containing 0.3% Triton‑X‑100. The slides 

were immunostained using primary antibodies (Table SIII). 
Subsequently, secondary antibodies (listed in Table  SIII) 
were applied and DAPI (cat. no. C1006; Beyotime Institute of 
Biotechnology) was employed to stain cell nuclei. All sections 
were then visualized with a confocal laser microscope 
(Carl Zeiss AG).

Transmission electron microscopy (TEM). The maximum 
size of 1 mm3 fresh renal cortex tissue was fixed with 1.25% 
glutaraldehyde, post‑fixation using 1% osmium tetroxide and 
embedded in a mold filled with epoxy resin in accordance 
with our previous study (13). The tissues were then sectioned 
into ultrathin slices measuring 60‑90 nm in thickness and 
mounted on nickel grids. These sections were double‑stained 
with uranyl acetate and lead citrate. The ultrastructure of 
mitochondria within renal tubules was examined using 
TEM (JEOL, Ltd.). Mitochondrial morphological alterations 
associated with ferroptosis were evaluated under TEM. Cells 
exhibiting mitochondrial shrinkage, increased matrix electron 
density, reduced or disorganized cristae, and outer mitochon‑
drial membrane disruption were defined as ferroptosis‑related 
damaged mitochondria. These morphological features were 
assessed in at least five randomly selected fields per sample, 
and representative images were acquired for quantitative and 
qualitative analysis.

Cellular iron assay. In the analysis system of renal iron 
metabolism, the levels of ferrous ion (Fe2+) content both in 
the kidney tissues and cultured cells were measured by using 
a Ferrous Ion Content Assay Kit (cat. no. BC5410; Beijing 
Solarbio Science & Technology Co., Ltd.). Firstly, 0.1 g mouse 
kidney tissue was accurately weighed, 1 ml extraction buffer 
was added to homogenize these samples on ice and they were 
centrifuged (5,000 x g) at 4˚C for 5 min to collect the superna‑
tant. Afterward, a standard curve was prepared with reference 
compounds according to the instructions of the manufacturer 
and the absorbance was measured at 593 nm using a common 
microplate reader (BioTek Synergy H1; Agilent Technologies, 
Inc.). Finally, the Fe2+ levels (mM/mg) were calculated based 
on the sample mass.

Lipid peroxidation assays. C11‑BODIPY™ 581/591 (cat. 
no. D3861; Thermo Fisher Scientific, Inc.), a lipid‑soluble 
ratio metric fluorescent indicator, was employed to detect 
cellular lipid peroxidation levels. As per the manufacturer's 
instructions, ~106 TKPT cells were seeded on round coverslips 
overnight. Subsequently, the TKPTs were stained by 5 µM 
BODIPY for 30 min at room temperature and washed with 
PBS. Upon oxidation, mean fluorescence intensity (MFI) was 
observed using a fluorescent microscope (LSM 900; Carl Zeiss 
AG) at an excitation wavelength shifting from 581 to 500 nm 
and an emission shifting from 591 to 510 nm. The levels of 
malondialdehyde (MDA) and the relative ratio of glutathione 
(GSH) to glutathione disulfide (GSSG) were utilized to detect 
membrane lipid peroxidation in renal tissues or TKPT cells. 
Briefly, the activity of MDA for the experimental samples 
was detected using a Lipid Peroxidation MDA Assay Kit (cat. 
no. S0131; Beyotime Institute of Biotechnology), while the 
GSH/GSSG ratio was evaluated with a GSH and GSSG Assay 
Kit (cat. no. S0053; Beyotime Institute of Biotechnology). 
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The absorbances were measured using a common microplate 
reader (BioTek Synergy H1; Agilent Technologies, Inc.).

LIG targets analysis and molecular docking. The potential 
targets of LIG were predicted using the Swisstarget prediction 
software (https://swisstargetprediction.ch/). The crystal struc‑
ture of GSK3β employed for molecular docking was retrieved 
from the RCSB Protein Data Bank (PDB ID: 1H8F). The 
three‑dimensional structure of LIG (PubChem Compound 
CID: 10417462) was obtained from the PubChem database 
as a candidate ligand targeting GSK3β. Molecular docking 
simulations between LIG and GSK3β were conducted using 
AutoDock Vina (version 4.2.6), an open‑source tool devel‑
oped by the Center for Computational Structural Biology at 
Scripps Research, to evaluate their potential binding interac‑
tion. All generated docking conformations were re‑evaluated 
using the GBVI/WSA dG scoring function, with binding 
affinities expressed in kcal/mol. The binding conformation 
corresponding to the minimum binding free energy was 
defined as the optimal binding mode  (29). The molecular 
interaction patterns derived from docking were further visual‑
ized and analyzed using PyMOL (v2.6.2; Schrödinger, Inc.), 
a molecular visualization system originally developed by 
Warren L. DeLano.

Statistical analyses. Statistical analyses were performed using 
GraphPad Prism 6.01 or IBM SPSS 13.0 (SPSS, Inc.) statis‑
tics software. All data presented in the figures are expressed 
as the mean ± SD. For animal models, a sample size of n=6 
per group was chosen based on previous studies with similar 
experimental designs and models (30,31), as well as results 
from the authors' preliminary experiments. This sample size 
was considered adequate to ensure the reliability of statistical 
comparisons and to meet the ethical requirements for animal 
use, all cell experiments replicated three times or more. 
Normality of the data was tested using the Shapiro‑Wilk 
test. Results confirmed that the data were normally distrib‑
uted, so parametric tests were used for subsequent statistical 
analysis. Group differences were analyzed using one‑ or 
two‑way analysis of variance (ANOVA) with Tukey's post hoc 
multiple comparisons test. P<0.05 was considered to indicate a 
statistically significant difference.

Results

LIG mitigates AKI induced by CDDP in a murine model. 
To investigate the potential therapeutic role of LIG in AKI, 
a well‑characterized CDDP‑induced AKI mouse model was 
established with LIG administered via intragastric gavage. 
A dose of 15 mg/kg LIG could enhance BUN level in AKI 
mouse, yet it had no significant impact on Scr. Following 
20 mg/kg CDDP administration, Scr and BUN levels in mice 
were significantly elevated. Treatment with 30 mg/kg LIG 
significantly improved renal function, as evidenced by reduced 
SCr and BUN levels (Fig. 1A). Furthermore, histopathological 
evaluation revealed that LIG treatment significantly ameliorated 
tubular injury in the CDDP‑induced AKI model (Fig. 1B). PAS 
staining was employed to assess renal morphological changes. 
In CDDP‑treated mice, marked tubular necrosis, dilation and 
protein cast formation were observed (Fig. 1C). However, 

LIG treatment effectively mitigated these pathological altera‑
tions. To further validate the protective effects of LIG, WB 
was performed to evaluate kidney injury molecule‑1 (KIM‑1) 
and neutrophil gelatinase‑associated lipocalin (NGAL). The 
results demonstrated that KIM‑1 and NGAL expression levels 
were markedly elevated in the kidneys of AKI mice compared 
with the control group, whereas LIG treatment significantly 
downregulated their expression (Fig.  1D). Notably, LIG 
alone did not affect renal function or morphology. These 
findings indicate that LIG exerts a protective effect against 
CDDP‑induced AKI.

LIG reduces tubular apoptosis and inflammatory response. 
To assess CDDP‑induced apoptosis, TUNEL staining was 
performed. The results revealed a significant increase in 
TUNEL‑positive cells in the CDDP group, which was signifi‑
cantly reduced following LIG treatment, approaching the 
levels observed in the normal control group. No significant 
changes in cell apoptosis were observed in healthy mice 
treated with LIG alone (Fig. 2A). To elucidate the underlying 
anti‑apoptotic mechanism, WB was employed to evaluate the 
expression of cleaved caspase 3, a key executor of apoptosis. 
LIG significantly attenuated the CDDP‑induced increase 
in cleaved caspase 3 expression, thereby reducing apoptosis 
(Fig. 2B). Moreover, protein expression of phosphorylated 
RIP3 (Ser232), a hallmark of necroptosis, was not reduced by 
LIG, suggesting that LIG does not alleviate CDDP‑triggered 
necroptosis (Fig. 2B). Histological analysis further demon‑
strated that LIG administration significantly decreased the 
number of F4/80‑positive cells in the kidneys of CDDP‑treated 
mice (Fig. 2C). Furthermore, RT‑qPCR analysis was performed 
to assess the mRNA expression of proinflammatory genes, 
including TNFα, IL‑1β, IL6 and MCP1, in mouse kidneys. The 
results revealed that CDDP‑induced upregulation of TNFα, 
IL‑1β, IL6 and MCP1 mRNA levels was significantly attenu‑
ated by LIG treatment (Fig. 2D). These results suggest that 
LIG suppresses macrophage infiltration and the associated 
inflammatory response in the kidney.

LIG activates NRF2 by inhibiting GSK3β in  vivo and 
in vitro. To further elucidate the molecular mechanisms of 
LIG against CDDP‑induced AKI, the potential targets of LIG 
were predicted using the Swisstarget prediction software. 
Additionally, molecular docking of these potential targets was 
performed using AutoDock (version 4.2.6) to determine the 
molecules interacting with LIG. Among these possible targets, 
LIG exhibited the highest binding affinity with GSK3β 
(Fig. 3A). A three‑dimensional molecular interaction model 
was constructed to investigate the spatial interaction between 
LIG and GSK3β (Fig. 3B), suggesting a possible direct binding 
at the molecular level.

The cytotoxicity of LIG was assessed using a CCK‑8 
assay, which demonstrated that concentrations <200 µM did 
not significantly affect cell viability (Fig. S1A). Additionally, 
CETSA results indicated that LIG enhanced the thermal 
stability of GSK3β, indicating that LIG may bind directly to 
GSK3β (Fig. 3C). Previous studies have reported that phos‑
phorylation of GSK3b at serine 9 (Ser9) and tyrosine 216 
(Tyr216) reflects its inhibition and activation, respec‑
tively (32,33). In the present study, the phosphorylation level 
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of GSK3b at Ser9 was examined to determine whether LIG 
could suppress the activity of GSK3b. For these reasons, 
the phosphorylation level of GSK3β at Ser9 was only 
analyzed. WB and semi‑quantitative analysis revealed that 
LIG promoted the phosphorylation of GSK3β at Ser9 in a 
concentration‑dependent manner (Figs. 3D and S1B). NRF2, 
a pivotal antioxidant transcription factor  (25), exhibited 
enhanced expression and nuclear translocation in response 
to LIG treatment (Figs.  3E  and  S1C). The expression of 
glutathione peroxidase 4 (GPX4), heme oxygenase‑1 (HO‑1), 
NADPH quinone oxidoreductase 1 and solute carrier family 7 
member 11, well‑characterized transcriptional targets 
of NRF2 in TKPTs were next examined following LIG 

treatment. The data demonstrated that LIG dose‑dependently 
increased both mRNA and protein levels of these target genes 
(Figs. 3F and S1D and E). Additionally, whether LIG treatment 
activates NRF2 in mouse kidneys was assessed. Mice were 
administered LIG (30 mg/kg/day) or vehicle by oral gavage for 
72 h. WB (Figs. 3G and S1F) and IF staining (Fig. 3H) revealed 
that treatment with 30 mg/kg/day LIG markedly activated 
NRF2 via inhibition of GSK3β in mouse kidneys. Collectively, 
these findings demonstrate that LIG mitigates AKI, potentially 
through activation of the GSK3β/NRF2 pathway.

LIG protects against AKI by inhibiting ferroptosis in mice. In 
the present experiments, CDDP‑induced AKI was associated 

Figure 1. LIG mitigates acute kidney injury induced by CDDP in a murine model. (A) SCr and BUN levels in mice. (B) Calculation of tubular injury 
score based on PAS staining. (C) PAS staining for renal histopathology (magnification, x200 and x400). (D) Western blotting detection of the expression of 
tubular injury molecules KIM‑1 and NGAL and semi‑quantitative analysis of protein band intensities is presented on the right (n=6). *P<0.05, **P<0.01 and 
****P<0.0001, (one‑way ANOVA or unpaired t‑test). LIG, ligustroflavone; CDDP, cisplatin; SCr, serum creatinine; BUN, blood urea nitrogen; PAS, periodic 
acid‑Schiff; KIM‑1, kidney injury molecule‑1; NGAL, neutrophil gelatinase‑associated lipocalin; vehicle, control; ns, not significant.
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with increased Fe2+ concentration (Fig. 4A), elevated MDA 
levels (Fig.  4B), reduced GSH/GSSG ratio (Fig.  4C) and 
dysregulated expression of metabolic genes (Fig. 4D). All 

these abnormal levels were markedly improved by LIG treat‑
ment, indicating the involvement of anti‑ferroptosis effects 
of LIG in protecting against AKI. Additionally, WB analysis 

Figure 2. LIG treatment reduces cell apoptosis and inflammatory response in acute kidney injury. (A) TUNEL staining and quantitative analysis were conducted, 
with corresponding images generated. (B) The expression of cleaved caspase‑3 was assessed using western blotting. (C) The staining distribution of F4/80 was 
evaluated using immunohistochemistry. (D) The mRNA levels of inflammatory genes including TNF, IL1β, IL‑6 and MCP1 in kidneys of cisplatin‑induced 
mice with or without LIG (30 mg/kg/day) treatment were analyzed using reverse transcription‑quantitative PCR. The results are expressed as the mean ± SD 
of 6 mice in each group. *P<0.05, **P<0.01 and ****P<0.0001 (one‑way ANOVA or unpaired t‑test). LIG, ligustroflavone; CDDP, cisplatin; P‑, phosphorylated.
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revealed that LIG treatment upregulated GPX4 expression, 
downregulated MPO expression and inhibited GSK3β activity 
(Fig. 4E), indicating suppression of ferroptosis by LIG treat‑
ment. At the mitochondrial level, LIG enhanced the expression 
of ATP synthase subunit b (ATPB) and superoxide dismutase 2 
(SOD2), thereby improving mitochondrial antioxidant capacity 
(Fig.  4F). IF staining further demonstrated a significant 
decrease in the lipid peroxidation marker 4‑hydroxynonenal 
(4‑HNE) following LIG treatment (Fig. 4G). TEM showed 
that LIG reduced ferroptosis‑related mitochondrial damage 

induced by CDDP (Fig. 4H). These findings suggest that LIG 
protects against AKI by inhibiting ferroptosis.

LIG alleviates CDDP‑induced cellular oxidative damage and 
exerts a protective effect dependent on GSK3β. In vivo studies 
demonstrated that LIG mitigates CDDP‑induced AKI by modu‑
lating oxidative stress, lipid peroxidation and the GSK3/NRF2 
signaling pathway. To validate these findings in  vitro, a 
CDDP‑induced cell injury model was established. Exposure to 
CDDP significantly reduced cell viability (Fig. 5A), increased 

Figure 3. LIG activates NRF2 by inhibiting GSK3β to improve acute kidney injury. (A) Molecular docking analysis of the candidate targets with LIG. 
(B) A three‑dimensional molecular interaction model. (C) A cellular thermal shift assay was performed to verify the direct binding of LIG to GSK3β. (D) WB 
of GSK3β and its phosphorylation in TKPTs treatment with LIG (0, 5, 10, 15, 20, 30 µM) for 24 h, the semi‑quantitative analysis of protein band intensities 
is presented on Fig. S1B. (E) Subcellular localization of NRF2 were analyzed by fraction western blot in TKPTs treated with LIG (10, 20 µM) for 24 h, the 
semi‑quantitative analysis of protein band intensities is presented on Fig. S1C. (F) WB of GPX4 and HO‑1 in TKPTs treatment with LIG (10, 20 µM) for 24 h, 
the semi‑quantitative analysis of protein band intensities is presented on Fig. S1D. (G) The protein levels of NRF2 and p‑GSK3β (Ser9) in mice kidneys daily 
gavage with LIG (30 mg/kg/day) or vehicle for 72 h, the semi‑quantitative analysis of protein band intensities is presented on Fig. S1F. (H) Immunofluorescent 
staining of NRF2, LTL and DAPI in mice kidneys daily gavage with LIG (30 mg/kg/day) or vehicle for 72 h. LIG, ligustroflavone; NRF2, nuclear factor 
erythroid 2‑related factor 2; GSK3β, glycogen synthase kinase 3β; TKPTs, mouse renal proximal tubular epithelial cells; WB, western blotting; p‑, phosphory‑
lated; LTL, Lotus tetragonolobus lectin.
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LDH release (Fig. 5B), elevated MDA levels (Fig. 5C) and 
decreased the GSH/GSSG ratio (Fig. 5D), indicating substan‑
tial oxidative stress and cellular damage. Enhanced BODIPY 

fluorescence further confirmed increased lipid peroxidation 
(Fig. 5E). However, LIG treatment effectively reversed these 
detrimental effects. Additionally, GSK3β‑KO, was successfully 

Figure 4. LIG treats acute kidney injury by inhibiting the ferroptosis pathway. (A) The concentration of Fe2+ levels. (B) The levels of MDA. (C) The GSH/GSSG 
ratio. (D) The expression of genes related to ferroptosis. (E) WB analysis the protein levels of GPX4, MPO and p‑GSK3β (Ser9) in mice kidneys daily gavage 
with LIG (30 mg/kg/day) or vehicle then treated with cisplatin (20 mg/kg) for 72 h. (F) WB analysis the protein levels of ATPB and SOD2 in mice kidneys. 
(G) Immunofluorescent staining for 4‑HNE in mice kidneys. (H) Transmission electron microscopy observation of mitochondrial damage in mice kidneys, the 
ferroptosis‑related damaged mitochondria characterized by mitochondrial atrophy, reduced or even disappearing cristae and increased membrane density is 
indicated by red arrow. *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001 (one‑way ANOVA or two‑way ANOVA). LIG, ligustroflavone; MDA, malondialdehyde; 
GSH, reduced glutathione; GSSG, glutathione disulfide; WB, western blotting; GPX4, glutathione peroxidase 4; MPO, myeloperoxidase; p‑, phosphorylated; 
GSK3β, glycogen synthase kinase 3β; ATPB, ATP synthase subunit b; SOD2, superoxide dismutase 2; 4‑HNE, 4‑hydroxynonenal; CDDP, cisplatin.
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established (Fig. 5F). The results showed GSK3β‑KO signifi‑
cantly protected against CDDP‑induced cell death. However, no 

additional protective effect of LIG was observed in GSK3β‑ΚΟ 
TKPTs, as evidenced by cell viability measurements (Fig. 5G), 

Figure 5. LIG protects against CDDP‑induced damaged cells by regulating oxidative stress, lipid peroxidation and the GSK3β pathway. (A) Cell viability performed by 
CCK‑8 assay in TKPTs treated with LIG (20 µM) and cisplatin (5 µg/ml) for 24 h. (B) LDH release was analyzed. (C) MDA levels were detected. (D) The GSH/GSSG 
ratio of TKPTs was analyzed. (E) Cisplatin induced lipid peroxidation in TKPTs were analyzed by staining with a BODIPY 581/591 C11 probe (green, oxidized 
lipids; blue, Hoechst; scale bar, 10 µm). (F) The successful construction of GSK3β‑knockout TKPTs was analyzed using western blotting. (G) GSK3β‑knockout 
and control TKPTs were treated with cisplatin with or without LIG treatment, and the cell viability was detected using CCK‑8 assay. (H) TKPTs were treated with 
or without cisplatin for 24 h with lipro‑1 (1 µM), LIG (20 µM) or LIG (20 µM) + lipro‑1 (1 µM) treatment, and the cell viability was detected using a CCK‑8 assay. 
The data are presented as the mean ± SD. **P<0.01, ***P<0.001 and ****P<0.0001 (one‑way ANOVA or two‑way ANOVA). LIG, ligustroflavone; CDDP, cisplatin; 
GSK3β, glycogen synthase kinase 3β; CCK‑8, Cell Counting Kit‑8; TKPTs, mouse renal proximal tubular epithelial cells; LDH, lactate dehydrogenase; MDA, 
malondialdehyde; GSH, reduced glutathione; GSSG, glutathione disulfide; lipro‑1, liproxstatin‑1; ns, not significant; NC, negative control.
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suggesting that GSK3β serves a critical role in mediating the 
protective effects of LIG. The results also showed that LIG 
protected against CDDP‑induced cell death similar to that of 
liproxstatin‑1, a well‑known ferroptosis inhibitor in TKPTS 

(Fig. 5H). Additionally, LIG exerted no additional protective 
effects in liproxstatin‑1‑treated TKPTs, suggesting that LIG 
protects against CDDP‑induced cell death, at least in part by 
inhibiting ferroptosis. Overall, these in vitro results support the 

Figure 6. LIG prevents IRI‑induced AKI by inhibiting ferroptosis. (A) BUN and SCr levels in IRI‑induced AKI mice. (B) MDA levels in kidneys of mice with 
IRI‑induced mice. (C) The concentration of Fe2+. (D) Periodic acid‑Schiff staining for renal histopathology. (E) Western blot analysis of KIM‑1, NGAL, NRF2 
and GPX4 expression. (F) Transmission electron microscopy observation of mitochondrial damage. *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001 (one‑way 
ANOVA or two‑way ANOVA). LIG, ligustroflavone; IRI, ischemia/reperfusion injury; AKI, acute kidney injury; BUN, blood urea nitrogen; SCr, serum 
creatinine; MDA, malondialdehyde; KIM‑1, kidney injury molecule‑1; NGAL, neutrophil gelatinase‑associated lipocalin; NRF2, nuclear factor erythroid 
2‑related factor 2; GPX4, glutathione peroxidase 4.
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hypothesis that LIG protects against CDDP‑induced oxidative 
stress and lipid peroxidation by affecting GSK3β signaling.

LIG prevents IRI‑induced AKI by inhibiting ferroptosis. To 
further evaluate the therapeutic potential of LIG in different 
models of AKI, an IRI‑induced AKI model was established, 
and LIG was administered via intragastric gavage. Similar to 
the CDDP model, IRI significantly increased SCr and BUN 
levels, which were markedly reduced following LIG treatment 
(Fig. 6A). Biochemical analysis revealed that LIG significantly 
attenuated the IRI‑induced elevation of MDA levels (Fig. 6B) 
and Fe2+ content (Fig. 6C) in mouse kidneys, indicating suppres‑
sion of lipid peroxidation. PAS staining confirmed that LIG 
attenuated tubular damage (Fig. 6D). TEM further demonstrated 
reduced mitochondrial injury. Moreover, LIG upregulated the 
expression of ferroptosis‑inhibiting genes including NRF2 and 
GPX4, while downregulating kidney injury markers including 
KIM‑1 and NGAL (Fig. 6E). TEM demonstrated that LIG 
reduced ferroptosis‑related mitochondrial damage induced by 
IRI (Fig. 6F). These findings suggest that LIG protects against 
IRI‑induced AKI by inhibiting ferroptosis.

Discussion

AKI is a prevalent clinical syndrome that carries a substantial 
burden of morbidity and elevated mortality  (34). AKI can 
result in renal fibrosis and irreversible chronic kidney disease 
(CKD) (35). The etiology of AKI is multifactorial, with acute 

tubular necrosis, IRI and nephrotoxic agents being the primary 
causes (36). Recent research has indicated that both patients 
with AKI and AKI animal models exhibit disruptions in iron 
and lipid metabolism, culminating in iron‑mediated cell death 
in RTECs (37,38). Therefore, targeting iron‑mediated RTEC 
death holds promise as a therapeutic approach for AKI.

The present research demonstrated that LIG significantly 
shields renal tubular cells from CDDP‑induced AKI by mitigating 
iron‑mediated cell death. To elucidate the mechanism under‑
lying the effects of LIG on AKI, IF, WB and lipid peroxidation 
assays were performed to assess alterations in the expression of 
MDA, GPX4 and other relevant indicators. The comprehensive 
experimental findings revealed that LIG confers renal protec‑
tion primarily through the GSK3β/NRF2 pathway, thereby 
enhancing antioxidant defense mechanisms and mitigating 
cellular injury. In the group treated with CDDP, LIG markedly 
decreased renal injury markers, reflecting the protective effects 
of LIG. Furthermore, TUNEL staining and assessment of 
cleaved caspase‑3 levels indicated that LIG suppressed apoptosis 
and mitigated the renal inflammatory response. The reduction in 
MPO activity and F4/80 expression further supported the notion 
that the inflammatory response was inhibited. Previous research 
has highlighted the antioxidant, anti‑aging and anti‑inflamma‑
tory properties of LIG (39), which align with its traditional use 
in Chinese medicine for conditions such as intestinal ischemia 
in perfusion injury (40), mental disorders (41) and diabetes (42). 
These findings are in line with the outcomes of the current study. 
Additionally, a previous study demonstrated that LIG was safe 

Figure 7. Schematic diagram of the present study. Overview of the role and mechanism of ligustroflavone in acute kidney injury. GSK3β, glycogen synthase 
kinase 3β; GPX4, glutathione peroxidase 4; NRF2, nuclear factor erythroid 2‑related factor 2.
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and exhibited favorable bioavailability following oral admin‑
istration, with rapid intestinal absorption and extensive in vivo 
metabolism in mice (19).

The present study revealed that LIG, a possible inhibitor 
of GSK3β, increased NRF2 nuclear translocation, which 
culminated in the activation of the cytoprotective NRF2 
pathway (32,43). This NRF2 activation further triggers a suite 
of antioxidant genes, including GPX4, SOD2 and ATPB, with 
GPX4 being especially critical for the modulation of ferrop‑
tosis (44). The increase in GPX4 expression levels, the reduction 
in 4‑HNE levels and the mitigation of lipid peroxidation strongly 
support the efficacy of LIG in ameliorating ferroptotic injury. 
According to previous studies, the GSK3β/NRF2 ferroptosis 
pathway serves a protective role in regulating ferroptosis in 
neurodegenerative diseases (45,46), ischemic cardiovascular 
and cerebrovascular diseases (47), liver injury (48) and other 
inflammation‑related diseases (49,50).

GSK3β is widely expressed in the kidneys and has 
been demonstrated to be a positive regulator of ferroptosis. 
Knockdown of GSK3β decreases iron metabolism and the 
occurrence of ferroptosis (51). In LPS‑induced AKI, a GSK3β 
inhibitor can promote the phosphorylation of GSK3β in renal 
tubules and facilitate the nuclear translocation of NRF2, leading 
to the upregulation of its downstream genes, such as HO‑1 and 
NAD(P)H quinone oxidoreductase‑1, thereby contributing to 
the amelioration of renal injury and the restoration of kidney 
function (52). Treatment with the novel GSK3β inhibitor 5n 
markedly alleviated renal damage and inflammatory expres‑
sion in a CDDP‑induced AKI mouse model, by interacting 
with PP2Ac to regulate the downstream activity of NF‑κB (53). 
Furthermore, in a mouse model of kidney injury induced by 
folic acid, by targeting GSK3β in renal tubular cells, the NRF2 
antioxidant response can be restored and the transformation 
of AKI to CKD can be prevented (54). In conclusion, the use 
of a new GSK3β inhibitor for preventing AKI may provide a 
potential strategy for the clinical treatment of AKI.

The present study is a novel investigation into the cura‑
tive effect of LIG for the treatment of AKI. LIG could prevent 
iron‑induced cell death via the GSK3β‑NRF2 pathway, 
suggesting that it has promising therapeutic applications in 
AKI. However, some constraints still exist. The present study 
did not include ferroptosis‑specific rescue experiments in 
animal models. Although NRF2 has numerous downstream 
targets, only the expression levels of HO‑1 and GPX4 were 
analyzed. In addition, only one cell line was used in the present 
study. Finally, CDDP or IRI‑induced AKI mice models can 
only partially reproduce AKI pathological damage in human. 
In summary, clinical drug trials for LIG need to be performed 
and its effectiveness further verified.

In conclusion, the present findings suggest that LIG effec‑
tively protects against AKI by mitigating oxidative stress and 
inflammatory response potentially via inhibiting ferroptosis 
(Fig. 7). These results not only enhance the comprehension of 
flavonoid‑mediated renal defense but also provide a theoretical 
basis for the advancement of therapeutic approaches for AKI 
utilizing LIG.
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