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Introduction: Oxidative stress is an important cause of acetaminophen (APAP)-induced liver injury (AILI). Sakuranetin (Sak) is an
antitoxin from the cherry flavonoid plant with good antioxidant effects. However, whether sakuranetine has a protective effect on
APAP-induced liver injury is not clear.

Methods: Mouse and HepG2 cell models of APAP injury were used to investigate the effect of sakuranetin on AILI and its
mechanism. Serum transaminase levels, histological changes, inflammatory mediators, oxidative stress, ferroptosis-related markers and
Nrf2 signaling pathway proteins were analyzed.

Results: Sakuranetin significantly reduced serum alanine aminotransferase (ALT) and aspartate aminotransferase (AST), as well as
inflammatory factor; increased HepG2 activity and decreased cell death; inhibited ROS production, increased glutathione (GSH)
content, expression of Glutathione Peroxidase 4 (GPX4) and Solute Carrier Family 7 Member 11 (SLC7A11), and decreased
malondialdehyde and Acyl-CoA Synthetase Long Chain Family Member 4 (ACSL4) expression in mice and HepG2 cells after
APAP treatment. Further analysis showed that sakuranetin induced the activation of the NFE2 Like BZIP Transcription Factor 2 (Nrf2)
signaling pathway in liver tissue and HepG2 cells and promoted the nuclear translocation of Nrf2. Moreover, the hepatoprotective
effect of sakuranetin and its inhibitory effect on ferroptosis were significantly attenuated by the Nrf2 inhibitor ML385.
Conclusion: Sakuranetin alleviates AILI by activating the Nrf2 signaling pathway and inhibiting ferroptosis, and sakuranetin may be
a potential therapeutic agent for the treatment of AILIL.
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Introduction

Acetaminophen is a commonly used over-the-counter antipyretic analgesic that is widely accepted due to its good
efficacy and relatively low incidence of side effects. However, in overdose or under certain conditions, paracetamol can
cause drug-related liver damage, which is one of the most serious side effects. In recent years, excessive or inappropriate
use of APAP has led to an increase in liver toxicity and damage, making it a leading cause of drug-related liver injury and
acute liver failure.? Therefore, it is important to explore the mechanism of liver damage caused by paracetamol and find
new treatment options.

APAP is metabolized in the liver by cytochrome P450 enzymes (mainly CYP2E1) to produce a highly reactive
metabolite, N-acetyl-p-benzoquinoneimine (NAPQI).>> Under normal circumstances, NAPQI and antioxidant glu-
tathione (GSH) form harmless compounds and cleared.>> When APAP intake is too large to be processed by the
liver, massive NAPQI production leads to rapid depletion of glutathione stores. After glutathione depletion, unbound
NAPQI forms covalent associations with cellular proteins and other molecules, resulting in direct cellular damage.>”

This process is accompanied by the massive formation of reactive oxygen species (ROS), which further worsens the
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oxidative stress state.® Oxidative stress plays a central role in AILI, which is not only directly involved in hepatocyte
damage, but also promotes the subsequent inflammatory response and cell death.® Therefore, it can strengthen the
antioxidant capacity of cells and effectively relieve oxidative stress, thereby reducing or preventing the hepatotoxic effect
of APAP.

Ferroptosis is a new form of iron and reactive oxygen species (ROS)-dependent regulated cell death characterized by
decreased intracellular glutathione (GSH), decreased glutathione peroxidase 4 (GPX4) activities, attenuated GPX4-
mediated anti-redox response, iron overload, and a large amount of ROS production. Ferroptosis plays an important
regulatory role in a variety of liver diseases, including liver ischemia-reperfusion injury, hepatocellular carcinoma, liver
fibrosis, and drug-induced liver injury.”® Studies have shown that the ferroptosis inhibitor ferrostatin-1 could reduce

liver damage and improve the survival rate of mice in AILL'

Furthermore, promoting ferroptosis may worsen APAP
liver injury. For example, overexpression of GAS1 exacerbates APAP liver injury by promoting ferroptosis-induced
accumulation of lipid peroxides.'!

Nrf2 is a key molecule in the antioxidant system and plays a crucial role in maintaining cellular redox homeostasis.'>
Under oxidative stress conditions, ROS accumulation induces the nuclear translocation of Nrf2 and activates the gene
expression of a number of antioxidant proteins and detoxification enzymes.'>'? In particular, taraxasterol exerts
a protective effect on AILI by activating the Nrf2 signaling pathway.'* In a mouse model of AILI, abietic acid exerted
a hepatoprotective effect by enhancing Nrf2 expression to alleviate ferroptosis.'> In addition, oxidative stress and
ferroptosis are closely related to AILI. These findings suggest that targeting the Nrf2 signaling pathway could be an
effective treatment for AILI.

Sakuranetin is a tricyclic sesquiterpene isolated from Murraya koenigii with antioxidant, anti-inflammatory, anti-
apoptotic, and anticancer properties.'® ' Sakuranetine has been reported to improve D-galactose-induced learning and
memory impairment in rats through an antioxidant mechanism.?® In addition, sakuranetine has been shown to alleviate
LPS-induced acute lung injury in part through its antioxidant effects.”' Oxidative stress was an important cause of AILI,
and sakuranetin may also be involved in the regulation of oxidative stress during AILI. However, the role of Sakuranetin
in AILI has not been investigated. Therefore, the aim of this study is to investigate the possible effects of sakuranetine on
AILL

Materials and Methods
Animals and Liver APAP Injury Model

WT wild male C57BL/6J mice (6—8 weeks, 20-25 g) used in the experiment were obtained from Jinan Xinbainuo
Biotechnology Co, LTD and were maintained under a 12-hour light/dark cycle with free access to food and water.
A total of 54 mice were used in this study (n = 6 per group). All experimental protocols followed the National
Institutes of Health Guide for the Care and Use of Laboratory Animals and the ARRIVE guidelines. The
experiment was approved by the Ethics Committee of Jingzhou Hospital Affiliated to Yangtze University (approve
number: 202401018). Before the experiment, the animals were allowed to get used to the environment for a week.
After overnight fasting, mice were injected intraperitoneally with 400 mg/kg APAP (Aladdin, Shanghai, China) to
induce liver injury, and the mice were anesthetized with intraperitoneal sodium pentobarbital (60 mg/kg) and
sacrificed 24 h after APAP administration, and liver tissue and serum samples were collected for assay analysis.
Sakuranetin was diluted in DMSO and 0.9% saline (4:1) (Vehicle), sakuranetin was administered by intraperitoneal
injection once daily for 7 days. The dose of SK used in the present study (20 mg.kg ') was based on previous

studies.?> 24

Measurement of Liver Function

24 h after APAP administration, blood was collected from the orbit, centrifuged at 3000 rpm for 10 minutes, the
supernatant was collected, and serum levels of alanine aminotransferase (ALT) and aspartate aminotransferase (AST)
were determined using ALT and AST kits (JianCheng Bioengineering Institute, Nanjing, China).
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H&E Staining

Liver tissue was fixed in 10% formalin for 48 h, embedded in paraffin, and cut into 5-um-thick paraffin sections. Sections
were roasted at 60°C for 2 h, deparaffinized in xylene, dehydrated in gradient ethanol, and stained according to the
hematoxylin and eosin (H&E) staining reagent instructions (Servicebio, Wuhan, China). After staining, the sections were
soaked in gradient ethanol and xylene dewaxing, sealed in neutral resin, and dried in a ventilated place. The pathological

changes in the liver tissue were observed under a light microscope (Olympus, Japan).

ELISA

24 h after APAP administration, blood was collected from the orbit, centrifuged at 3000 rpm for 10 min, and the
supernatant was collected. The samples were added according to the instructions of the IL-1p (Cat No. KE10003,
Proteintech, Wuhan, China), IL-6 (Cat No. KE10007, Proteintech, Wuhan, China) and TNF-o (Cat No. KE10002,
Proteintech, Wuhan, China) ELISA kit, and then detected by the enzyme marker, the standard curve was plotted
according to the OD values of the standard wells and the serum levels of the corresponding inflammatory factors were
calculated.

Oxidative Stress Analysis

Mouse liver tissue was homogenised with the extraction solution at a ratio of weight (g): volume (mL) = 1: 9. The
supernatant was collected by centrifugation at 4°C, 8000 rpm for 10 min. The protein concentration was determined
using the BCA assay kit, and then the levels of MDA and GSH in liver tissue were determined according to the
instructions of the MDA (BCO0025, Solarbio, Beijing, China) and GSH (BC1175, Solarbio, Beijing, China) Kkits.

DHE Staining

Liver tissues were embedded in OTC, frozen and cut into 5-pum-thick sections, stained with a 10 pM dihydroethidium
(DHE) fluorescent probe (Servicebio, Wuhan, China), incubated in the dark at room temperature for 1 h, then stained

with DAPI for 10 min and finally the sections were observed under a fluorescence microscope (IX71, Olympus, Japan).

Western Blot

Protein was extracted from liver tissue and HepG2 cells with different treatments according to the RIPA lysis buffer
instructions (Solarbio, Beijing, China), and the protein concentration was determined using the BCA kit (Solarbio,
Beijing, China) and adjusted to 5Sug/uL. Protein was separated with 10% or 12% SDS-PAGE glue and transferred to
PVDF membrane after electrophoresis. After membrane transfer, the membranes were blocked with 5% skimmed milk
for 1 h at room temperature and incubated with primary antibodies overnight at 4°C. The PVDF membrane was then
incubated with goat anti-rabbit or goat anti-mouse secondary antibodies for 1 hour at room temperature. After the
membranes were washed three times with TBST, ECL-Luminescence regent was added uniformly to the membrane and
the ImageQuant 800 system (Cytiva, USA) was used for imaging. Antibody information is presented in Table 1.

Table | Antibodies Information for Western Blot

Antibody | Company | Catalog Number | Source | Concentration
ACSL4 HUABIO ET7111-43 Rabbit 1:1000
SLC7AII Proteintech | 26864-1-AP Rabbit 1:1000
GPX4 CST 52455 Rabbit 1:1000
Nrf2 Proteintech | 16396-1-AP Rabbit 1:1000
HO-1 Proteintech | 10701-1-AP Rabbit 1:1000
GAPDH Proteintech | 60004-1-Ig Mouse 1:5000
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Quantitative Real-Time Polymerase Chain Reaction (qQRT-PCR)

TRIzol reagent was used to extract total RNA from liver tissue and cells, and a NanoDrop 2000 spectrophotometer was
used to measure the amount of RNA extracted. Using a reverse transcription kit, 1 pg of total RNA was converted to
cDNA. On a qPCR apparatus, cDNA was amplified using SYBR Green qPCR Mix. GAPDH served as the internal
benchmark. GAPDH served as the internal benchmark. The 2 “*CT approach was applied to the analysis. The
amplification primer sequences are displayed in Table 2.

Cell Culture and APAP Injury Model

HepG?2 cells were purchased from Procell Biotechnology Co., Ltd. and cultured in DMEM medium containing 10% FBS,
1x10° U/mL penicillin and 100 mg/mL streptomycin. The culture was maintained at 37 °C in a 5% CO, constant
temperature incubator. APAP was dissolved in DMEM culture medium at 37 °C and added to the cells after filtration
through a 0.22 pum filter and assayed after 24 hours of APAP treatment.

Cell Counting Kit-8 Assay

HepG2 cells were inoculated into 96-well plates at a density of 5000 cells/well and APAP was added 12 h later. After
24 h of APAP administration, 10 pL of CCKS8 solution (Solarbio, Beijing, China) was added to each well. After
incubation at 37°C for 1 hour, absorbance was measured at 450 nm using a microplate reader (Thermo Fisher
Scientific, Inc).

Cellular ROS Detection

HepG2 cells were inoculated into 6-well plates, APAP was added after 12 h, and DCFH-DA fluorescence probe
(Beyotime, Shanghai, China) was performed after 24 h according to the reagent instructions. After incubation at 37°C
for 20 min, the nuclei of the cells were stained with DAPI for 10 min and washed three times with serum-free DMEM
medium, then photographed and analysed by fluorescence microscopy (IX71, Olympus, Japan).

Molecular Docking
The 3D structure of sakuranetin was downloaded from PubChem (https://pubchem.ncbi.nlm.nih.gov) and saved in mol2

format after energy minimisation of the 3D structure of sakuranetin using ChemBio3D Ultra 14.0. AutodockTools was
then used to hydrogenate the mol2 format, calculate the charge, assign the charge, set the rotate key and save as “pdbqt”
format. In addition, the protein structure of Nrf2 (AF-Q60795-F1) was downloaded from the AlphaFold protein structure
database (https://alphafold.ebi.ac.uk/) and the protein structure was imported into AutoDocktools (v1.5.6) for hydro-
genation, charge calculation, charge assignment, atom type designation and saving in “pdbqt” format after removing

protein crystal water and original ligand using Pymol 2.3.0. POCASA 1.1 was used to predict protein binding sites, and
AutoDock Vina 1.1.2 was used for docking. Finally, the docking results were analysed for interaction patterns using
PyMOL 2.3.0.

Table 2 Primers for Real-Time PCR Detection

Primer Primer Sequence

GPX4-F GCCAAAGTCCTAGGAAACGC
GPX4-R AAGGTTCAGGAATGGGCTCC
SLC7AIlI-F | AAATACGGAGCCTTCCACGAG
SLC7AII-R | CAGCCTTCGCTGGCTCTATAA
ACSL4-F CTCACCATTATATTGCTGCCTGT
ACSL4-R TCTCTTTGCCATAGCGTTTTTCT
GAPDH-F AGGTCGGTGTGAACGGATTTG
GAPDH-R | TGTAGACCATGTAGTTGAGGTCA
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Immunofluorescence (IF) Staining

HepG2 cells were fixed with 4% paraformaldehyde, permeabilized with 0.5% Triton for 5 min, closed with 5% BSA for
30 min at room temperature, and incubated with anti-Nrf2 primary antibody at 4°C overnight. After being washed three
times with PBS, the cells were incubated with goat anti-rabbit fluorescent secondary antibody for 1 h at 37°C, and then
the nuclei were stained with DAPI for 10 min. Images were obtained under a fluorescence microscope (IX71, Olympus,
Japan).

Statistical Analysis

Statistical analysis was performed using SPSS 22.0 software. Data were expressed as mean = SD. Comparisons between
two groups were made using Student’s #-test. Comparisons between multiple groups were made using one-way analysis
of variance (ANOVA). P < 0.05 was considered statistically significant.

Results
Sakuranetin Alleviates APAP-Induced Liver Injury

We established a mouse model of APAP-induced liver injury and evaluated the degree of liver injury by alanine
aminotransferase (ALT), aspartate aminotransferase (AST) and necrotic area. The structure of sakuranetin was shown
in Figure 1A. Compared with the vehicle+tNS group, serum ALT, AST levels and necrotic area of liver tissue were
significantly increased after APAP administration (Figure 1B-E). Sakuranetin pretreatment significantly reduced ALT
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Figure | Sakuranetin alleviates APAP-induced liver injury (A) The structure of sakuranetin. (B) Serum ALT and (C) AST levels in each group (n = 6/group); (D) H&E staining
and (E) necrotic area statistics of liver tissue in mice (n = 6/group). (F-H) Serum contents of IL-1f, IL-6, and TNF-a were detected by ELISA (n = 6é/group). **P < 0.01.
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and AST levels and liver necrosis (Figure 1B—E). In addition, serum levels of the inflammatory factors IL-1f, IL-6 and
TNF-a were significantly lower in sakuranetin-treated mice than in the APAP group (Figure 1F—H). These results suggest
that sakuranetin alleviates AILI.

Sakuranetin Alleviates APAP-Induced HepG2 Cells Injury

HepG2 cells showed no toxic effect when the concentration of sakuranetin was less than 150 uM (Figure 2A).
Furthermore, sakuranetin increased the activity of HepG2 cells after APAP administration in a concentration-
dependent manner; however, there was no significant difference between the concentrations of 100 and 150 pM
(P=0.9001) (Figure 2B). Therefore, 100 uM sakuranetin was chosen for the following experiments. The results of
LDH content analysis showed that sakuranetin significantly reduced APAP-induced cell damage (Figure 2C). In addition,
PI staining further confirmed that sakuranetin significantly reduced APAP-induced cell death (Figure 2D-E). These
cellular results indicate that sakuranetin alleviates APAP-induced damage in HepG2 cells.

Sakuranetin Ameliorates APAP-Induced Liver Oxidative Stress and Ferroptosis in Mice
GSH and MDA are important indices of oxidative stress. Compared with the vehicle+NS group, GSH activities in liver
tissue were significantly decreased and MDA levels were significantly increased after APAP administration (Figure 3A
and B). However, compared with the APAP group, GSH activities were significantly increased in the APAP+SAK group,
while MDA levels were significantly decreased (Figure 3A and B). DHE staining showed that sakuranetin could inhibit
the increase in ROS after APAP administration (Figure 3C). The results of ferroptosis indicators showed that APAP
treatment increased the mRNA and protein levels of ACSL4 and decreased the mRNA and protein levels of SLC7A11
and GPX4 in liver tissues (Figure 3D-J), whereas sakuranetin treatment reversed the alteration of these molecules to
inhibit ferroptosis (Figure 3D-J). These results suggest that sakuranetin reduces APAP-induced liver oxidative stress and

ferroptosis in mice.
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Figure 2 Sakuranetin alleviates APAP-induced HepG2 cells injury (A) CCK8 assay was used to detect the effect of Ska on the activity of HepG2 cells (n = 6/group). (B)
CCK8 assay was used to detect the effect of Ska on the activity of HepG2 cells after APAP injury (n = 6é/group). (C) LDH content in different group HepG2 cells (n = 6/
group). (D) Pl staining and (E) statistical analysis of HepG2 cells (n = 6é/group). *P < 0.05 and **P < 0.01.

Abbreviation: ns, none significance.
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Figure 3 Sakuranetin ameliorates APAP-induced liver oxidative stress and ferroptosis in mice (A) GSH activity in liver tissue (n = 6é/group). (B) MDA levels in liver tissue
(n = 6/group). (C) DHE staining (red fluorescence indicates positive DHE staining, n = 6/group). (D-F) mRNA expression of ACSL4, SLC7AI| and GPX4 in liver tissues
(n = 6/group). (G) Protein detection and (H=J) statistical analysis of ACSL4, SLC7AI | and GPX4 in mouse liver tissues (n = 6/group). **P < 0.01.

Sakuranetin Ameliorates APAP-Induced Oxidative Stress and Ferroptosis in HepG2
Cells

To further investigate the protective role of sakuranetin in AILI, we examined the changes in oxidative stress and
ferroptosis in HepG2 cells after APAP administration.

DCFH-DA staining showed that sakuranetin significantly inhibited APAP-induced ROS production in HepG2 cells
(P<0.0001) (Figure 4A and B), and GSH and MDA assays also confirmed the inhibitory effect of sakuranetin on APAP-
induced oxidative stress in HepG2 cells (Figure 4C and D). The results of ferroptosis indicators showed that APAP
treatment increased the mRNA and protein levels of ACSL4 and decreased the mRNA and protein levels of SLC7A11
and GPX4 in HepG?2 cells, whereas sakuranetin treatment reversed the alteration of these molecules to inhibit ferroptosis
(Figure 4E-K). Therefore, our in vitro experiments further demonstrate that sakuranetin inhibits APAP-induced oxidative

stress and ferroptosis in HepG2 cells.

Sakuranetin Activates Nrf2 Signaling During APAP-Induced Liver Injury

The Nrf2 signaling pathway is a major pathway in the antioxidant defence system and plays a key role in the defence
against oxidative stress and ferroptosis. SuperPred (prediction.charite.de) online prediction was used to predict the
potential targets of sakuranetin,®> the results showed that Nrf2 was one of the potential targets of sakuranetin
(Supplementary material, Supplementary xlsx), and we further explored the binding relationship between sakuranetin
and Nrf2 by molecular docking. The docking results showed that docking binding energy was —8.1 kcal/mol, and
sakuranetin formed hydrogen bond interactions with amino acid residues ASP-526, LYS-525 and GLU-518, and the
hydrogen bond length was 3.0 A, 3.1 A and 2.9 A, and hydrophobic force with amino acid residues TYR-46, PH-39,
GLN-519 and GLY-522 of Nrf2, docking results suggested that sakuranetin can bind Nrf2 more spontaneously
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Figure 4 Sakuranetin ameliorates APAP-induced oxidative stress and ferroptosis in HepG2 cells (A) DCFH-DA staining and (B) fluorescence intensity analysis of HepG2
cells (n = 6/group). (C) GSH activity in HepG2 cells (n = 6/group). (D) MDA levels in HepG2 cells (n = é/group). (E=G) mRNA expression of ACSL4, SLC7AI | and GPX4 in
HepG2 cells (n = 6é/group). (H) Protein detection and (I-K) statistical analysis of ACSL4, SLC7AIl and GPX4 in HepG2 cells (n = 6é/group). **P < 0.01.

(Figure 5A). The molecular dynamics simulation results showed that the sakuranetin-Nrf2 complex system was stable
and that the complex had good hydrogen bonding (Supplementary material and Supplementary figure S1). In addition,
the protein expression of Nrf2 was significantly reduced in the liver tissue (Figure 5B, D-E) and HepG2 cells after APAP
administration (Figure 5C, F-G). However, pretreatment with sakuranetin effectively reversed this decrease in Nrf2

expression. Immunofluorescence experiments were then performed to analyze the location of Nrf2 in HepG2 cells. The
results showed that nuclear levels of Nrf2 were significantly increased in the Ska+APAP group compared to those in the
vehicle+tAPAP group (Figure 5H). These results suggest that sakuranetin pretreatment had a positive effect on the
expression of Nrf2, counteracting the downregulation induced by APAP administration.

The Protection of Sakuranetin Against APAP Hepatotoxicity Is Dependent on the
Nrf2 Signaling Pathway

To further investigate whether sakuranetin exerts a protective effect against APAP hepatotoxicity via the Nrf2 pathway.
We used ML385, an inhibitor of Nrf2, to treat mice by intraperitoneal injection. The results showed that after Nrf2
inhibition, the Nrf2 signaling pathway was significantly inhibited, and APAP-induced liver injury was significantly
aggravated, as indicated by increased ALT and AST levels (Figure 6A and B), liver necrosis area (Figure 6C and D),
serum inflammatory factors (Figure 6E—G), oxidative stress (Figure 6H and I) and ferroptosis (Figure 6J-O). Compared
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Figure 5 Sakuranetin activates Nrf2 signaling during APAP-induced liver injury (A) Molecular docking of Sakuranetin and Nrf2. (B) Protein detection of Nrf2 and HO-1 in
mouse liver tissue (n = 6/group). (C) Protein detection of Nrf2 and HO-| expression in HepG2 cells (n = 6é/group). (D-E) Protein statistical analysis of Nrf2 and HO-1I in
mouse liver tissue (n = 6/group). (F-G) Protein statistical analysis of Nrf2 and HO-| expression in HepG2 cells (n = 6/group). (H) immunofluorescence staining of Nrf2 in
HepG2 cells (n = é/group). **P < 0.01.

with the APAP group, treatment with sakuranetin significantly reduced liver injury, oxidative stress and ferroptosis
following APAP injury (Figure 6A—0). These results suggest that the hepatoprotective effects of sakuranetin are
associated with the promotion of Nrf2 expression.

Discussion

In the present study, the potential role of sakuranetin in APAP-induced liver injury was investigated using mice and
HepG?2 cells. The results showed that sakuranetin could inhibit liver injury, oxidative stress and ferroptosis. Furthermore,
the protective effect of sakuranetin is associated with the promotion of the Nrf2 signaling pathway, and the hepatopro-
tective effect of sakuranetin is significantly attenuated after inhibition of Nrf2. Therefore, our results suggest that
sakuranetin modulates the Nrf2 signaling pathway and thereby ameliorates APAP-induced liver injury by inhibiting
oxidative stress and ferroptosis.

Sakuranetin plays a protective role in various disease models through anti-inflammatory and antioxidant effects.'”-*
Considering the important role of inflammation and oxidative stress in APAP-induced liver injury, we hypothesized that
sakuranetin might play a protective role in APAP-induced liver injury. In this study, we established an APAP damage
model in mice and HepG2 cells and found that sakuranetin reduced serum transaminase, inflammatory factor levels, liver
tissue necrosis area, increased HepG2 cell activity and decreased cell death. This is the first time demonstrated that
sakuranetin has been shown to protect against AILI.

Oxidative stress is the key initial link of APAP-induced liver injury, which interacts with mitochondrial dysfunction to
form a negative feedback to accelerate APAP-induced liver injury. GSH is an antioxidant enzyme in the body, MDA is
the end product of lipid peroxidation, and its level indirectly reflects the degree of tissue peroxidation damage.”’ Previous
study showed that sakuranetine ameliorated D-galactose-induced memory impairment in rats and LPS-induced acute lung
injury in mice through an antioxidant effects.”>*' Consistent with previous research, the results of this study showed that
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Figure 6 The protection of Sakuranetin against APAP hepatotoxicity is dependent on the Nrf2 signaling pathway (A and B) Serum ALT and AST levels (n = 6/group). (C) HE
staining and (D) necrotic area statistics (n = 6/group). (E-G) Serum contents of IL-1p, IL-6, and TNF-o were detected by ELISA (n = 6/group). (H) GSH activity in liver tissue
(n = 6/group). (I) MDA levels in liver tissue (n = 6/group). (J-L) mRNA expression of ACSL4, SLC7AI | and GPX4 in liver tissues (n = 6/group). (M) Protein detection and
(N and O) statistical analysis of Nrf2, HO-1, ACSL4, SLC7AI| and GPX4 in mouse liver tissues (n = 6/group). **P < 0.01.

sakuranetin could significantly ameliorate the decrease of GSH antioxidant enzymes and reduce MDA and ROS
production induced by APAP, suggesting that sakuranetin may play a protective role in APAP-induced liver injury by
inhibiting oxidative stress.

Ferroptosis, a form of programmed cell death characterized by iron accumulation and depletion of plasma membrane
polyunsaturated fatty acids, has been implicated in several pathological conditions including neurological disorders,
myocardial infarction, ischemia/reperfusion injury, and inflammation.”®>° In AILI, a key aspect of ferroptosis is the
depletion of GSH, leading to decreased GPX4 levels.’’ Many studies have shown that inhibition of ferroptosis can
ameliorate AILL>*>* The present study provided evidence for the involvement of ferroptosis in AILI. Our research
showed that mice had increased levels of ferroptosis after AILI, as indicated by increased levels of ACSL4, and
decreased levels of SLC7A11 and GPX4. Conversely, sakuranetin pretreatment showed a reduction in ferroptosis
markers after AILI, with increased levels of SLC7A11 and GPX4, and decreased levels of ACSL4. These findings
were further supported by in vitro experiments, confirming the protective role of sakuranetin in attenuating APAP-
induced ferroptosis in the liver.
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The Nrf2 signaling pathway plays an important role in resisting AILIL. In AILI, Nrf2 dissociates from Keapl and
translocates to the nucleus to where it binds to antioxidant response elements, activating the gene expression of a series
of antioxidant proteins and detoxification enzymes, enhancing the ability of cells to neutralize NAPQI, and reducing liver
cell injury and death.'® Therefore, many studies are investigating the activation of the Nrf2 signaling pathway by drugs or
other means to prevent and treat AILI.>>’ In addition, studies have shown that activation of the Nrf2 signaling pathway
ameliorates liver injury by regulating ferroptosis pathway.*®* Li et al showed that APAP treatment reduced NRF2
expression in mouse liver tissue and promoted ferroptosis, while kaempferol treatment promoted Nrf2 pathway activation
and inhibited ferroptosis to alleviate AILL*® Similarity, in the present study, we observed that Nrf2 signaling was
inhibited after APAP treatment in mouse liver and HepG2 cells. However, sakuranetin pretreatment significantly
increased the activation of Nrf2 signaling pathway and promoted the nuclear translocation of Nrf2 after APAP injury
in mouse liver and HepG2 cells. To further investigate whether the hepatoprotective effect of sakuranetin was mediated
by the promotion of Nrf2 signaling pathway, we used the Nrf2 pathway inhibitor ML385 in mice in vivo. Consistent with

previous reports, the liver injury was more severe after inhibition of the Nrf2 signaling pathway,*'**

while the protective
effect of sakuranetin on liver injury in mice with APAP, oxidative stress and ferroptosis was significantly reduced. These
results suggest that sakuranetin may mediate the ferroptosis pathway through the Nrf2 signaling pathway to ameliorate

APAP-induced liver injury.

Conclusion

In conclusion, our study demonstrated that sakuranetin pretreatment can significantly reduce oxidative stress and
ferroptosis in APAP-induced liver injury, and the protective mechanism may be related to the promotion of Nrf2
signaling pathway and inhibition of ferroptosis. However, whether sakuranetin ameliorates APAP-induced liver injury
in mice by regulating other signaling pathways needs to be further investigated.

Data Sharing Statement

Data used to support the findings of this study are available from the corresponding author upon request.

Funding
The present study was supported by the Natural Science Foundation of Hubei Province (2022CFB346).

Disclosure
The authors report no conflicts of interest in this work.

References

1. Xinghui L, Jiagi N, Li C. Advances in the study of acetaminophen-induced liver injury. Front Pharmacol. 2023;14:1239395. doi:10.3389/
fphar.2023.1239395

2. Annabelle SC, Nicholas AB, Firouzeh N, Rose C. Paracetamol (acetaminophen) overdose and hepatotoxicity: mechanism, treatment, prevention
measures, and estimates of burden of disease. Expert Opin Drug Metab Toxicol. 2023;19(5):297-317. doi:10.1080/17425255.2023.2223959

3. Jiaqing L, Qiuxia L, Zhiqi L, Jintao L, Qi Z, Jian L. Acetaminophen-induced liver injury: molecular mechanism and treatments from natural
products. Front Pharmacol. 2023;14:1122632. doi:10.3389/fphar.2023.1122632

4. Guangwen L, Lili H, Zhaowei Z. The molecular mechanisms of acetaminophen-induced hepatotoxicity and its potential therapeutic targets. Exp
Biol Med (Maywood). 2023;248(5):412-424. doi:10.1177/15353702221147563

5. Xiaopeng C, Huiqiang C, Jing W, et al. Molecular pathogenesis of Acetaminophen-induced liver injury and its treatment options. J Zhejiang Univ
Sci B. 2022;23(4):265-285. doi:10.1631/jzus.B2100977

6. Hartmut J, Anup R. Central mechanisms of acetaminophen hepatotoxicity: mitochondrial dysfunction by protein adducts and oxidant stress. Drug
Metab Dispos. 2023;52(8):712-721. doi:10.1124/dmd.123.001279

7. Xinyue Z, Xudong S, Yan Z, et al. Current progress of ferroptosis study in hepatocellular carcinoma. Int J Biol Sci. 2024;20(9):3621-3637.
doi:10.7150/ijbs.96014

8. Degong J, Kun W, Jiefu L, et al. Wogonin alleviates DCD liver ischemia/reperfusion injury by regulating ALOX15/iNOS-mediated ferroptosis.
Transplantation. 2024. doi:10.1097/tp.0000000000005123

9. Yuxuan Y, Yanchun C, Dongge F, et al. Ficus hirta Vahl. ameliorates liver fibrosis by triggering hepatic stellate cell ferroptosis through GSH/GPX4
pathway. J Ethnopharmacol. 2024;334:118557. doi:10.1016/j.jep.2024.118557

10. Tamas L, Katalin J, Tamas K, Jozsef M, Andras S. Ferroptosis is involved in acetaminophen induced cell death. Pathol Oncol Res. 2015;21
(4):1115-1121. doi:10.1007/s12253-015-9946-3

Drug Design, Development and Therapy 2025:19 https: 169


https://doi.org/10.3389/fphar.2023.1239395
https://doi.org/10.3389/fphar.2023.1239395
https://doi.org/10.1080/17425255.2023.2223959
https://doi.org/10.3389/fphar.2023.1122632
https://doi.org/10.1177/15353702221147563
https://doi.org/10.1631/jzus.B2100977
https://doi.org/10.1124/dmd.123.001279
https://doi.org/10.7150/ijbs.96014
https://doi.org/10.1097/tp.0000000000005123
https://doi.org/10.1016/j.jep.2024.118557
https://doi.org/10.1007/s12253-015-9946-3

Long et al

11.

12.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Jinqiu T, Cailin X, Xiaodong W, et al. GAS1 promotes ferroptosis of liver cells in acetaminophen-induced acute liver failure. /nt J Med Sci. 2023;20
(12):1616-1630. doi:10.7150/ijms.85114

Jomova K, Raptova R, Alomar SY, et al. Reactive oxygen species, toxicity, oxidative stress, and antioxidants: chronic diseases and aging. Arch
Toxicol. 2023;97(10):2499-2574. doi:10.1007/s00204-023-03562-9

. llaria B, Ileana G, Alba M, Rosario D. Nrf2-Keap1 signaling in oxidative and reductive stress. Biochim Biophys Acta mol Cell Res. 2018;1865

(5):721-733. doi:10.1016/j.bbamcr.2018.02.010

. Weiling W, Gu B, Gu Y, et al. Taraxasterol protects against acetaminophen-induced hepatotoxicity by reducing liver inflammatory response and

ameliorating oxidative stress in mice. Int Immunopharmacol. 2024;138:112580. doi:10.1016/j.intimp.2024.112580

. Yuan A, Qiang L, Donghai H, Lianyue G. Abietic acid inhibits acetaminophen-induced liver injury by alleviating inflammation and ferroptosis

through regulating Nrf2/HO-1 axis. Int Immunopharmacol. 2023;118:110029. doi:10.1016/j.intimp.2023.110029

. Almasoudi HH, Nahari MH, Binshaya AS, et al. Sakuranetin ameliorates streptozotocin-induced diabetes in rodents by inhibiting caspase-3

activity, modulating hematological parameters, and suppressing inflammatory cytokines: a molecular docking and dynamics study. J Biomol Struct
Dyn. 2024;1-18. doi:10.1080/07391102.2024.2325659

. Xiaofeng D, Yunkun Q, Mengwei L, et al. Sakuranetin reduces inflammation and chondrocyte dysfunction in osteoarthritis by inhibiting the PI3K/

AKT/NF-xB pathway. Biomed Pharmacother. 2024;171:116194. doi:10.1016/j.biopha.2024.116194

. Riadh D, Kazuichi S. Sakuranetin induces melanogenesis in B16BL6 melanoma cells through inhibition of ERK and PI3K/AKT signaling

pathways. Phytother Res. 2016;30(6):997-1002. doi:10.1002/ptr.5606

. Hong L, Ying SH. Ethanol extract and isolated constituents from Artemisia dracunculus inhibit esophageal squamous cell carcinoma and induce

apoptotic cell death. Drug Res. 2014;65(2):101-106. doi:10.1055/s-0034-1372647

Chen L, Chunting H, Ruili W, et al. Protective effect of sakuranetin in brain cells of dementia model rats. Cell mol Biol. 2019;65(5):54-58.
Bittencourt-Mernak MI, Pinheiro NM, Santana FP, Guerreiro MP, Saraiva-Romanholo BM, Grecco SS, Caperuto LC, Felizardo RJ, Camara NO,
Tibério IF, Martins MA. Prophylactic and therapeutic treatment with the flavonone sakuranetin ameliorates LPS-induced acute lung injury. 4m
J Physiol Lung Cell Mol Physiol. 2016;312(2):L217-L230. doi:10.1152/ajplung.00444.2015

Santana FP, da Silva RC, Grecco SD, et al. Inhibition of MAPK and STAT3-SOCS3 by sakuranetin attenuated chronic allergic airway inflammation
in mice. Mediators Inflamm. 2019;2019:1356356. doi:10.1155/2019/1356356

Sakoda CP, de Toledo AC, Perini A, et al. Sakuranetin reverses vascular peribronchial and lung parenchyma remodeling in a murine model of
chronic allergic pulmonary inflammation. Acta Histochem. 2016;118(6):615-624. doi:10.1016/j.acthis.2016.07.001

Toledo AC, Sakoda CP, Perini A, et al. Flavonone treatment reverses airway inflammation and remodelling in an asthma murine model. Br
J Pharmacol. 2012;168(7):1736-1749. doi:10.1111/bph.12062

Janette N, Bjoern-Oliver G, Jevgeni E, et al. SuperPred: update on drug classification and target prediction. Nucleic Acids Res. 2014;42(Web Server
issue):W26-W31. doi:10.1093/nar/gkud 77

Junaid J, Bristy B, Yeasmin A, et al. Sakuranetin and its therapeutic potentials - a comprehensive review. Z Naturforsch C J Biosci. 2022;78
(1-2):27-48. doi:10.1515/znc-2022-0024

Qiwen Y, Sanyang C, Hongwei T, et al. Veratric acid alleviates liver ischemia/reperfusion injury by activating the Nrf2 signaling pathway.
Int Immunopharmacol. 2021;101(Pt B):108294. doi:10.1016/.intimp.2021.108294

Xuejun J, Brent RS, Marcus C. Ferroptosis: mechanisms, biology and role in disease. Nat Rev mol Cell Biol. 2021;22(4):266-282. doi:10.1038/
s41580-020-00324-8

Jing L, Bowen J, Ying C, Yiting S, Qianqian L, Chengliang L. Targeting molecular mediators of ferroptosis and oxidative stress for neurological
disorders. Oxid Med Cell Longev. 2022;2022:3999083. doi:10.1155/2022/3999083

Wenbin C, Le L, Xuelian S, et al. Alox15/15-HpETE aggravates myocardial ischemia-reperfusion injury by promoting cardiomyocyte ferroptosis.
Circulation. 2023;147(19):1444-1460. doi:10.1161/circulationaha.122.060257

Tianyu L, Lei Y, Hejun G, et al. 3,4-dihydroxyphenylethyl alcohol glycoside reduces acetaminophen-induced acute liver failure in mice by
inhibiting hepatocyte ferroptosis and pyroptosis. PeerJ. 2022;10:¢13082. doi:10.7717/peerj.13082

Yanyun S, Nahua X, Baiping L, et al. Mifepristone protects acetaminophen induced liver injury through NRF2/GSH/GST mediated ferroptosis
suppression. Free Radic Biol Med. 2024;222:229-243. doi:10.1016/j.freeradbiomed.2024.06.014

Yanyan D, Xiayan C, Qian L, et al. Xanthohumol ameliorates drug-induced hepatic ferroptosis via activating Nrf2/xCT/GPX4 signaling pathway.
Phytomedicine. 2024;126:155458. doi:10.1016/j.phymed.2024.155458

Jun X, Luying Z, Xiangting Z, et al. Salidroside ameliorates acetaminophen-induced acute liver injury through the inhibition of endoplasmic
reticulum stress-mediated ferroptosis by activating the AMPK/SIRT1 pathway. Ecotoxicol Environ Saf. 2023;262:115331. doi:10.1016/].
ecoenv.2023.115331

Nan Z, Zhongming H, Rui Z, et al. Ganoderma lucidum polysaccharides ameliorate acetaminophen-induced acute liver injury by inhibiting
oxidative stress and apoptosis along the Nrf2 pathway. Nutrients. 2024;16(12):1859. doi:10.3390/nul6121859

Mohamed GA, El-Agamy DS, Abdallah HM, et al. Kaempferol sophoroside glucoside mitigates acetaminophen-induced hepatotoxicity: role of
Nrf2/NF-xB and JNK/ASK-1 signaling pathways. Heliyon. 2024;10(10):e31448. doi:10.1016/j.heliyon.2024.e31448

Yuan-Kai S, Ya-Fei Z, Li X, et al. Progress in the treatment of drug-induced liver injury with natural products. Pharmacol Res. 2022;183:106361.
doi:10.1016/j.phrs.2022.106361

Aimin W, Min L, Yinyin C, et al. Multienzyme active manganese oxide alleviates acute liver injury by mimicking redox regulatory system and
inhibiting Ferroptosis. Adv Healthc Mater. 2024;13(11):¢2302556. doi:10.1002/adhm.202302556

Xiaopeng C, Shiyuan H, Jingwen D, et al. Astaxanthin activated the Nrf2/HO-1 pathway to enhance autophagy and inhibit ferroptosis, ameliorating
acetaminophen-induced liver injury. ACS Appl Mater Interfaces. 2022;14(38):42887-42903. doi:10.1021/acsami.2c10506

Huiyi L, Qiging W, Shuai G, et al. Kaempferol prevents acetaminophen-induced liver injury by suppressing hepatocyte ferroptosis via Nrf2
pathway activation. Food Funct. 2023;14(4):1884-1896. doi:10.1039/d2fo02716j

Hong-Fei W, Jia-Shuang X, Ke Z, et al. Jujuboside B alleviates acetaminophen-induced hepatotoxicity in mice by regulating Nrf2-STING signaling
pathway. Ecotoxicol Environ Saf. 2023;269:115810. doi:10.1016/j.ecoenv.2023.115810

Qian L, Wen Z, Nuo C, et al. Pectolinarigenin ameliorates acetaminophen-induced acute liver injury via attenuating oxidative stress and
inflammatory response in Nrf2 and PPARa dependent manners. Phytomedicine. 2023;113:154726. doi:10.1016/j.phymed.2023.154726

170 https: Drug Design, Development and Therapy 2025:19


https://doi.org/10.7150/ijms.85114
https://doi.org/10.1007/s00204-023-03562-9
https://doi.org/10.1016/j.bbamcr.2018.02.010
https://doi.org/10.1016/j.intimp.2024.112580
https://doi.org/10.1016/j.intimp.2023.110029
https://doi.org/10.1080/07391102.2024.2325659
https://doi.org/10.1016/j.biopha.2024.116194
https://doi.org/10.1002/ptr.5606
https://doi.org/10.1055/s-0034-1372647
https://doi.org/10.1152/ajplung.00444.2015
https://doi.org/10.1155/2019/1356356
https://doi.org/10.1016/j.acthis.2016.07.001
https://doi.org/10.1111/bph.12062
https://doi.org/10.1093/nar/gku477
https://doi.org/10.1515/znc-2022-0024
https://doi.org/10.1016/j.intimp.2021.108294
https://doi.org/10.1038/s41580-020-00324-8
https://doi.org/10.1038/s41580-020-00324-8
https://doi.org/10.1155/2022/3999083
https://doi.org/10.1161/circulationaha.122.060257
https://doi.org/10.7717/peerj.13082
https://doi.org/10.1016/j.freeradbiomed.2024.06.014
https://doi.org/10.1016/j.phymed.2024.155458
https://doi.org/10.1016/j.ecoenv.2023.115331
https://doi.org/10.1016/j.ecoenv.2023.115331
https://doi.org/10.3390/nu16121859
https://doi.org/10.1016/j.heliyon.2024.e31448
https://doi.org/10.1016/j.phrs.2022.106361
https://doi.org/10.1002/adhm.202302556
https://doi.org/10.1021/acsami.2c10506
https://doi.org/10.1039/d2fo02716j
https://doi.org/10.1016/j.ecoenv.2023.115810
https://doi.org/10.1016/j.phymed.2023.154726

Long et al

Drug Design, Development and Therapy Dovepress

Taylor & Francis Group
Publish your work in this journal

Drug Design, Development and Therapy is an international, peer-reviewed open-access journal that spans the spectrum of drug design and development
through to clinical applications. Clinical outcomes, patient safety, and programs for the development and effective, safe, and sustained use of medicines
are a feature of the journal, which has also been accepted for indexing on PubMed Central. The manuscript management system is completely online

and includes a very quick and fair peer-review system, which is all easy to use. Visit http://www.dovepress.com/testimonials.php to read real quotes
from published authors.

Submit your manuscript here: https://www.dovepress.com/drug-design-development-and-therapy-journal

Drug Design, Development and Therapy 2025:19 EXin>QO


https://www.dovepress.com
http://www.dovepress.com/testimonials.php
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress

	Introduction
	Materials and Methods
	Animals and Liver APAP Injury Model
	Measurement of Liver Function
	H&E Staining
	ELISA
	Oxidative Stress Analysis
	DHE Staining
	Western Blot
	Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)
	Cell Culture and APAP Injury Model
	Cell Counting Kit-8 Assay
	Cellular ROS Detection
	Molecular Docking
	Immunofluorescence (IF) Staining
	Statistical Analysis

	Results
	Sakuranetin Alleviates APAP-Induced Liver Injury
	Sakuranetin Alleviates APAP-Induced HepG2 Cells Injury
	Sakuranetin Ameliorates APAP-Induced Liver Oxidative Stress and Ferroptosis in Mice
	Sakuranetin Ameliorates APAP-Induced Oxidative Stress and Ferroptosis in HepG2 Cells
	Sakuranetin Activates Nrf2 Signaling During APAP-Induced Liver Injury
	The Protection of Sakuranetin Against APAP Hepatotoxicity Is Dependent on the Nrf2 Signaling Pathway

	Discussion
	Conclusion
	Data Sharing Statement
	Funding
	Disclosure

