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Objective: To explore the effects of Esculetin on liver cancer and explore potential mechanisms of Esculetin-inducing cells death.
Methods: Esculetin’s effects on the proliferation, migration and apoptosis of HUH7 and HCCLM3 cells were detected by using 
CCK8, crystal violet staining, wound healing, TranswellTM and Annexin V-FITC/PI. Flow cytometry, fluorescence staining, Western 
blot, T-AOC, DPPH radical scavenging assay, hydroxyl radical’s inhibitory capability and GSH test were used to examine the 
esculetin’s effects on the ROS level, the oxidation-related substances and proteins’ expression in hepatoma cells. In vivo experiment 
was performed by xenograft model. Ferrostatin-1 was used to determine the death way of hepatoma cells induced by esculetin. Live 
cell probe, Western blot, Fe2+ content, MDA, HE staining, Prussian blue staining and immunohistochemistry were used to examine the 
ferritinophagy-related phenomenon induced by esculetin in hepatoma cells. The relationship between esculetin and NCOA4-mediated 
ferritinophagy was confirmed through gene silence and overexpression, immunofluorescence staining and Western blot.
Results: Esculetin suppressed the proliferation, migration and apoptosis of HUH7 and HCCLM3 cells significantly, influenced the 
oxidative stress level, altered the autophagy and iron metabolism levels in cells, and produced a ferritinophagy-related phenomena. 
Esculetin increased the levels of cellular lipid peroxidation and reactive oxygen species. In vivo, esculetin could decrease tumour 
volume, promote LC3 and NCOA4 expressions, suppresse hydroxyl radical‘s inhibiting capacity and GSH, increase Fe2+ and MDA 
levels, decrease antioxidant proteins expression in tumour tissue. In addition, Esculetin could also increase the iron deposition of 
tumour tissues, promote ferritinophagy, and induce tumours’ ferroptosis.
Conclusion: Esculetin has an inhibitory effect on liver cancer in vivo and in vitro through triggering NCOA4 pathway-mediation 
ferritinophagy.
Keywords: esculetin, ferritinophagy, liver cancer, anti-tumour, NCOA4

Introduction
Ferroptosis is a non-apoptotic, iron-dependent form of cell death characterized by the accumulation of lipid peroxides.1 

Its foundation is active iron, which can be produced through the ferritinophagy pathway.2 Ferritinophagy is a new type of 
autophagy that relies on the nuclear receptor coactivator 4 (NCOA4), a receptor that can transport ferritin to autophago-
somes and interact with them. Ferritin is degraded into active iron through lysosome fusion.3–5 When cells experience 
iron overload, the Fenton reaction increases the level of reactive oxygen species (ROS) and interacts with polyunsatu-
rated fatty acids (PUFA) on the cell membrane to promote lipid peroxidation. This process results in the accumulation of 
cellular lipid peroxides, leading to cellular ferroptosis.6–8 Glutathione peroxidase 4 (GPX4) is a key antioxidant enzyme 
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that turns reduced GSH to oxidized GSH, while also transforming harmful lipid peroxides into harmless lipid alcohols. 
GSH depletion and GPX4 inactivation are key events in triggering lipid peroxidation during ferroptosis.9–11

According to reports, the incidence and mortality of liver cancer are seriously endangering in human health and life.12 

Currently, the treatment of liver cancer is primarily multidisciplinary and relies on multi-treatment approaches, such as 
surgery, ablation, hepatic arterial chemoembolization and systemic therapy.13–15 Although advances have been made, 
nearly 70% of patients do not benefit. Due to the advanced stage of diagnosis, these patients are prone to recurrence after 
surgery and only liver transplantation can be used for a very limited group of patients.16,17 For patients who cannot have 
hepatectomy, the development of targeted drugs, such as sorafenib and Lenvatinib, brings hope to advanced liver cancer 
patients, but these drugs can only prolong patients’ lives by 2–3 months.18,19 As a response, there is a pressing need to 
discover and develop a new approach for the clinical drug treatment of patients with advanced liver cancer. Esculetin, 
also known as 6,7-dihydroxycoumarin, is a coumarin derivative, extracted from Lemon leaves, Rehmannia glutinosa 
(Rehmannia glutinosa var.), belladonna (Belladonna baccifera Lam.) and other plants.20,21 Esculetin has been shown to 
have a variety of therapeutic activities, such as for the treatment of diabetes, intestinal diseases and liver protection. It 
also has antibacterial and anti-inflammatory effects.22–25 In recent years, esculetin has garnered extensive attention for its 
use in tumour therapy, as it has been shown to have therapeutic effects on leukaemia, glioma, prostate, colon, pancreatic, 
melanoma, breast and gastric cancers,24–32 Some researchers found that esculetin induces ROS formation and activates 
apoptosis in gastric cancer cells.33 Esculetin acts on PGK2, GPD2 and GPI to prevent cancer cells from undergoing 
glycolysis.34 However, there are few studies on the effect of esculetin in inducing ferritinophagy in hepatoma cells. As 
a result, this study aimed at evaluating the efficacy of esculetin in inducing cell ferroptosis via ferritinophagy in liver 
cancer and at exploring its potential mechanisms.

Materials and Methods
Antibodies and Reagents
NFE2L2 (16396-1-AP) and LC3II (14600-1-AP) were purchased from proteintech. HO-1 (86806, CST), FTH1 (4393, 
CST), Gpx4 (PA5-102521, Invitrogen), NCOA4 (HC071-1F11, Sigma-Aldrich).

Esculetin, Cisplatin and Sorafenib (MCE, USA), T-AOC Assay, ROS Assay Kit, Crystal Violet Staining Solution, 
Lyso-Tracker Red (Solarbio, China), Mito-Tracker (Beyotime, China), DPPH free radical scavenging rate detection kit 
(Leagene, China), TranswellTM polycarbonate membrane cell culture inserts (Corning, Germany), Liperfluo, 
FerroOrange, Cell Counting Kit-8 (DOJINDO, Japan), GSH (reduced glutathione) determination kit (NJJCBIO).

Transfection and Cell Culture
The human hepatoma (Chinese Academy of Sciences, China) HUH7 and HCCLM3 cells were cultured in an incubator at 
5% CO2, 37°C. DMEM (1% 50 U/mL penicillin) with 10% FBS was used to culture cells. In following experiments, the 
cells were used to do following detection, when the cell concentration was increased to 80%.

For the experiment’s purposes, the si-LC3II or si-NCOA4 were chose with silent effects. The siLC3II and siNCOA4 
(RIBOBIO, China) sequences are 5′-GAAGGCGCUUACAGCUCAATT-3′ and 5′-CAACTGTCCTGCTCTTTGA-3′. 50 nM 
siRNA was used to transfect to HUH7 and HCCLM3 cells reference to the instruction. pCDNA 3.1 plasmid of FTH1 
(fenghuishengwu, China) was selected for an overexpression effect. Using DNA transfection reagent (Roche’s 
X-tremeGENE), plasmid of FTH1 and control were used to transfect to HUH7 and HCCLM3 cells.

Experimental Animals
We bought female BALB/c nude mice when they were 4–5 weeks old from Beijing Shenghe Experimental Animal 
Technology Co., Ltd., at the end of treatment, from each group, 3 nude mice were killed by cervical dislocation at 
random, the others were euthanized. The AVMA’s rules for animal euthanasia were followed while performing the 
euthanasia process. Euthanasia was accomplished with a continuous 2–3min intraperitoneal delivery of 3 times pento-
barbital sodium dosage (150mg/kg).
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Proliferation Assay
The HUH7 and HCCLM3 cells were planted in a 96-well plate about per well 1 × 104 cells. Esculetin is made into 
various concentrations and then added to each well, treatment time was 12, 24, 48 or 72 h, whereas the control group 
was cultured normally using the same solvents (DMEM medium containing 1/1000 volume of DMSO) and time. At 
end of treatment, 10 μL reagent of CCK-8 was added. After 2h, the OD value at 450 nm was determined by 
microplate reader, the effective concentration of a low dose (20 μM, ESCL group), medium dose (40 μM, ESCM 
group) and high dose (60 μM, ESCH group) and time (48h) were selected for subsequent experiments.

Crystal Violet
The cells were therapied with varying doses of esculetin for 48 h in 12-well plates. 0.1% crystal violet was used to stain 
cells for 10 min. The cells were photographed after being washed with PBS.

Cell Migration
The cells were therapied with varying doses of esculetin for 48 h in 12-well plates. The cells were wounded with a tip in 
the middle of the well, washed with PBS, then added to DMEM, the scratch healing degree was examined, respectively, 
at 0, 24 and 48 h.

The cells were re-suspended in DMEM with 0.5% FBS. 24-well plates were used to hold the TranswellTM chamber. 
2000 cells about 200 μL were put in the top of TranswellTM chamber. 500 μL 10% FBS DMEM was put in the lower part 
of the TranswellTM chamber and cultured for 24 h at 37 °C, 5% CO2. Following the completion of the culture, 0.1% 
crystal violet was used to stain the chambers for 5 min. The TranswellTM chamber was taken pictures under a 20× 
microscope, after being cleaned with PBS. The number dissimilarity of cells passed through the membrane reflects in the 
migration capacity of tumor.

Apoptosis Assay
The cells were therapied with varying doses of esculetin for 48 h in 12-well plates. The DMEM and cells were collected, 
centrifuged and re-suspended in 1 mL binding buffer, stained for 20 min with 10 μL Annexin V-FITC/PI at room 
temperature, then flow cytometry was performed to measure.

T-AOC Assay
The cells were therapied with varying doses of esculetin for 48 h in 12-well plates. 106 cells were collected, put in 
200 μL cold PBS, centrifuged at 4°C, 12,000 g for 5 min, the supernatant was taken for further examination, results 
were computed.

DPPH Free Radical Scavenging
The cells were therapied with varying doses of esculetin for 48 h in 12-well plates. The cells were collected for ultrasonic 
fragmentation and 10 min centrifugation, 0.8mL of nitrogen-free radical extract was given to every 5 × 106 cell, the 
supernatant was taken for further examination, and results were computed.

ROS Assay
The cells were therapied with varying doses of esculetin for 48 h in 12-well plates. The 10 μM DCFH-DA probe was 
added to cells and cultured at 37°C for 20 min. Ensure the probe fully contact with the cell by turning the mixture upside 
down every 3–5 min. The cells were detected by flow cytometry and a confocal microscope.

Lipid Peroxidation
The cells were therapied with varying doses of esculetin for 48 h in 12-well plates. The lipid peroxidation probe was 
mixed with 2 mL serum-free DMEM. After 30 min at 37 °C, the cells and DMEM were collected, then identified by 
confocal microscope and flow cytometry.
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FerroOrange
The cells were therapied with varying doses of esculetin for 48 h in 12-well plates. The cells were washed with DMEM. 
FerroOrange probe was mixed with serum-free DMEM and cultivated cells for 30 min. After that, removed the DMEM, 
washed the cells 3 times with HBSS and acquired confocal microscopy pictures.

Mitochondria and Lysosomes Co-Stain
The cells were therapied with varying doses of esculetin for 48 h in 12-well plates. The 100 nM LTR (Lyso-Tracker Red) 
and MTG (Mito-Tracker Green) probes were added to cells. Following a 30 min culture at 37°C, the cells were washed 3 
times with PBS and acquired pictures using confocal microscopy.

JC-1 Staining
The cells were therapied with varying doses of esculetin for 48 h in 12-well plates. The JC-1 probes were mixed to the DMEM. 
Following a 30 min culture at 37°C, the cells were washed 3 times with PBS and acquired confocal microscopy pictures.

Western Blot
The cells were therapied with varying doses of esculetin for 48 h in 12-well plates. Total proteins were collected by kit 
(Kang Wei Century, Beijing) and measured by BCA kit (Beyotime, Shanghai), then marked sample to electrophoresis 
and membrane transfer. 5% low-fat milk shaking 2 h. The membrane was incubated in the primary antibody overnight at 
4°C, then incubated in second antibody about 1 h at room temperature. Finally, the imaging system and ECL kit (Thermo, 
USA) were used to determine the level of protein, GAPDH is the reference.

Immunofluorescence
The cells were therapied with varying doses of esculetin for 48 h in 12-well plates. After fixed 30 min in 4% 
paraformaldehyde, the cells were mixed with 1% BSA (0.5% Triton) for 2 h at room temperature. First antibody was 
added in cells overnight at 4 °C, then put cells in the secondary antibody tagged by FITC or CY3 for 1 h before the cells 
were identified by fluorescence microscope.

Xenotransplantation
1 × 107/mL HUH7 cells were suspended and implanted into the 5-week-old BALB/c (n=6) nude mice right hindlimb, the entire 
procedure was kept aseptic. Growth of tumours was observed daily following tumour formation. When irregular patches were 
felt after 7 days, the model was effectively established. Then, mice were divided into 6 groups at random: control (equal 
volume solvent), sorafenib (30 mg/kg), cisplatin (5 mg/kg) or esculetin (10, 30, 60 mg/kg). The body weight and tumour 
volume of nude mice were monitored every 3 days. The mice were done to death after treatment for 14 days, the tumours and 5 
internal organs were stored in 4% paraformaldehyde and detected using H&E, immunohistochemical and Prussian blue stain.

Tumour volume mm3� �
¼ long diameter of tumour� short diameter of tumour2� �

=2 

The inhibition rate formula:

Tumour inhibition rate ¼ ð1 � treatment group tumour volume=control tumour volumeÞ � 100% 

Prussian Blue Stain
The tumor tissues were stored in 4% paraformaldehyde, carried out the relevant pathological procedure processing, cut 
into 5μm thick pieces. Prussian blue stain was done in 37°C distilled waters for 5 min according to instructions. Then, the 
Prussian blue stain fragments were viewed, photographed and analyzed under a microscope.
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H&E Stain
The tumor tissues were stored in 4% paraformaldehyde, carried out the relevant pathological procedure processing, cut 
into 5μm thick pieces, according to H&E staining instructions, pieces were viewed, photographed and analyzed under 
a microscope.

Immunohistochemistry
The tumor tissues were stored in 4% paraformaldehyde, carried out the relevant pathological procedure processing, cut 
into 5μm thick pieces, dehydrated, removed endogenous peroxidase activity, put in BSA for 30 min. Following 
incubation with the antibodies, according to immunohistochemistry instructions, pieces were sealed and viewed, 
photographed and analyzed under a microscope. Utilizing the same yellow-brown as the standard for measuring positive 
immunostaining, the image-ProPlus6.0 system assessed immunostaining to determine each picture IOD (cumulative light 
intensity, density), AREA (pixel tissue area) and mean density (IOD/AREA average density).

Biochemical Assay
Reference to the biochemical kit instructions, MDA (malondialdehyde), GSH (reduced glutathione), OH· (hydroxyl 
radical) (Nanjing Jiancheng, China) and the level of Fe2+ (Leagene, China) in serum were measured.

Statistical Analysis
The data is supplied in the form of mean SD (standard deviation) values. The results from at least three different 
experiments were statistically analysed. Analysis of variance (ANOVA) of unpaired double-tailed student's-test was 
performed by using the GraphPadPrism 6.0. *p<0.05 is statistically significant.

Results
Esculetin’s Effect on Hepatocellular Cancer Cells
Esculetin was shown to inhibit hepatoma cell growth. The CCK8 assay (Figure 1A and B) revealed that esculetin 
suppresses the proliferation of HUH7 and HCCLM3 cells in a dose- and time-dependent manner. When the concentration 
of esculetin was used at 40μM for 48 h, the inhibition rate was 34.30 ± 8.95% for HUH7 cells and 70.45 ± 14.80% for 
HCCLM3. As a result, for later tests, we selected 20 μM as a low dose (ESCL group), 40 μM as a medium dose (ESCM 
group) and 60 μM as a high dose (ESCH group) and the treatment time was selected as 48h. A dose-dependent reduction 
in adherent cells in the treatment group was noticed by crystal violet staining (Figure 1C). TranswellTM and scratch 
migration assays were used to assess esculetin’s effects on the migration of HUH7 and HCCLM3 cells. According to the 
results, esculetin suppressed HUH7 and HCCLM3 cells migration (Figure 1D–G) in a dose-related manner. The 
outcomes show that esculetin could prevent HUH7 and HCCLM3 cells’ proliferation and migration.

Esculetin’s Effects on Apoptosis and ROS Production in Hepatocellular Cancer Cells
To investigate the mechanisms by which esculetin limits HUH7 and HCCLM3 cells’ growth, flow cytometry was used to 
identify the apoptosis of the cells after the addition of esculetin. We found that HUH7 and HCCLM3 cells after esculetin 
treated and showed significant apoptosis and necrosis (Figure 2A–C). The apoptotic rates of HCCLM3 cells in the 
treatment groups (ESCL, ESCM and ESCH) were 5.4%, 7.6% and 7.3%, the rates of necrosis were 18.8%, 24.3% and 
32.8%, respectively. The apoptotic rates of HUH7 cells in the treatment groups were 8%, 9.3% and 15.8%, the rates of 
necrosis were 3.2%, 4.3% and 2.6%, respectively. Additionally, we found that after 48 h of treatment with esculetin, 
HUH7 and HCCLM3 cells generated considerably more ROS when seen under a fluorescence microscope (Figure 2D 
and E). A similar finding was made using flow cytometry (Figure 2F).

Esculetin’s Effects on Oxidative Stress State in Hepatocellular Cancer Cells
ROS35–37 was shown to be directly connected to the amount of oxidative stress. Therefore, we measured oxidation level within the 
cells. Esculetin dramatically decreased DPPH free radicals scavenging rate and suppressed total antioxidant capacity (T-AOC) 
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Figure 1 Esculetin’s effect on HUH7 and HCCLM3 cells. (A and B) Esculetin’s inhibition time (12, 24, 48 or 72h) and concentration (10–200 μΜ) on HUH7 and HCCLM3 
cells was screened using the CCK8 assay. (C) Esculetin’s ability to suppress cells was displayed by crystal violet. (D and E) Using the wound healing assays and (F and G) the 
Transwell TM, the effects of esculetin on cells migration were examined. The results were displayed as mean ± SD. Compared with the Control group, *p<0.05, **p<0.01. 
Compared with the ESCL group, #p<0.05, ##p<0.01. Compared with the ESC-12h group, *p<0.05, **p<0.01 in A and B.
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Figure 2 Esculetin induces apoptosis and ROS production in HUH7 and HCCLM3 cells. (A) Annexin V-FITC/PI in cells was detected by flow cytometry and the outcomes 
are represented by the (B) apoptosis rate and (C) necrosis rate. ROS in cells was observed using confocal microscopy (D and E) and flow cytometry (F). The results are 
displayed as mean ± SD. Compared with the Control group, *p<0.05, **p<0.01. Compared with the ESCL group, #p<0.05, ##p<0.01.
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(Figure 3A and B) in hepatocellular cancer cells. The levels of antioxidant proteins (NFE2L2, GPX4 and HO-1) were 
considerably lower than the control group in the ESCM and ESCH groups, according to Western blot analysis (Figure 3C and 
D). Consequently, esculetin effectively suppresses antioxidant level and proteins expressions in HUH7 and HCCLM3 cells.

Esculetin’s Effects on Lysosomes, Fe2+ and Ferrostatin-1 in Hepatocellular Cancer Cells
ROS are closely linked to autophagy and ferroptosis.38,39 After incubation with esculetin for 48 hours, we found that 
ferrostatin-1, a ferroptosis inhibitor, bafilomycin and 3-MA could inhibit esculetin-mediated cell death (Figure 4A), 

Figure 3 Esculetin’s effects on antioxidant levels in HUH7 and HCCLM3 cells. The ability of cells to produce antioxidants was evaluated using the (A) T-AOC assay and (B) 
DPPH free radical scavenging rate. (C and D) The proteins expressions of cells antioxidation were examined by Western blot. The results are displayed as mean ± SD. 
Compared with the Control group, *p<0.05, **p<0.01. Compared with the ESCL group, #p<0.05, ##p<0.01.

https://doi.org/10.2147/JHC.S395617                                                                                                                                                                                                                                   

DovePress                                                                                                                                           

Journal of Hepatocellular Carcinoma 2023:10 618

Xiu et al                                                                                                                                                               Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

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


Figure 4 Esculetin’s effects on lysosomes, Fe2+ and ferroptosis in HUH7 and HCCLM3 cells. (A) The CCK8 assay was used to examine whether ferrostatin-1, bafilomycin 
and 3-MA could influence efficacy of esculetin on HUH7 and HCCLM3 cells. (B and D) Utilizing co-staining of MTG and LTR analyzed the autophagy-lysosome state in cells. 
(C and E) Utilizing JC-1 stain examined the state of the cells’ mitochondrial membrane potential. (F–H) Utilizing the FerroOrange probe, Fe2+ level in cells were measured. 
The results are displayed as mean ± SD. Compared with the Control group, *p<0.05, **p<0.01. Compared with the ESCL group, ##p<0.01. Compared with the ESC- 20μΜ 
in A, *p<0.05, **p<0.01.
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suggesting that esculetin induces ferroptosis and autophagy. It was previously shown that an excess of Fe2+ can cause 
a rise in ROS.40–42 After incubation with esculetin for 48 hours, we used the FerroOrange live cell probe to measure the 
iron content of HUH7 and HCCLM3 cells and found that the level of Fe2+ is substantially increased (Figure 4F–4H). We 
also observed significant alterations in mitochondrial membrane potential using the JC-1 staining (Figure 4C and E). 
MTG (Mito-Tracker) and LTR (Lyso-Tracker Red) co-staining were used to determine the effects of esculetin on 
lysosomes and mitochondria in cells. The mitochondria green fluorescence reduced and the lysosomes’ red fluorescence 
(Figure 4B and D) were enhanced in a dose-related manner. Those findings implied that esculetin causes mitochondria 
damage, which is also responsible for the rise of ROS levels. Meanwhile, the rise in lysosomes and the decrease of cell 
inhibition rate following inhibitor treated demonstrated that esculetin could cause an increase in autophagy. These 
findings suggest that esculetin may induce ferroptosis and autophagy in HUH7 and HCCLM3 cells.

Esculetin’s Effects on Lipid Peroxidation and Ferritinophagy-Proteins in Hepatocellular 
Cancer Cells
Several investigations have revealed that intracellular iron excess may result in the production of intracellular lipid 
peroxidation,43,44 which influences the level of intracellular autophagy.11,45,46 Using Liperfluo probe, the results con-
firmed that after 48 hours of incubation with esculetin, the amount of intracellular lipid peroxidation considerably 
increased (Figure 5A). Flow cytometry results confirmed the confocal microscopy results (Figure 5B). Esculetin 
dramatically upregulated the levels of NCOA4 and LC3-II in HUH7 and HCCLM3 cells, but suppressed FTH1 
expression (Figure 5C and D). Esculetin dramatically suppressed p62 expression, but after bafilomycin (Baf) and 
ESCM co-treatment, dramatically upregulated p62 expression (Figure 5E), suppressed LC3-II expression, suggested 
Esculetin can promote autophagy flux. In conclusion, esculetin causes cell death, suppresses cell growth and activates 
ferritinophagy in HUH7 and HCCLM3 cells.

NCOA4, LC3II and FTH1 Proteins are Essential for Esculetin-Induced Ferritinophagy 
in Hepatocellular Cancer Cells
To evaluate whether esculetin promotes ferritinophagy, we applied immunofluorescence to detect NCOA4 and LC3-II co- 
localization (Figure 6C and D). Following treatment with esculetin (ESC,60 μM) for 48 hours, there were several bright 
green spots that were observed in HUH7 and HCCLM3 cells of the ESC group, suggesting an increase in LC3-II 
expression. Higher red fluorescent spots suggested an increase in NCOA4 expression, whereas the increase in yellow 
spots indicated a colocalization between LC3-II and NCOA4 and suggested that ferritinophagy occurred.47

Next, we investigated whether the mechanism of esculetin-induced ferritinophagy is associated to regulate of 
NCOA4, FTH1, LC3-II expression in HUH7 and HCCLM3 cells. We investigated these proteins’ role in this process 
using gene silencing and overexpression. Western blot (Figure 6A and B) and immunofluorescence staining (Figure 6C 
and D) were used to determine the silencing or over expression efficiencies. After LC3-II targeted silencing, LC3-II 
expression and green fluorescence in the siLC3-II group considerably decreased compared in the siNC group, there were 
no noticeable changes in NCOA4 red fluorescence and nearly no yellow spots, suggesting that cellular autophagy was 
prevented. When esculetin and siLC3-II were combined to treat cells, the colocalization yellow spots and LC3-II green 
fluorescent significantly increased, suggesting that esculetin adjusted autophagy and triggered ferritinophagy through 
upregulating LC3-II protein expression. Additionally, the expression of NCOA4 protein and red fluorescence was 
dramatically decreased (Figure 6A–D), when NCOA4 was silenced. Treatment combination of esculetin and siNCOA4 
led to a significant increasing in the expression of NCOA4 red fluorescence and colocalization of yellow spots (Figure 6C 
and D), compared in the ESC group. These outcomes indicated that esculetin promotes ferritinophagy occurrence by 
upregulating NCOA4. FTH1 expression in the OEFTH1 group was considerably increased (Figure 6A and B). 
Furthermore, as compared with the ESC group, the expression of the yellow spots and red fluorescent NCOA4 were 
substantially decreased in the OEFTH1 and ESC combined group (Figure 6C and D), demonstrating that esculetin causes 
ferritinophagy by enhancing NCOA4 expression and by promoting FTH1 degradation. The results observed in HUH7 
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Figure 5 Esculetin’s effects on lipid peroxidation and ferritinophagy-proteins in HUH7 and HCCLM3 cells. (A) Using the Liperfluo probe and (B) flow cytometry, lipid 
peroxidation was measured in cells. (C and D) Ferritinophagy-related proteins were detected by Western blot. (E) The p62 and LC3-II expressions in cells after Baf and 
ESCM co-treatment were examined by Western blot. The results were displayed as mean ± SD. Compared with the Control group, *p<0.05, **p<0.01. Compared with the 
ESCL group, ##p<0.01. Compared with the bafilomycin +ESCM group in E, ##p<0.01.
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Figure 6 Esculetin’s effects on ferritinophagy colocalization following siNCOA4 silencing, OEFTH1 overexpression and siLC3II silencing in HUH7 and HCCLM3 cells. 
(A and B) The efficiencies of siNCOA4, siLC3II and OEFTH1 overexpression were detected using Western blot. (C and D) With immunofluorescence staining, the 
influences of Esculetin, siNCOA4, siLC3II and OEFTH1 on LC3II and NCOA4 co-localization expression were all analyzed. The results were displayed as mean ± SD. 
Compared with the siNC or OENC group, ** p<0.01.
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cells were similar to those of HCCLM3 cells. Ultimately, esculetin could cause ferritinophagy, promote ferroptosis in 
HUH7 and HCCLM3 cells, influence NCOA4, FTH1 and LC3-II protein expression levels.

In vivo, Esculetin’s Effects on Hepatocellular Cancer and Inducing Ferritinophagy
To establish a hepatocellular cancer animal model that subcutaneous transplantation of HUH7 cell, nude mice were used. 
Compared in the control group, the findings revealed that the treatment of mice with 3 distinct doses (10 mg/kg, 30 mg/kg 
and 60 mg/kg) of esculetin had a trend to increase the body weight of the nude mice (Figure 7A). Compared with the control 
group, the esculetin groups (10 mg/kg, 30 mg/kg and 60 mg/kg) seemly had greater tumour inhibition rates, indicating that 
esculetin may inhibit growth of hepatocellular cancer in vivo (Figure 7B).

Esculetin 3 groups had a significant reduction in the ability of hydroxyl radical inhibition and GSH (Figure 7C), when 
compared with the control group. According to the biochemical data analysis of ferroptosis markers in nude mice’s serum 
(Figure 7D), esculetin dramatically improved Fe2+ content (Figure 7E) and MDA level in serum (Figure 7F), indicating 
that esculetin reduces antioxidant capacity in vivo. Using microscope viewed the significantly presence of blue iron 
deposition by Prussian blue staining in the tumour sections (Figure 7G), demonstrating that esculetin led to lipid 
peroxidation in vivo and caused iron overload and deposition in tumour tissue.

Using H&E tissue staining, esculetin was tested to see if it produces pathological alterations in mice internal organs, 
compared in the control group (Figure 7H), there were no significant pathological changes in the heart, liver, lung, 
spleen, or kidney in the esculetin 3 groups.

Esculetin’s impact on the expression levels of proteins associated with oxidation and ferritinophagy in tumour tissue was 
examined by immunohistochemistry. The results showed that esculetin (30 mg/kg or 60 mg/kg) significantly decreased the 
number of Ki67 positive cells (Figure 8A and B), compared with the control group, this suggested that esculetin suppresses the 
proliferation of tumours. When compared with the control group (Figure 8C and D), NFE2L2, GPX4 and HO-1’s protein 
expression levels were substantially lower in the esculetin 3 groups, indicating that esculetin decreases antioxidation level in 
tumours. Compared with the control group, esculetin (10 mg/kg, 30 mg/kg and 60 mg/kg) significantly increased the protein 
expression levels of LC3II, NCOA4 and decreased FTH1 expression (Figure 8E and F), suggesting that esculetin has the 
ability to induce ferritinophagy in cells. In conclusion, esculetin reduces antioxidation level in tumour, promotes ferritin 
degradation, improves ferritinophagy-related protein levels and activates ferritinophagy to promote ferroptosis in hepatocel-
lular cancer cells.

Discussion
Ferritinophagy results in iron overload in tumour cells, which promotes tumour cell ferroptosis.48–50 Esculetin is a natural 
dihydroxy coumarin that is distributed in a variety of plants,21–25 such as marine sponge. Studies showed that it has 
inhibitory effects on various tumours and its antitumoral mechanism involves the activation of cellular processes, such as 
apoptosis.24–32 However, esculetin’s effects of activating ferritinophagy in liver cancer to has never been studied and its 
mechanism is unidentified.

In our study, we show that esculetin suppresses the growth of HUH7 and HCCLM3 cells, inhibits cell proliferation 
and migration, increases cell apoptosis levels. With the results of previous research,51–54 ferroptosis and oxidative stress 
are intimately related, the feature of ferroptosis is the harmful accumulation of lipid peroxidation. Ferritinophagy 
increases intracellular Fe2+ levels that initiate the Fenton reaction to produce ROS, leading to an increase in oxidative 
stress and GSH level, resulting in the ferroptosis. In our experiments (Figure 9), esculetin increased ROS production in 
HUH7 and HCCLM3 cells in a dose-related way, decreased the intracellular-free radical scavenging, reduced antioxidant 
activity. NFE2L2 has been identified to control ferroptosis through regulating GPX4, FTH1 and HO-1 in cells.55 In this 
study, esculetin decreased NFE2L2 expression in vivo and in vitro, which suppressed HO-1, GPX4 and GSH expressions 
and the scavenge hydroxyl radicals’ ability within serum, therefore, influencing the antioxidant levels in tumour tissue. 
The in vivo and vitro experiments demonstrated that esculetin regulates the level of Fe2+, promotes the production of 
lipid peroxidation and MDA, increases iron deposition in tumour tissue and causes iron overloading. It has been shown 
that NCOA4 directly interacts with FTH1, then connects to the LC3 protein on the forming membrane of autophagy and 
selects the ferritin iron-contained complexes for autolysis, leading to ferroptosis, this is the mechanism by which NCOA4 
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Figure 7 Esculetin’s effects on hepatocellular cancer in vivo. (A) Every three days, mice’s body weight was recorded. (B) The implanted tumor’s length and width were 
recorded 5 times and expressed as suppression rate. (C and D), (E and F) When the study ended, serum was analyzed for hydroxyl radical inhibition ability, GSH, Fe2+ and 
MDA. (G) The iron deposition of ferritinophagy-phenomenon in tumour tissues was confirmed using Prussian blue staining. (H) The esculetin-induced pathological changes 
in the lung, heart, liver, spleen and kidneys of nude mice were observed by H&E staining. The scale bar represents 50 μm (n=3). The results were displayed as mean ± SD. 
Compared with the Control group, *p<0.05, **p<0.01. Compared with the 10mg/kg group, #p<0.05, ##p<0.01.
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Figure 8 Esculetin’s effects on hepatocellular cancer proteins expression in vivo. Using immunohistochemistry, (A and B) KI67 expression, (C and D) antioxidant protein 
NFE2L2, GPX4 and HO-1 expression, (E and F) ferritinophagy-proteins NCOA4, FTH1 and LC3 expression were measured. The ruler measures 50μm. The results were 
displayed as mean ± SD (n=3). Compared with the Control group, *p<0.05, **p<0.01. Compared with the 10mg/kg group, #p<0.05, ##p<0.01.
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mediates ferritinophagy.4,56 Inhibiting NCOA4 expression or autophagy can prevent ferritinophagy and ferroptosis.57 In 
this study, we observed that esculetin increases the levels of NCOA4, LC3-II and lysosomes, while also decreasing FTH1 
expression in vivo and vitro. Esculetin’s relationship to ferritinophagy was further verified using gene silencing or 
overexpression method, we observed that esculetin suppresses the expression of FTH1 following overexpression, while 
increasing the expressions of NCOA4 and LC3II following silencing. Esculetin was also shown to increase the co- 
expression of NCOA4 and LC3II, leading to ferritinophagy. Therefore, esculetin can increase free iron level within the 
cell by activating ferritinophagy. Our research indicates that esculetin can suppress the growth of liver cancer HUH7 and 
HCCLM3 cells via inducing ferritinophagy that is controlled by the NCOA4 /LC3II /FTH1 signaling pathway in tumour 
cells, promoting cell ferroptosis.

Despite the meticulous testing, we performed to demonstrate that esculetin activates ferritinophagy to inhibit 
proliferation of HUH7 and HCCLM3 cells, there are still limits to our research. Esculetin was only proven to induce 
ferritinophagy in liver cancer cells via the NCOA4/LC3II/FTH1 pathway, but it is uncertain whether esculetin promotes 
ferritinophagy via other pathways or if it inhibits other cancers. Future experiments should investigate various cancers 
and pathways to better study esculetin’s antitumor effectiveness. In summary, we believe that the small-molecule 
compound, esculetin, which is present in numerous plants, will be applied as a potential drug to treat liver cancer.

Ethical Statement
Animal experiments in this study were handled in compliance with the Animal Ethics Procedures and Guidelines of the 
People’s Republic of China. All of the animal protocols in this study were approved by the Institutional Animal Care and 
Use committee (IACUC) of the Changchun University of Chinese Medicine.

Figure 9 Esculetin can control NCOA4 and FTH1 expressions, regulate lysosomes and LC3-II activities to increase the level of autophagy and induce ferritinophagy to 
modify ferritin to produce Fe2+. The Fenton reaction leads to the production of the hydroxyl radical, as a consequence of the cell iron accumulating, resulting in oxidative 
stress and increasing in ROS production. A high production of cell ROS can lead to lipid peroxidation and ferritinophagy. Meanwhile, esculetin can decrease GSH expression 
by suppressing NFE2L2 and its target protein GPX4 expression, which is the main ferroptosis regulator. Esculetin can also suppress the expressions of the GPX4 target 
proteins, FTH1 and HO-1, promote ROS buildup and finally activate ferroptosis that is caused by ferritinophagy. By figdraw (www.figdraw.com).
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