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Abstract: Background: Fucoxanthin (Fx) is a natural carotenoid gaining widespread interest for its anticancer effects. However, the 

mechanism by which Fx treats leukemia remains unclear. Here, we studied the mechanism of Fx-induced ferroptosis in human 

erythroleukemia (HEL) cells. Methods: HEL cell viability after Fx treatment was assessed using an MTT assay. Mitochondrial membrane 

potential (MMP) and cell cycle distribution of HEL cells were determined using flow cytometry. Fucoxanthin's effect on reactive oxygen 

species (ROS), iron and ferrous ions in HEL cells was measured using assay kits. Expression levels of relevant proteins in HEL cells were 

assessed through western blot analysis. Molecular docking was performed to validate the interactions. Results: Fx significantly inhibited 

HEL cell viability both dose- and time-dependently. As the Fx concentration increased, the proportion of cells in the G0/G1 phase 

significantly increased, and MMP and cells in the S phase were notably decreased. Fx markedly promoted ROS, iron and ferrous ion 

expression levels; reduced GPX4 and SCL7A11 expression levels, and increased p53 and TFR1 expression levels. Molecular docking 

analysis revealed that the binding energy between Fx and GPX4, SCL7A11, p53 and TFR1 was less than −5 kcal/mol, primarily through 

hydrogen bonding at the enzyme's active site. Conclusion: Fx-induced ferroptosis of HEL cells may be related to activation of the 

TFR1/SLC7A11/GPX4 signaling pathway.  

 

Keywords: Fucoxanthin, Human erythroleukemia cell, Ferroptosis, Reactive oxygen species, Cell cycle, TFR1/SLC7A11/GPX4 signaling 

pathway.  

 

1. Introduction 
 

Leukemia, a highly aggressive hematological malignancy, is 

the most malignant blood-related disorder, characterized by 

challenging treatment modalities and a propensity for relapse 

[1]. The latest childhood tumor surveillance report revealed 

leukemia to be the most prevalent serious disease in the 

pediatric population [2, 3]. Acute lymphoblastic leukemia 

(ALL), a subtype of leukemia, predominantly affects children 

aged 0–9 years, comprising approximately 70% of leukemia 

cases in this demographic [4]. Clinical manifestations include 

bleeding, anemia, and widespread infiltration of leukemia 

cells in organs, posing a significant threat to the health of 

affected children [5]. Current clinical treatment approaches 

for ALL encompass hematopoietic stem cell transplantation, 

chemotherapy, radiotherapy, and immunotherapy-targeting 

drugs [6-8]. Although chemotherapy is the primary treatment 

modality, curing patients with ALL is challenging after initial 

treatment and often leads to relapse. Therefore, exploration of 

new treatment methods and targets is crucial for improving 

patient compliance and quality of life. 

 

In recent years, the application of natural products in cancer 

treatment has gained prominence [9]. Moreover, reutilization 

of natural products has emerged as an alternative approach in 

anticancer drug development, significantly reducing 

development timelines and enhancing therapeutic 

opportunities for patients with leukemia. 

 

Fucoxanthin (Fx) is a naturally occurring carotenoid widely 

found in algae, marine phytoplankton, aquatic mollusks, and 

invertebrates [10]. Fx possesses diverse biological activities 

such as immune function enhancement, nutritional 

fortification, and antioxidant, anti-aging, anti-obesity, blood 

sugar-regulating, and anti-inflammatory effects [11, 12]. 

Additionally, Fx exhibits potent antitumor activity against 

skin cancer, leukemia, and tongue carcinoma, among others 

[13]. The modes of cell death generally include programmed 

cell death (PCD) and non-programmed cell death (NPCD). 

PCD is mainly thought to include apoptosis, necroptosis, 

pyroptosis and autophagy. NPCD includes paraptosis, mitotic 

catastrophe and oncosis. Fx has been shown to increase 

cytotoxicity against leukemia K562 cells and decrease 

proliferation of leukemia TK6 cells [14]. However, few 

studies have reported Fx's ferroptosis mechanism against 

ALL. 

 

Ferroptosis is a form of iron-dependent programmed cell 

death mediated by lipid peroxidation [15]. The process of cell 

ferroptosis involves iron metabolism, regulation by reactive 

oxygen species (ROS), and lipid metabolism [16]. Iron is an 

essential trace element in eukaryotes, playing various roles in 

oxygen transport, ATP generation, and DNA synthesis [17]. 

Proper regulation of cellular iron homeostasis is critical for 

maintaining normal cellular functions. Extracellular iron, in 

the form of Fe3+, binds to transferrin receptor protein 1 (TFR1) 

and enters cells. Subsequently, it is reduced to Fe2+ by 

six-segment transmembrane epithelial antigen of prostate 3 

(STEAP3) and transported into the cytoplasmic labile iron 

pool by divalent metal-ion transporter-1 (DMT1). Excess 
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intracellular Fe2+ catalyzes the Fenton reaction, generating 

free Fe3+ hydroxyl radicals and abundant hydrogen peroxide, 

thus disrupting the cell's antioxidant system [18]. Additionally, 

the cystine-glutamate antiporter system (System Xc−) on the 

cell membrane, which is crucial for the cellular antioxidant 

system, exchanges intracellular glutamate with extracellular 

cysteine. Upon entering cells, nicotinamide adenine 

dinucleotide phosphate (NADPH) reduces cystine to cysteine 

and further combines with glycine and glutamate to 

synthesize glutathione (GSH), reducing intracellular ROS 

levels [19]. Inhibiting System Xc− reduces GSH synthesis, 

causing a massive accumulation of ROS and disrupting the 

cell's antioxidant system. Accumulated ROS directly reacts 

with polyunsaturated fatty acid-phospholipids (PUFA-PL) on 

the cell membrane, forming lipid hydroperoxides and 

subsequently lipid peroxides. Moreover, lipoxygenases 

directly catalyze lipid hydroperoxides [20]. The massive 

accumulation of lipid peroxides ultimately leads to cell 

membrane rupture and ferroptosis. 

 

Fx promotes ROS production and inhibits tumor cell growth, 

and elevated lipid ROS levels are characteristic of ferroptosis 

[21]. However, the mechanism by which Fx induces 

ferroptosis in patients with ALL remains unreported, and its 

precise molecular mechanism requires further study. Here, we 

used human erythroleukemia (HEL) cells as cellular models 

and used flow cytometry, fluorescence quantitative PCR, and 

western blot analysis to investigate the impact and 

mechanisms of Fx on HEL cell death. Our results help better 

explain Fx's antitumor mechanisms and support Fx as a 

potential anticancer drug by modulating cellular ferroptosis, 

thus presenting a promising novel therapeutic strategy for 

ALL. 

 

2. Material and Methods 
 

2.1 Cell Cultures 

 

HEL cells were procured from the Cell Culture Center of the 

Chinese Academy of Sciences, suspended in RPMI-1640 

complete medium containing 10% fetal bovine serum and 1% 

penicillin-streptomycin (dual-antibiotic; Solarbio, Beijing, 

China), and cultured at 37℃ in a 5% CO2 incubator. 

 

2.2 MTT Assay for Cell Viability 

 

HEL cells were seeded in a 96-well plate at 5×104 cells per 

well and cultured for 24 hours. After incubation, 0 (control), 1, 

2, 3, 4, 5, 6, 7, 8, 9, and 10 μg/mL of Fx were added to each 

well, with five replicates per concentration. A blank culture 

medium group was also included. After drug exposure for 12, 

24, 36, or 48 hours, 10 μL MTT solution (Solarbio) was added 

to each well, and the cells were cultured for another 4 hours. 

Absorbance was measured at 570 nm using a microplate 

reader, and relative cell viability was calculated as follows: 

relative cell viability (%) = (experimental group A570 − blank 

culture medium group A570) / (control group A570 − blank 

culture medium group A570) × 100%. The experiment was 

repeated at least three times. 

 

2.3 Detection of Mitochondrial Membrane Potential 

(MMP) 

 

HEL cells were seeded in 6-well plates at 5×104 cells/mL, 2 

mL per well, and cultured for 24 hours. Cells were treated 

with 0 (control), 3, 6, and 9 μg/mL Fx, with three replicates 

per group. After 48 hours of treatment, cells were collected, 

and JC-1 working solution (BD, Tokyo, Japan) was added and 

incubated for 20 minutes at 37℃. After washing twice with 

phosphate-buffered saline (PBS), flow cytometry (BD 

FACSVerse, Franklin Lakes, NJ, USA) was used to detect the 

MMP (Δψm) using FlowJo software, with the ratio of JC-1 

red fluorescence to green fluorescence representing the MMP. 

The fluorescence signals were also measured and recorded 

using fluorescence microscopy. 

 

2.4 Cell Cycle Analysis 

 

Cell cycle changes were determined using DNA content 

analysis. HEL cells were seeded in 6-well plates at 5×104 

cells/mL, 2 mL per well, and cultured for 24 hours. Cells were 

treated with 0 (control), 3, 6, and 9 μg/mL Fx, with three 

replicates per group. After 48 hours of treatment, cells were 

collected, washed with twice PBS, fixed with 70% precooled 

ethanol, and stored overnight at 4℃. After washing with PBS, 

RNase A (BD, Tokyo, Japan) was added for a 30-minute 

incubation at 37℃, followed by propidium iodide (PI) 

staining at room temperature for 30 minutes. Flow cytometry 

was used to detect the cell cycle. FlowJo software (Tree Star, 

Ashland, Oregon, USA) was used for the analysis, 

representing cell cycle arrest based on the difference in 

fluorescence values. 

 

2.5 PCD Detection 

 

HEL cells were seeded in 6-well plates at 5×104 cells/mL, 2 

mL per well, and cultured for 24 hours. Cells were treated 

with 0 (control), 3, 6, and 9 μg/mL Fx, with three replicates 

per group. After 48 hours of treatment, cells were collected, 

washed with twice PBS, and incubated with 0.1 mL of 1× 

binding buffer, PI, and Annexin-V FITC (BD, Tokyo, Japan) 

in the dark for 15 minutes. After adding 0.4 mL of 1× binding 

buffer, the mixture was thoroughly mixed, and flow 

cytometry was used to detect and analyze the PCD using 

FlowJo software. After 48 hours of treatment, cells were 

collected, and TUNEL assays were performed according to 

the instructions in the kits (Abbkine, Wuhan, China). 

Fluorescence images were captured from random fields at 

200× magnification. 

 

2.6 Detection of Cellular ROS 

 

HEL cells were seeded in 6-well plates at 5×104 cells/mL, 2 

mL per well, and cultured for 24 hours. Cells were then 

treated with 0 (control), 3, 6, and 9 μg/mL Fx, with three 

replicates per group. After 48 hours of treatment, cells were 

collected, resuspended with freshly prepared DCFH-DA 

fluorescent probe solution (Solarbio), and incubated at 37℃ 

for 30 minutes. After washing twice with culture medium and 

resuspending the cells in PBS, flow cytometry was used to 

detect cellular ROS levels, represented by the mean 

fluorescence intensity. 

 

2.7 Detection of Ferroptosis-related Indicators 

 

HEL cells were seeded in 6-well plates at 5×104 cells/mL, 2 
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mL per well, and cultured for 24 hours. Cells were treated 

with 0 (control), 3, 6, and 9 μg/mL Fx, with three replicates 

per group. After 48 hours of treatment, cells were collected, 

and assays for glutathione (GSH), malondialdehyde (MDA), 

iron and ferrous ions were performed according to the 

instructions in the kits (Solarbio). Absorbance was measured 

using a microplate reader. 

 

2.8 qPCR for Gene Expression 

 

HEL cells were seeded in 6-well plates at 5×104 cells/mL, 2 

mL per well, and cultured for 24 hours. Cells were treated 

with 0 (control), 3, 6, and 9 μg/mL Fx, with three replicates 

per group. After 48 hours of treatment, total RNA was 

extracted using TRIzol reagent (Tokyo, Japan). Reverse 

transcription was performed to obtain cDNA, followed by 

real-time fluorescence quantitative gene detection (RT-qPCR). 

The qPCR reaction conditions were 95℃ for 10 min, 95℃ for 

30 s, 55℃ for 30 s, and 72℃ for 15 s, for 40 cycles. Table 1 

lists the primers used. β-actin was used as the reference gene.  

Table 1: Primers used for RT-qPCR. 
Genes Sense Primers (5′-3′) Antisense Primers (3′-5′) 

p53 
GCGTGTGGAGTATTTGGA

TGAC 

AGTGTGATGATGGTGAG

GATGG 

TFR1 
AACTCAGCAAAGTCTGGC

GT 

GACCCCCAATACACCGCA

TA 

SLC7A
11 

TCCTGCTTTGGCTCCAT 
ACAGGCGTTCGTGTGAGG

AGA 

GPX4 
ACAAGAACGGCTGCGTG

GTGAA 

AGATCGAGGTGTTCACAC

ACCG 
β-actin CCTGGCACCCAGCACAAT GGGCCGGACTCGTCATAC 

 

2.9 Western Blot for Protein Levels 

 

HEL cells were seeded in 6-well plates at 5×104 cells/mL, 2 

mL per well, and cultured for 24 hours. Cells were treated 

with 0 (control), 3, 6, and 9 μg/mL Fx, with three replicates 

per group. Cells were lysed with RIPA protein lysis buffer, 

and the supernatant was collected. SDS-PAGE 

electrophoresis was performed by adding protein loading 

buffer to the protein and boiling for 5 minutes at 95℃ to 

prepare the samples. A 12% separating gel and 6% 

concentrating gel were used for electrophoresis at 100 V for 

90 minutes to separate the protein samples. Transblotting and 

blocking were performed using an NC membrane (Millipore 

Co., Billerica, MA, USA). The SDS-PAGE gel was placed on 

the transblotting apparatus, and electrophoresis was 

performed in an ice-water bath at 90 V for 100 minutes to 

transfer the proteins from the gel to the NC membrane. The 

membrane was then blocked with 1% defatted milk at room 

temperature for 1 hour. SLC7A11 (ABclonal Technology, 

Wuhan, China), GPX4 (ABclonal Technology), TFR1 

(ABclonal Technology) and p53 (ABclonal Technology) 

antibodies were incubated with the primary antibody (1:1000 

dilution) overnight at 4℃. The secondary antibody (1:5000 

dilution; ABclonal Technology) was incubated at room 

temperature for 2 hours. Imaging was performed using an 

ECL detection kit, and images were captured using a gel 

imaging system. 

 

2.10 Molecular Docking 

 

The Fx chemical structure was drawn using ChemDraw 19.0 

software and subjected to energy minimization using 

Chem3D 14.0 software. The TFR1 protein structure (PDB ID: 

7ZQS), SLC7A11 protein structure (PDB ID: 7P9U), GPX4 

protein structure (PDB ID: 5H5Q), p53 protein structure 

(PDB ID: 3KMD) were retrieved from the Protein Data Bank 

(https://www.rcsb.org/) and saved in pdb format. Pymol 2.5.2 

was used to remove water molecules and eliminate modified 

ligands. AutoDock Tools 1.5.7 was used to convert Fx and 

TFR1 or SLC7A11 or GPX4 or p53 protein into pdbqt format 

for molecular docking. LigPlus 2.5.5 was used to analyze 

hydrogen bonding, hydrophobic interactions, and other forces 

between the ligand and protein. 

 

2.11 Statistical Methods 

 

Statistical analyses were performed using ImageJ and FlowJo 

software. All experiments were conducted in triplicate. Data 

are presented as means ± standard deviation unless otherwise 

indicated. Differences between two groups were analyzed 

using Student's t-tests; comparisons among multiple groups 

were made using analysis of variance (ANOVA). Statistical 

analyses were carried out using GraphPad Prism 8 software. 

Thresholds for statistical significance were defined as *p < 

0.05 and **p < 0.01. 

 

3. Results 
 

3.1 Fx Reduced HEL Cell Viability 

 

To investigate whether Fx reduces HEL cell viability, various 

Fx concentrations were used to treat HEL cells for varying 

durations, and cells were subjected to MTT assay (Figure 1). 

Regardless of the treatment duration (12, 24, 36, or 48 h), low 

concentrations (0-2 μg/mL) of Fx did not significantly inhibit 

HEL cell viability. Medium concentrations (3-6 μg/mL) 

significantly or markedly inhibited cell viability 

concentration-dependently, reducing it to <90%. High 

concentrations (7-10 μg/mL) significantly inhibited HEL cell 

viability, which dropped to <50% after 36 hours, 

demonstrating clear time dependency. 

 

3.2 Fx Promoted PCD in HEL Cells 

 

PCD induction by Fx was assessed using Annexin-V/PI 

staining. In the control group, the PCD rate of HEL cells was 

5.81%. At 3 μg/mL Fx, the PCD rate increased to 11.44%; at 6 

μg/mL, the PCD rate significantly increased to 59.03%; and at 

9 μg/mL, the PCD rate of HEL cells reached 84.90%. As the 

Fx concentration increased, the PCD, early PCD, and late 

PCD rates of HEL cells increased (Figure 2a). Thus, Fx 

effectively promoted early PCD in HEL cells, but late PCD 

was not obvious. To determine whether the late programmed 

death of HEL cells is affected by Fx, we performed TUNEL 

fluorescence staining experiments. The ratio of green to blue 

fluorescent cells represents the proportion of late programmed 

death cells in all cells. As shown in Figure 2b, in the absence 

of Fx, late programmed death accounted for 2.15% of total 

HEL cells. After 0, 3, 6, and 9 μg/mL Fx treatment, the 

proportion increased to 4.28%, 5.23%, and 11.67%, 

respectively. 

 

3.3 Fx Promoted MMP Loss and Cell Cycle Arrest in HEL 

Cells 

 

MMP loss is a hallmark event of early apoptosis, usually 
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occurring at the onset of PCD. Compared with normal cells, 

tumor cells typically exhibit hyperpolarized MMP. JC-1 

staining was used to detect changes in the MMP of HEL cells 

(Figure 3a). Fx promoted MMP loss in HEL cells 

concentration-dependently. In healthy cells with high MMP, 

JC-1 forms complexes called J-aggregates, emitting 

red/orange fluorescence. Decreased MMP leads to emission 

of green fluorescence by JC-1 monomers. Flow cytometry 

results showed a significant decrease in the red/green 

fluorescence ratio in HEL cells treated with different Fx 

concentrations. Particularly, Fx at 9 μg/mL induced a 

significant loss of MMP, with a rate of 70.71%. 

 

To further investigate the effect of Fx on the HEL cell cycle, 

PI staining was used with flow cytometry. Compared with the 

control group, the proportion of cells in G1 phase significantly 

increased, and that of cells in S phase significantly decreased 

as the drug concentration increased, with no significant 

difference in S phase at 0 and 3 μg/mL. However, at 3 and 6 

μg/mL, the proportion of cells in G2 phase significantly 

decreased (Figure 3b). In summary, Fx significantly arrested 

HEL cells in G1 phase. Combined with the results of the 

MMP experiments, we speculate that Fx-induced PCD in 

HEL cells may be the mechanism of ferroptosis. 

 

3.4 Fx Affected Ferroptosis-related Indicators in HEL 

Cells 

 

Ferroptosis is a form of iron-dependent lipid 

peroxidation-induced cell death. External stimulation of HEL 

cells affects MMP, influencing the respiratory chain and 

leading to ROS generation. Excessive ROS levels induce 

mitochondrial autophagy. To explore whether oxidative stress 

causes HEL cell death, the ferrous ion colorimetric method 

was used to detect changes in cellular iron levels. MDA and 

GSH assay kits were used to quantitatively analyze 

intracellular levels of lipid peroxidase and reduced GSH to 

comprehensively assess cellular iron ions and lipid 

peroxidation. HEL cells were treated with various FX 

concentrations to evaluate whether Fx affects ferroptosis in 

HEL cells. Fx-induced ROS production was detected using an 

ROS probe (Figure 3). Fx induced ROS production in HEL 

cells concentration-dependently, with 9 μg/mL of Fx inducing 

a significant increase in ROS levels (Figure 4a and b). Thus, 

Fx may promote PCD in tumor cells by triggering oxidative 

stress. Determination of GSH levels showed that FX 

treatment at 6 and 9 μg/mL decreased intracellular GSH levels 

(Figure 4c). Compared with the control group, 3, 6, and 9 

μg/mL of Fx significantly increased the MDA, ferrous ions, 

and iron ions in HEL cells (Figure 4d-f). Therefore, medium 

to high doses of Fx induced ferroptosis in HEL cells. 

 

3.5 Fx Regulates the SLC711/GPX4 Pathway to Induce 

HEL Cell Death 

 

RT-qPCR was performed to detect the mRNA levels of 

ferroptosis-related genes in HEL cells. Relative expression 

levels of GPX4 and SLC7A11 gradually decreased as the Fx 

concentration increased (Figure 5a and b). In the group treated 

with 3 μg/mL of Fx, the expression levels of 

ferroptosis-related genes SLC7A11 and GPX4 were 

significantly reduced (p < 0.05). When the concentration 

exceeded 3 μg/mL, the expression levels of ferroptosis-related 

genes TFR1 and p53 significantly or markedly increased (p < 

0.05, p < 0.01; Figure 5c and d). To further explore the 

mechanism by which Fx regulates ferroptosis in HEL cells, 

the expression of ferroptosis-related proteins was examined 

(Figure 5e). Relative expression levels of GPX4 and 

SLC7A11 gradually decreased as the Fx concentration 

decreased, and at 9 μg/mL, the relative expression levels of 

GPX4 and SLC7A11 significantly decreased (p < 0.01; Figure 

5f and h). At 9 μg/mL of Fx, the relative expression level of 

p53 and TFR1 increased extremely significantly (p < 0.01; 

Figure 5i and j). Fx effectively promoted ferroptosis in HEL 

cells. 

 

3.6 Molecular Docking Validation 

 

To explore the relationship between Fx and its target proteins, 

molecular docking simulations were performed for Fx with 

SLC7A11, GPX4, p53, and TFR1. Pymol 2.1 software was 

used to visualize the Fx-target protein complexes, obtaining 

binding modes that clearly show interacting amino acid 

residues at the binding site. The molecular docking results 

(Figure 6) indicate that the binding energy between Fx and 

SLC7A11 was less than −5.81 kcal/mol, and the binding 

energy between Fx and GPX4 was less than −7.23 kcal/mol. 

The binding energy between Fx and TFR1 was less than −7.91 

kcal/mol, and the binding energy between Fx and p53 was less 

than −7.3 kcal/mol, indicating high binding efficiency. Fx 

formed hydrogen bonds with SLC7A11, which included 

interactions with LYS-106 (2.1 Å) and PRO-415 (2.2 Å) 

(Figure 6a). Similarly, Fx formed hydrogen bonds with GPX4 

by interacting with ARG-36 (2.1 Å), GLY-111 (2.4 Å), and 

ASP-34 (2.2 Å) (Figure 6b); with TFR1 by interacting with 

PHE-298 (1.8 Å, 2.5 Å), LYS-534 (1.9 Å), LEU-566 (1.9 Å), 

and GLU-533 (2.1 Å, 2.9 Å) (Figure 6c); and with p53 by 

interacting with THR-102 (1.9 Å) (Figure 6d). Thus, Fx is 

likely directly associated with the TFR1/SLC7A11/GPX4 

pathway (Figure 7). 

 

4. Discussion 
 

ALL is one of the most common malignant tumors, and 

multidrug chemotherapy is the main treatment strategy [22]. 

The early stages of treatment typically yield significant 

anticancer effects, particularly in patients with late-stage 

cancer. However, with prolonged exposure to 

chemotherapeutic drugs, genetic and epigenetic changes 

occur in tumor cells, leading to the development of 

drug-resistant clonal subtypes [23]. Under the high pressure 

of chemotherapy, these drug-resistant tumor cell lines exhibit 

enhanced resistance. Despite recent discoveries of new 

molecular targets and compounds for treating ALL that 

exhibit lower recurrence rates and higher remission rates, the 

combination of monoclonal antibodies and chemical drugs in 

chemical immunotherapy is associated with a poor clinical 

prognosis due to toxic adverse effects such as cytokine release 

syndrome, neurotoxicity, and multiorgan dysfunction [24]. 

Therefore, new compounds with anti-ALL properties should 

be explored to offer more comprehensive treatment options 

for ALL. 

 

Natural products are important sources of therapeutic agents 

and have gained increasing attention in cancer treatment [25, 

26]. Fx has demonstrated excellent anti-leukemia activity in 
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two human leukemia cell lines, K562 and TK6 [14]. Research 

indicates that Fx acts on multiple targets, regulating the 

expression of proteins in various signaling pathways and 

promoting PCD in tumor cells [27]. Cell experiments have 

shown that Fx effectively inhibits HEL cell viability. The 

MTT assay determined IC50 values for Fx at 12, 24, 36, and 

48 hours, demonstrating dose- and time-dependent effects on 

HEL cell viability. This suggests that Fx may be a promising 

drug for treating HEL. PCD-related changes, such as 

phosphatidylserine externalization, MMP reduction, and cell 

cycle arrest, were observed using the fluorescent dyes 

Annexin-V, PI, and JC-1. Ahmed et al. found that Fx induced 

cell cycle arrest at the G1 phase in MDA-MB-231 and 

MDA-MB-468 cells. Fx can target VEGF-A and VEGF-C, 

inhibit cell proliferation and cell migration, and induce cell 

cycle arrest and apoptosis, the most crucial cellular processes 

[28]. Flow cytometry analysis revealed that Fx 

dose-dependently induced G1 phase cell cycle arrest and 

significantly decreased MMP in HEL cells. Annexin/PI 

double staining showed a dose-dependent increase in PCD 

rates, although the proportion of late-stage PCD did not 

significantly rise. This suggests that Fx promotes HEL cell 

death through other mechanisms. These results combined 

with the MMP experimental results suggest that the 

mechanism by which Fx promotes HEL cell death may 

involve ferroptosis. 

 

Ferroptosis, primarily caused by intracellular iron 

accumulation and lipid peroxidation, involves the crucial 

roles of lipid peroxidation and GSH depletion [29]. This 

process includes ROS-driven lipid oxidation, ultimately 

leading to cell damage and membrane rupture. The interplay 

between lipid peroxidation and ferroptosis is complex, where 

ROS promotes iron accumulation, and vice versa, enhancing 

oxidative stress. Excessive iron and lipid peroxidation 

products (e.g., ROS) can severely damage the cell membrane. 

Ferroptosis plays different roles in different stages of tumor 

development, inhibiting cell proliferation and differentiation 

in cellular homeostasis regulation. Our results showed that 

ROS levels in HEL cells increased with the Fx concentration. 

ROS, a group of highly reactive molecules generated during 

aerobic metabolism, participates in cell signal transduction. 

Consistent with our findings, another study revealed that 

bisphenol A treatment downregulated SH-SY5Y cell viability 

concentration-dependently and increased the ROS levels 

concentration-dependently [30]. High ROS levels induce cell 

death by damaging DNA and causing DNA breaks, leading to 

genomic instability and ultimately inducing cell death [31]. 

Further experiments revealed that Fx treatment increased lipid 

peroxidation levels, iron and ferrous ion concentrations, while 

decreasing GSH levels. Iron ions typically bind to transferrin 

in the form of trivalent iron, enter the cell through the 

transferrin channel, and are reduced to divalent iron by the 

metal reductase, STEAP3, which preferentially forms various 

iron-binding complexes. When the content of these 

complexes nears saturation, excess divalent iron accumulates 

in the cell, forming an unstable iron pool [18]. The free 

divalent iron in the iron pool participates in the Fenton 

reaction, which generates ROS represented by hydroxyl 

radicals. The accumulated ROS oxidizes membrane lipids, 

resulting in the loss of cell function. GSH, a major 

nonenzymatic antioxidant in cells, is synthesized from 

glutamate, cysteine, and glycine. It directly acts as an 

antioxidant and serves as a substrate for GPX4 [32]. GPX4 is 

the only enzyme in cells that reduces lipid peroxides, 

converting intracellular GSH to glutathione disulfide, and 

detoxifying toxic lipid peroxides into non-toxic alcohols, 

accelerating H2O2 decomposition, and preventing and 

alleviating peroxide-induced damage to cell structures [33]. 

When GSH is depleted under oxidative stress, GPX4 becomes 

inactive, and GPX4 downregulation is considered a key 

feature of ferroptosis [34]. Both qPCR and western blot 

results indicated a significant concentration-dependent 

downregulation of GPX4 expression in HEL cells after Fx 

treatment. Additionally, Terasaki et al. found that 

dysregulation of signals by TP53, ARID1A, NRAS, and 

PMS2 mutations might have been mitigated because Fx 

administration effectively suppressed tumor growth in 

CRC-PDX mice [35]. Fx's inhibitory effect on tumor cells is 

also related to its induction of p53 overexpression. p53, 

encoded by TP53, functions in cells to monitor DNA damage 

and prompts the cells to respond appropriately. When DNA is 

damaged, p53 halts the cell cycle, allowing cells to enter the 

repair state. If the repair is ineffective, p53 induces cell death 

via apoptosis [36]. p53, known for its regulatory roles in cell 

proliferation, apoptosis, aging, and metabolism across diverse 

tissues, appears to play a pivotal role in aggravating biological 

processes such as epithelial-mesenchymal transition, 

apoptosis, and cell senescence [37]. p53 can directly bind to 

the p53-binding elements in the SLC7A11 promoter region, 

thereby inhibiting SLC7A11 expression and increasing cell 

sensitivity to ferroptosis [38]. Both qPCR and western blot 

results indicated a concentration-dependent significant 

downregulation of SLC7A11 expression in HEL cells after Fx 

treatment. Upregulated p53 can also upregulate TFR1 

expression levels and increase intracellular iron ion contents, 

and excess iron can generate ROS through the Fenton reaction, 

leading to ferroptosis [39]. In this study, TFR1 expression 

levels significantly and dose-dependently increased as the Fx 

concentration increased. Few studies have systematically 

investigated ferroptosis by Fx in cancer cells; however, their 

findings seem consistent with ours. Zhu et al. (2023) showed 

that Fx inhibited glioblastoma cell survival by triggering 

ferroptosis, a ferric ion and ROS-dependent cell death, which 

was blocked by ferrostatin-1 [40]. We conducted molecular 

docking simulations to further analyze the mechanism of Fx 

on SLC7A11, GPX4, p53, and TFR1. Fx exhibited strong 

binding affinity with SLC7A11, GPX4, p53, and TFR1, 

which was attributed to formation of strong hydrogen bonds 

between Fx and SLC7A11, GPX4, p53, and TFR1 residues. 

The hydrogen bond distances were relatively short, 

facilitating stable interaction between the ligand (Fx) and 

proteins (SLC7A11, GPX4, p53, and TFR1). 

 

5. Conclusion 
 

Our results demonstrated that Fx can reduce HEL cell 

viability concentration- and time-dependently. Fx induced 

MMP loss in HEL cells, leading to cell cycle arrest and 

ferroptosis. The mechanism underlying these effects involves 

promoting ferroptosis in HEL cells, as evidenced by changes 

in ROS production, lipid peroxidation, and iron-related 

proteins and genes. Molecular docking simulations further 

supported a direct interaction between Fx and SLC7A11, 

GPX4, p53, and TFR1, key proteins involved in ferroptosis. 

These findings contribute to our understanding of the 
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antileukemic effects of Fx and provide a basis for further 

exploring its therapeutic potential in leukemia treatment. 
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Figure Legends 

 
Figure 1: Variations in the viability of HEL human 

erythroleukemia cells over time at different concentrations of 

Fx. Data are means ± SD (n=5). 

 
Figure 2: Effects of Fx on PCD of HEL cells (n=3). (a) Effect of Fx on PCD of HEL cells. Q1: dead cells; Q2: cells in end-stage 

PCD; Q3: cells undergoing PCD; Q4: viable cells not undergoing PCD. (b) Late PCD of HEL cells treated with Fx was 

qualitatively and quantitatively assessed by TUNEL fluorescence microscopy. * and ** indicate significant (p < 0.05) and 

extremely significant (p < 0.01) differences compared with the control group. 
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Figure 3: Effects of Fx on MMP and cell cycle of HEL cells (n=3). (a) Effect of Fx on HEL MMP. (b) Effect of Fx on HEL cell 

cycle. * and ** indicate significant (p < 0.05) and extremely significant (p < 0.01) differences compared with the control group. 
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Figure 4: Fx-induced ferroptosis in HEL cells (n=3). (a) Effects of Fx on ROS in HEL cells. (b) Effects of Fx on levels of 

dichlorofluorescin fluorescence intensity of ROS in HEL cells. (c) Effects of Fx on GSH levels in HEL cells. (d) Effects of Fx on 

MDA levels in HEL cells. (e) Effects of Fx on Fe levels in HEL cells. (f) Effects of Fx on Fe2+ levels in HEL cells. * and ** 

indicate significant (p < 0.05) and extremely significant (p < 0.01) differences compared with the control group. 

 
Figure 5: Fx-regulated gene and protein expression of TFR1/SLC7A11/GPX4 pathway-induced ferroptosis in HEL cells (n=3). 

(a) Effect of Fx on GPX4 mRNA expression in HEL cells. (b) Effect of Fx on SCL7A11 mRNA expression in HEL cells. (c) 

Effect of Fx on p53 mRNA expression in HEL cells. (d) Effect of Fx on TFR1 mRNA expression in HEL cells. (e) Protein 

immunoblotting. (f) Effect of Fx on GPX4 protein expression in HEL cells. (h) Effect of Fx on SCL7A11 protein expression in 

HEL cells. (i) Effect of Fx on p53 protein expression in HEL cells. (j) Effect of Fx on TFR1 protein expression in HEL cells.  * 

and ** indicate significant (p < 0.05) and extremely significant (p < 0.01) differences compared with the control group. 

208



 

Journal of Contemporary Medical Practice (JCMP)                    ISSN: 2006-2745Journal of Contemporary Medical Practice (JCMP)                     ISSN: 2006-2745

http://www.bryanhousepub.com

  
  
   

 

                                                                        Volume 7 Issue 1 2025    

    
 

               

                  
                 
                

       

 
Figure 6: Molecular docking of Fx in intervention targets. (a) Molecular docking results between Fx and SLC7A11; (b) Fx and 

GPX4; (c) Fx and TFR1; and (d) Fx and p53. 
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