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Purpose: Acute myeloid leukemia (AML) is a hematological malignancy. Zinc oxide nanoparticles (ZnO NPs) and Luteolin are 
commonly used to fight cancer. In this study, we synthesized a new complex: zinc oxide nanoparticles-luteolin (ZnONPs-Lut) and 
aimed to investigate its effects on cell death in the AML cell line (MOLM-13) in vitro and to elucidate the underlying mechanisms.
Methods: We assessed cell viability, quantified changes in gene expression using real-time quantitative PCR (qRT-PCR), and 
measured changes in ferrous (Fe2+) content, glutathione (GSH) content, malondialdehyde (MDA) content, reactive oxygen species 
(ROS), and mitochondrial membrane potential (MMP) levels following treatment with different concentrations of MOLM-13 cells 
with different concentrations of ZnONPs-Lut. Western blotting was used to detect the protein expression levels of ACSL4, GPX4, 
FTH1, and SLC7A11, while the cell morphology was observed by transmission electron microscopy (TEM). Meanwhile, the effect of 
Ferrostatin-1 (Fer-1), a ferroptosis inhibitor, on the expression of the aforementioned ferroptosis-related proteins and cell morphology 
was evaluated.
Results: The results showed that ZnONPs-Lut was able to significantly inhibit the proliferation of MOLM-13 cells in a time- and 
dose-dependent manner. Additionally, it increased the concentrations of Fe2+ and MDA, reduced the expression levels of GSH and 
MMP, and induced ROS generation. Furthermore, it also enhanced the expression of ACSL4 protein while decreasing the expression 
of GPX4, FTH1, and SLC7A11 proteins. Notably, Fer-1 was able to significantly restrain the changes in protein levels and 
mitochondrial morphology damage induced by ZnONPs-Lut after its action on cells.
Conclusion: ZnONPs-Lut inhibits the proliferation of MOLM-13 cells, likely through promoting the cellular ferroptosis signaling 
pathway. These findings suggest that ZnONPs-Lut could be a potential therapeutic approach for AML.
Keywords: acute myeloid leukemia, ferroptosis, reactive oxygen species, zinc oxide nanoparticles, luteolin

Introduction
Acute myeloid leukemia (AML) is a malignant disease, characterized by the uncontrolled proliferation of bone marrow 
stem cells. It is associated with infections, anemia, and hemorrhage, with a median age of disease diagnosis of 68 years 
old.1,2 In 2024, it is estimated that there will be 20,800 new cases of AML in the United States, and 11,220 people will 
die from the disease.3 Although the evolution of emerging therapeutic options, such as targeted therapies and immu-
notherapies, has played an important role in improving survival rates and quality of life for AML patients, the treatment 
options for AML patients still remain limited.4 Drug toxicity, long-term drug resistance, and the slow progress of 
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immunotherapy—due to the scarcity of AML-specific target antigens and low mutation rates—have significantly 
hindered advancements in AML treatment.5,6 Up to 50% of patients fail to achieve remission during initial treatment, 
leading to refractory disease and eventual death from relapse or disease progression.7 Therefore, a critical focus in AML 
therapeutic research is to overcome cellular drug resistance and to develop low-toxicity and highly efficient drugs.

Nanoparticles are defined as particles with at least one dimension less than 100 nanometers. In recent years, 
nanotechnology has been developing rapidly and is widely used in medical, healthcare, and other related fields. 
Nanoscale materials have great potential for cancer treatment due to their low risk, fewer complications, and ability to 
effectively overcome the limitations of conventional drugs, such as reduced bioavailability.8 Zinc oxide nanoparticles 
(ZnO NPs) exhibit lower toxicity and higher adsorption capacity than other nanomaterials. And their selective cytotoxi-
city against cancer cells is 28–35 times higher than that against normal cells.9 It is also worth noting that ZnO NPs have 
been approved by the FDA and are widely used in pharmaceutical formulations due to their safety, stability, and 
biocompatibility.10 The tumor microenvironment is highly acidic compared to healthy tissue, primarily due to a nearly 
200-fold increase in glycolysis and lactic acid production. This results from malignant cellular metabolism, hyperpro-
liferation, and poor perfusion of the tortuous vascular system.11 Based on the acid-responsive decomposition of ZnO 
NPs, it can serve as an effective carrier for targeted and sustained delivery of anticancer drugs, effectively promoting 
cancer cell death and limiting tumor growth.12 Owing to these features, ZnO NPs are widely used in various biological 
fields, including antibacterial, anticancer, and disease diagnosis applications.13–15 Therefore, ZnO NPs can serve as both 
therapeutic agents and drug carriers for AML treatment, making them a promising option for the development of novel 
therapies.

Luteolin is a commonly available flavonoid compound found in a wide variety of plants, including fruits, vegetables, 
and herbs.16 It has been discovered that luteolin possesses pharmacological properties such as antibacterial and anti- 
inflammatory effects, as well as the ability to prevent and inhibit the development of various types of tumors and inhibit 
the invasion and migration of cancer cells, including breast cancer, colon cancer, liver cancer, stomach cancer, and lung 
cancer.17–22 Therefore, luteolin has attracted significant attention in cancer therapy due to its broad-spectrum anticancer 
effects and potential as a natural therapeutic agent.

The possibility of unlimited replication and immortality of tumor cells depends on their success in circumventing cell 
death regulation. Ferroptosis is a newly discovered cell death type that differs morphologically and physiologically from 
classical forms of programmed cell death and is primarily driven by lipid peroxidation.23 Ferroptosis is closely linked to 
the pathophysiological processes of many diseases, including tumors, neurological disorders, kidney damage, and blood 
disorders.24 For example, it was found that when the dihydroartemisinin acts on AML cells, it can accelerate the 
degradation of ferritin, increase the labile iron pool, promote the accumulation of cellular ROS, and ultimately lead to 
ferroptosis.25 Ferroptosis has also been shown to be highly sensitive to drug-resistant cancer cells, especially those in 
a mesenchymal state and prone to metastasis.26 Therefore, regulating cellular ferroptosis to influence the development 
and progression of related diseases has become a major focus of research and therapy. Nanomaterials are recognized by 
cells as foreign substances and can determine the fate of cells by inducing ferroptosis. For instance, nanoparticles can 
inhibit the growth and aggressiveness of colorectal cancer cells by stimulating ferroptosis.27 Additionally, many herb- 
derived ingredients have been shown to induce ferroptosis in tumor cells. Fu et al demonstrated that luteolin can promote 
transcription factor EB nuclear translocation and enhances ferritin autophagy in prostate cancer cells, ultimately 
triggering cellular ferroptosis.28 Ferroptosis, as a novel mechanism, may play an important role in the treatment of AML.

Luteolin has good anticancer ability, but it cannot be widely used in clinics because of its limited solubility and 
bioavailability, etc.29 Unlike the previous studies, which only explored the anti-tumor ability of luteolin and ZnO NPs as 
a single component, we combined ZnO NPs and luteolin based on the physicochemical properties and excellent drug- 
carrying capacity of ZnO NPs as well as the excellent anti-tumor ability of luteolin so that it has the functions of both. It 
can overcome the problem of poor water solubility of luteolin and also be able to target and promote tumor cell death.

In this study, we investigated the induction of ferroptosis by ZnONPs-Lut in the human AML cell line MOLM-13. 
The present study confirmed that the typical features of ferroptosis–reduced antioxidant defense, accumulation of lipid 
peroxidation products, and iron overload–were observed in the treated cells. We anticipate that this study will provide 
a new therapeutic strategy for the treatment of AML.
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Materials and Methods
Synthesis of ZnO
ZnO NPs were prepared and synthesized as reported in the relevant papers.30 ZnO NPs were prepared and synthesized as 
reported in the relevant literature.30 First, 2.2 g of zinc acetate dihydrate (Sinopharm Chemical Reagent, Shanghai, 
China) and 0.22 g of magnesium acetate tetrahydrate (Sinopharm Chemical Reagent, Shanghai, China) were dissolved in 
60 mL of anhydrous ethanol. The mixture was refluxed under stirring (500 rpm) at 80°C for 2 h until complete 
dissolution. The solution was then cooled in an ice bath. Next, 0.5 g of NaOH (Sinopharm Chemical Reagent, 
Shanghai, China) was dissolved in 40 mL of anhydrous ethanol. The solution was subjected to ultrasonication with 
heating until complete dissolution, followed by cooling in an ice bath. The sodium hydroxide ethanol solution was then 
added to the ZnO acetate solution in the ice bath. The mixture was stirred at 500 rpm in an ice bath and allowed to react 
for 4 h to obtain ZnO quantum dots. Finally, 0.5 mL of APTES (Sinopharm Chemical Reagent, Shanghai, China) was 
mixed with 2 mL of ultrapure water and added to the ZnO quantum dots solution. The mixture was refluxed with stirring 
(400 rpm) at 60°C for 3 h. A precipitate formed, and the mixture was centrifuged at 7500 rpm for 10 min. The precipitate 
was collected and washed twice with ethanol to remove unreacted impurities, yielding amino-modified ZnO quantum 
dots (with lime green fluorescence). Finally, the product was dried under vacuum at room temperature.

Synthesis of ZnONPs-Lut
Luteolin (Sinopharm Chemical Reagent, Shanghai, China) was loaded into ZnO NPs according to the literature.31 In 
brief, 0.1 g of ZnO was dispersed in 20 mL of anhydrous ethanol by ultrasonication. Next, 50 mg of luteolin was weighed 
and dispersed in 10 mL of anhydrous ethanol by ultrasonication. Subsequently, the two solutions were mixed, stirred at 
room temperature for 12 h, and centrifuged at 7500 rpm for 10 min. The precipitate was washed three times with ethanol 
to remove unreacted luteolin and then dried under vacuum at room temperature. The loading of luteolin was calculated 
based on the UV-visible absorbance of luteolin at 351 nm and estimated using a series of calibration curves prepared with 
luteolin solutions under the same conditions. The drug loading and encapsulation rate were worked out as follows:

Characterization of the Synthesized ZnONPs-Lut
To characterize the synthesized nanoparticles, the crystal structures were analyzed by X-ray diffractometry (XRD; D8 
Advance, Bruker, Berlin, Germany). The UV-visible spectra of the nanoparticles were measured using a UV spectrometer 
(Hitachi U-4100, Hitachi, Tokyo, Japan). The zeta potential and hydrodynamic diameters were measured using 
a dynamic light scattering (DLS) analyzer (Zetasizer Nano, Malvern Panalytical, UK). The morphology, size, and 
distribution of ZnONPs-Lut were characterized by transmission electron microscopy (TEM; Tecnai G2 20, FEI, 
Hillsboro, USA). Additionally, the surface functionalization of ZnONPs-Lut was analyzed using a Fourier transform 
infrared spectrometer (FTIR; Nicolet 5700, Thermo Nicolet Corporation, MA, USA).

Cells and Cell Culture
The human AML cell line MOLM-13 (Kindly provided by the Hematology Laboratory of Shandong University Qilu 
Hospital) was incubated in RPMI 1640 (BasalMedia, Shanghai, China) supplemented 10% fetal bovine serum (Sigma, 
MO, USA), 100 μg/mL streptomycin, and 100 U/mL penicillin. All cells were grown in a 37 °C incubator containing 5% 
CO2 air.

Cell Viability Assay
We adjusted log-grown, well-conditioned human AML cells to a cell suspension with a density of 5.0 × 104/mL and 
evenly inoculated them in 96-well plates (Nest Biotechnology, Wuxi, China). Then, diluted doses of ZnONPs-Lut at 
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different concentrations (final concentrations of 0, 2.0, 4.0, 8.0, 16.0, 32.0, 64.0, and 128.0 μg/mL) were added to each 
well. The drug-treated cells were incubated in a sterile incubator at 37 °C for 24 h, 48 h, and 72 h. 20 μL of CCK8 
(Elabscience, Wuhan, China) solution was added to each well, and then the cells were further cultured in the incubator 
for 2 h.32 Finally, the absorbance of each well was measured at 450 nm.

Real-Time Quantitative PCR (qRT–PCR)
The qRT–PCR was performed to analyze the effects of different concentrations of ZnONPs-Lut (0, 4.0, 8.0, and 16.0 μg/ 
mL) on human AML cells.33 The mRNA levels of ferroptosis-related genes (ACSL4 and SLC7A11) were measured as 
target genes, with GAPDH serving as the internal reference. Briefly, MOLM-13 cells were seeded in six-well plates and 
treated with 0, 4.0, 8.0, and 16.0 μg/mL of ZnONPs-Lut for 24 h. Subsequently, the cells were collected, and total RNA 
was extracted using the RNA Tissue/Cell Rapid Extraction Kit (Sparkjade Co. Ltd, Shandong, China) according to the 
manufacturer’s instructions. Then, cDNA was synthesized by using a first-strand cDNA synthesis kit (Sparkjade Co. Ltd, 
Shandong, China). Finally, qRT–PCR was performed using the SPARKScript II SYBR one-step qRT PCR kit (Sparkjade 
Co. Ltd, Shandong, China). The PCR program was set up as follows: 95 °C for 3 min, then 40 cycles: 95 °C for 5s, 57 °C 
for 10s, and 72 °C for 15s. The 2-ΔΔCt technique was used to quantify changes in ACSL4 and SLC7A11 mRNA levels 
after normalization to GAPDH. Primers are listed in Table 1.

Determination of Ferrous Iron(Fe2+) Content, Glutathione (GSH) Content, and 
Malondialdehyde (MDA)
In this study, a cytosolic ferrous colorimetric test kit (Elabscience, Wuhan, Chinese) was used to measure the amount of 
Fe2+ in human leukemia cell samples.34 MOLM-13 cells were seeded in six-well plates at a density of 1.0×106 cells/well 
and cultured for 24 h. The MOLM-13 cells were divided into four groups: a control group, an 8.0 μg/mL ZnONPs-Lut 
group, a 16.0 μg/mL ZnONPs-Lut group, and a 32.0 μg/mL ZnONPs-Lut group. After incubation, the cells were 
harvested, mixed, and placed on ice for lysis for 10 min. The lysates were then centrifuged at 15,000 × g for 10 min, 
and the supernatant was collected. The Fe2+ levels were determined according to the manufacturer’s instructions. For the 
measurement of GSH, the obtained cells were broken by sonication in an ice bath (200 W power, 3 s pulses with 10s 
intervals, repeated 30 times), and centrifuged at 12000 g for 10 min. The absorbance at 412 nm of each group was 
measured according to the instruction of the GSH kit (Solarbio, Beijing, China), and the GSH levels were calculated 
based on a standard curve.35 MDA levels in human leukemia cell samples were determined using an MDA colorimetric 
assay kit (Elabscience, Wuhan, China).36 After adding the extraction solution, the cells were disrupted using an ultrasonic 
crusher (90 W, 4 s/time, 2 s gap, total time 10 min) and centrifuged at 10,000 × g for 10 min at 4°C. The samples were 
incubated in a water bath at 100°C for 40 min, and the absorbance was measured at 532 nm. Protein concentrations were 
determined using the BCA method, and MDA levels were calculated accordingly.

Reactive Oxygen Species (ROS) Measurement
For ROS measurement, we carried out the experiment by using a reactive oxygen species detection kit containing the 
fluorescent probe DCFH-DA (Beyotime Biotech, Shanghai, China) and a flow cytometer (NovoCyte, Agilent, CA, 

Table 1 Primer Sequences for Gene Expression Analysis

Gene Primer Sequences

GAPDH Forward: 5’-GGAAGCTTGTCATCAATGGAAATC 

Reverse: 5’-TGATGACCCTTTTGGCTCCC

ACSL4 Forward: 5’-CAGAATCATGTGGTGCTGGGAC 

Reverse: 5’-ATTGTATAACCGCCTTCTTGCC

SLC7A11 Forward: 5’-GGCAGTTGCTGGGCTGATTTA 

Reverse: 5’-GATGACGAAGCCAATCCCTGT
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USA).37 The intracellular ROS can oxidize non-fluorescent DCFH to produce fluorescent DCF, and the changes in the 
cellular ROS levels were assessed by measuring DCF fluorescence. Since the fluorescence spectrum of DCF closely 
resembles that of FITC, we used the same parameter settings as FITC (excitation wavelength: 490 nm; emission 
wavelength: 520 nm) for the DCF detection.

Mitochondrial Membrane Potential (MMP) Measurement
We employed a flow cytometer (NovoCyte, Agilent, CA, USA) to analyze the changes in intracellular MMP levels according 
to the manufacturer’s instructions for the Mitochondrial Membrane Potential Assay Kit (JC-1) (Beyotime Biotech, Shanghai, 
China).38 We used red (excitation wavelength: 525 nm; emission wavelength: 590 nm) and green (excitation wavelength: 490 
nm; emission wavelength: 530 nm) fluorochromes to detect JC-1 aggregates and monomers, respectively. The shift from red 
to green fluorescence of JC-1 was utilized to quantify the reduction in cellular MMP levels.

Western Blot
MOLM-13 cells were divided into the following groups: 0 μg/mL ZnONPs-Lut, 8.0 μg/mL ZnONPs-Lut, 16.0 μg/mL 
ZnONPs-Lut, 32.0 μg/mL ZnONPs-Lut, 32.0 μg/mL ZnONPs-Lut + DMSO solvent (0.1% DMSO), and 32.0 μg/mL 
ZnONPs-Lut + ferroptosis inhibitor Ferrostatin-1 (Fer-1; 32.0 μg/mL ZnONPs-Lut + 0.1% DMSO + 1 μmol/L inhibitor; 
Fer-1 was purchased from MCE, USA, and dissolved in 0.1% DMSO). The protein expression analyzed by Western 
blot.39 The whole cells were lysed with RIPA lysis solution, and the protein concentration of each group was quantified 
using the BCA assay kit (Beyotime Biotech, Shanghai, China). Proteins were denatured for 7 minutes at 100°C. 
Subsequently, 30 μg of protein was loaded onto a 10% polyacrylamide gel and separated by electrophoresis (30 minutes 
at 80 V, followed by 120 V until completion). Then, the proteins were transferred onto a polyvinylidene difluoride 
membrane (90 min, 100 V). The blot was blocked with 5% protein-free rapid blocking buffer (Epizyme Biotech, 
Shanghai, China) for 30 min. The blocked membrane was incubated overnight at 4°C with the following primary 
antibodies: ACSL4 (1:6000 dilution; Proteintech, Wuhan, China), GPX4 (1:1000 dilution; Proteintech, Wuhan, China), 
FTH1 (1:1000 dilution; Cell Signaling Technology, Boston, USA), SLC7A11 (1:1000 dilution; Proteintech, Wuhan, 
China), and GAPDH (1:2000 dilution; Proteintech, Wuhan, China). The polyvinylidene difluoride membranes were 
washed with Tris buffered saline Tween (TBS-T; 5 min, 3 times) and incubated with goat anti-rabbit IgG antibody 
(1:10,000 dilution; Proteintech, China) for 1 h at room temperature. After repeated washing with TBS-T, the protein blot 
was processed with a chemiluminescence detection kit (Beyotime Biotech, Shanghai, China). Protein quality was 
estimated with the Typhoon PhosphorImager (GE Healthcare, Piscataway, NJ, USA).

Transmission Electron Microscope (TEM)
The MOLM-13 cells were treated with the varying concentrations of ZnONPs-Lut (0 μg/mL, 8.0 μg/mL, 16.0 μg/mL, 
32.0 μg/mL) as well as 32.0 μg/mL ZnONPs-Lut + DMSO solvent, 32.0 μg /mL ZnONPs-Lut + ferroptosis inhibitor in six- 
well plates for 24 hours. The cells were then centrifuged at 70 g for 5 minutes at room temperature to pellet the cells. The cell 
pellet was fixed with 2% glutaraldehyde (Solarbio, Beijing, China) for 30 minutes at room temperature under the conditions 
of light avoidance. The cells were rinsed with 0.1 M phosphate buffer (pH 7.4) for 3 minutes before centrifugation, and this 
washing step was repeated three times. The 1% agarose solution was prepared by heating, and the cell sediment was picked 
up with forceps and embedded in agarose after slight cooling. Then, 1% osmium acid (Ted Pella Inc, CA, USA) was used to 
fix the cells at room temperature for 2 h. After rinsing, the cells were dehydrated through a graded series of ethanol (30%, 
50%, 70%, 80%, 95%, and 100%) for 20 minutes each, followed by two 15-minute washes in 100% acetone (Sinopharm 
Chemical Reagent, Shanghai, China). The ultra-thin sections (60–80 nm) were acquired after infiltrating and embedding of 
the samples for 48 hours. Finally, the slices were stained with 2% uranyl acetate saturated alcohol solution, 2.6% lead citrate 
solution, washed, and then dried overnight at room temperature, respectively. The sections were examined using a TEM 
(Hitachi, Tokyo, Japan), and images were collected for analysis.40
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Statistical Analysis
The data were analyzed using the IBM SPSS Statistics for Windows, version 28.0 (IBM Corp., Armonk, N.Y., USA), and 
quantitative data were presented at ± s. Differences between groups were compared by one-way ANOVA, and followed 
by Dunn’s post-hoc test for multiple comparisons. p < 0.05 was the threshold for statistical significance.

Results
Characterization of ZnONPs-Lut
Firstly, we prepared the drug ZnONPs-Lut as mentioned in the Methods section. Luteolin was combined with ZnO NPs 
to facilitate targeted drug delivery to cancer cells. The drug loading capacity (DLC) and drug entrapment efficiency 
(DEE) were determined to be 16.2% and 32.4%, respectively (Table 2). Then, The size and morphology of ZnONPs-Lut 
were characterized using TEM, revealing irregular, sphere-like nanoparticles with an average diameter of approximately 
4 nm (Figure 1A). Figure 1B shows the XRD graph of synthesized ZnONPs-Lut, where the (102) crystal plane at 34 deg. 
is not obvious due to the low signal-to-noise ratio. In addition, we performed both fluorescence and UV-Vis spectroscopy 
to analyze the optical properties of the particles. Figure 1C shows the fluorescence characterization of ZnONPs-Lut and 
ZnO NPs. Under 350 nm excitation, ZnO NPs exhibited a strong emission peak at approximately 527 nm, whereas 
ZnONPs-Lut showed no significant emission peak under the same conditions, indicating the presence of some substances 
in ZnO. The UV-visible absorption spectra of luteolin, ZnO, and ZnONPs-Lut are shown in Figure 1D. Luteolin 
displayed a strong absorption peak at approximately 351 nm, while the luteolin-loaded ZnO NPs showed reduced 
intensity at the same wavelength, confirming the successful incorporation of luteolin into the nanoparticles. FTIR 
spectroscopy further confirmed the surface functionalization of ZnONPs-Lut (Figure 1E). Basically, all the absorption 
peaks of ZNO can be found in ZnONPs-Lut, with few variations between the two spectra. Through the DLS measure-
ments, we discovered that the average hydrodynamic size of ZnONPs-Lut was 255 nm, which was larger than the size 
observed by TEM. This discrepancy is attributed to the extensive hydration of the nanoparticles in aqueous solution.28 

The increasing hydrodynamic diameter further supports the successful incorporation of luteolin onto the surface of the 
ZnO NPs. The zeta potential of ZnONPs-Lut was measured to be 22.1 mV, indicating acceptable colloidal stability.

Cell Viability
To explore the potential influences of ZnONPs-Lut on cell viability, AML cells were treated with a range of ZnONPs-Lut 
concentrations (0–128.0 μg/mL) for 24 h, 48 h, and 72 h, respectively. The results were shown in Figure 2, ZnONPs-Lut 
could inhibit the proliferation of MOLM-13 cells in a concentration- and time-dependent manner (*P < 0.05, **P < 0.01, 
***P < 0.001 vs relevant control samples). Notably, the IC50 values were 17.1 μg/mL at 24 h, 9.65 μg/mL at 48 h, and 
4.73 μg/mL at 72 h. Therefore, we selected 0 μg/mL, 4.0 μg/mL, 8.0 μg/mL, and 16.0 μg/mL for the subsequent 
experiments.

The qRT–PCR Result
The above experiments had demonstrated that ZnONPs-Lut could indeed cause inhibition of cell viability. To investigate 
the underlying mechanism and its association with ferroptosis, we analyzed the effect of different doses of ZnONPs-Lut 
on the expression of ACSL4 and SLC7A11 using qRT–PCR. As shown in Figure 3, treatment of MOLM-13 cells with 
ZnONPs-Lut led to concentration-dependent changes in the expression of ACSL4 and SLC7A11, with ACSL4 expres-
sion increasing (Figure 3A) and SLC7A11 expression decreasing (Figure 3B). (*P < 0.05, **P < 0.01, and ***P < 0.001 

Table 2 Drug Loading Content (DLC) and 
Drug Entrapment Efficiency (DEE) of ZnONPs- 
Lut

Feed ratio, ZnO: luteolin DLC% DEE%

2:1 16.2 32.4
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compared to control samples). These results revealed that ZnONPs-Lut treatment alters the expression of ferroptosis- 
related genes compared to the control group, suggesting a close association between AML cell death and ferroptosis. 
However, ACSL4 expression did not show significant changes at a ZnONPs-Lut concentration of 4 μg/mL, possibly due 
to the induction of other cell death pathways, such as apoptosis.16 Therefore, we adjusted the drug concentration to 
8.0 μg/mL, 16.0 μg/mL, and 32.0 μg/mL for the smooth running of the subsequent experiments.

Figure 2 Effects of ZnONPs-Lut on human AML cell viability. MOLM-13 cells were treated with different concentrations (0, 2.0, 4.0, 8.0, 16.0, 32.0, 64.0, and 128.0 μg/ mL) 
of ZnONPs-Lut for 24 h, 48 h, and 72 h, respectively. And cell viability was tested by the CCK8 method. The results are represented as the mean ± SD (standard deviation) 
of three independent experiments. *P < 0.05, **P < 0.01 and ***P < 0.001 vs relevant control samples.

Figure 1 Characterization of ZnONPs-Lut. (A) The morphology of ZnONPs-Lut as shown by TEM. (B) The X-ray diffraction characterization of ZnONPs-Lut. 
(C) Fluorescence characterization of ZnONPs-Lut and ZnO NPs. (D) The UV-vis spectra of luteolin, ZnONPs-Lut, and ZnO NPs. Abs(Absorbance). (E) Fourier transform 
infrared spectra of ZnONPs-Lut, and ZnO NPs.
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Intracellular GSH, Fe2+, and MDA Levels
To further investigate the association between proliferation inhibition and ferroptosis, we decided to measure the changes 
in GSH, Fe2+, and MDA levels in AML cells treated with varying concentrations of ZnONPs-Lut (0 ug/mL, 8.0 μg/mL, 
16.0 μg/mL, 32.0 μg/mL). As shown in Figure 4, after 24 h of treatment, GSH levels in MOLM-13 cells decreased in 
a significant dose-dependent manner (**p < 0.01, ***P < 0.001 vs control samples), whereas Fe2+ and MDA levels rose 
significantly in a dose-dependent manner. In the present study, it was found that GSH level decreased from 16.19 μg/106 

cells to 6.30 μg/106 cells (Figure 4A). Whereas, Fe2+ concentration increased from 0.12 nmol/106 to 1.92 nmol/106 

(Figure 4B), and MDA levels increased from 0.55 nmol/mgprot to 3.60 nmol/mgprot (Figure 4C). These changes are the 
characteristic of ferroptosis. The results suggest that ZnONPs-Lut may induce ferroptosis in MOLM-13 cells by 
increasing the level of intracellular Fe2+, inhibiting peroxidase activity, and leading to a decrease of GSH level and 
accumulation of peroxides in the cells.

Figure 4 Changes of intracellular GSH, Fe2+ and MDA levels in MOLM-13 cells after exposure to different concentrations of ZnONPs-Lut (0, 8.0, 16.0 and 32.0 μg/mL). 
(A) The changes of intracellular GSH levels. (B) The changes in intracellular Fe2+ levels. (C) The changes of intracellular MDA levels. These are three independent 
experiments. Compared with the control samples, **P < 0.01 and ***P < 0.001.

Figure 3 Expression of ACSL4 and SLC7A11 genes. Human AML cells were treated with the varying concentrations of ZnONPs-Lut (0, 4.0, 8.0, and 16.0 μg/mL) for 24 h, 
and mRNA expression levels of ACSL4 and SLC7A11 were compared to untreated controls. (A) ACSL4 mRNA level; (B) SLC7A11 mRNA level. Results are presented as 
mean ± SD of three independent experiments. *P < 0.05, **P < 0.01 and ***P < 0.001 vs relevant control samples.
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Intracellular ROS Level
ROS are one of the key factors of ferroptosis. As shown in Figure 5A-D, the ROS levels in the MOLM-13 cells exhibited 
an upward trend and showed a concentration-dependent manner when the cells were treated under different concentra-
tions of ZnONPs-Lut. Figure 5E shows that compared to the control group, the ROS levels were significantly enlarged 
when the cells were exposed to a concentration of 8.0 μg/mL ZnONPs-Lut (**p < 0.01, ***P < 0.001 vs control 
samples). This result indicates that ZnONPs-Lut could notably induce ROS accumulation in MOLM-13 cells.

Intracellular MMP Levels
As shown in Figure 6A-D, treatment of MOLM-13 cells with ZnONPs-Lut resulted in a significant, concentration- 
dependent reduction in MMP. Figure 6E demonstrates that exposure to 32.0 μg/mL ZnONPs-Lut significantly reduced 
intracellular MMP compared to the 8.0 and 16.0 μg/mL treatment groups (**p < 0.01, ***P < 0.001 vs control samples). 
We speculated that the ZnONPs-Lut-induced cell death pathway might be closely related to mitochondria dysfunction.

GPX4, FTH1, SLC7A11, and ACSL4 Protein Expression
Based on the above experiments, we had initially confirmed that cell death caused by ZnONPs-Lut is closely associated 
with ferroptosis. To further validate this relationship, we evaluated the expression of ferroptosis-related proteins. And we 
included a 32.0 μg/mL ZnONPs-Lut + Fer-1 group and a 32.0 μg/mL ZnONPs-Lut + DMSO solvent group alongside the 
original treatment groups for reverse validation. The results were shown in Figure 7. As shown in Figure 7A, ZnONPs- 
Lut treatment significantly altered the expression of ferroptosis-related proteins (ACSL4, GPX4, FTH1, and SLC7A11) 
in MOLM-13 cells. Exposure of MOLM-13 cells to ZnONPs-Lut significantly increased ACSL4 protein expression 
compared to the control group, while the expression of GPX4, FTH1, and SLC7A11 proteins decreased with increasing 
ZnONPs-Lut concentration (Figure 7B). In addition, we also observed that, compared to the 32.0 μg/mL ZnONPs-Lut + 
DMSO group, the 32.0 μg/mL ZnONPs-Lut + Fer-1 group significantly suppressed the increase in ACSL4 expression 

Figure 5 ROS levels in MOLM-13 cells following treatment with varying concentrations of ZnONPs-Lut for 24 hours. (A–D) showed ROS levels determined by flow 
cytometry. (A) Untreated MOLM-13 cells. (B) MOLM-13 cells treated with 8.0μg/mL ZnONPs-Lut. (C) MOLM-13 cells treated with 16.0 μg/mL ZnONPs-Lut. (D) MOLM- 
13 cells treated with 32.0 μg/mL ZnONPs-Lut. (E) Histogram analysis of changes in ROS levels after ZnONPs-Lut treatment. Data are from three independent experiments 
and expressed as mean ± S.D. **P < 0.01, ***P < 0.001 vs relevant control samples.
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and the decrease in GPX4, FTH1, and SLC7A11 expression, thereby inhibiting cellular ferroptosis (Figure 7B). The 
above findings indicate that all the ferroptosis-related proteins changed significantly after AML cells were exposed to 
ZnONPs-Lut, and ZnONPs-Lut may induce tumor cell death via the ferroptosis pathway. ***P < 0.001 vs control 
samples; ###P < 0.001, Fer-1 vs DMSO).

Figure 6 Cellular MMP levels after cells were exposed to different concentrations of ZnONPs-Lut for 24 hours. (A) Untreated cells; (B) Cells exposed to 8.0 μg/mL 
ZnONPs-Lut; (C) Cells exposed to 16.0 μg/mL ZnONPs-Lut; (D) cells exposed to 32.0 μg/mL ZnONPs-Lut. (E) The histogram analysis of changes in intracellular MMP 
under different concentrations of treatments. Data are from three independent experiments. **P < 0.01, ***P < 0.001 vs relevant control samples.

Figure 7 Assessment of protein levels of GPX4, FTH1, SLC7A11 and ACSL4. (A) The protein levels of GPX4, FTH1, SLC7A11, ACSL4, and GAPDH in MOLM-13 cells treated 
with different concentrations of ZnONPs-Lut (0 μg/mL, 8.0 μg/mL, 16.0 μg/mL, 32.0 μg/mL) as well as 32.0 μg/mL ZnONPs-Lut + DMSO solvent, 32.0 μg /mL ZnONPs-Lut + 
Fer-1 for 24 h and analyzed by Western blot. (B) The histogram analysis of target protein expression levels in cells. Data are presented as mean ± SD. ***P < 0.001 vs control 
samples; ###P < 0.001, Fer-1 vs DMSO.
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The TEM of Cells
The TEM has been widely used to visually assess the states of cells. To further investigate the morphological changes in 
cells following treatment, we conducted a cellular electron microscopy assay (Figure 8). After 24 hours of treatment with 
ZnONPs-Lut, MOLM-13 cells exhibited ferroptosis, and the severity of ferroptosis increased in a concentration- 
dependent manner (Figure 8A-D). At a concentration of 32.0 μg/mL, cell damage was most pronounced. The cells 
exhibited irregular shapes, intact membranes, and significantly reduced and degraded peripheral microvilli. The intra-
cellular matrix appeared sparse and dissolved, and organelles were visibly solidified, consistent with ferroptosis. The 
nucleus displayed an irregular shape, with increased heterochromatin and a loosely structured nucleolus. Most mitochon-
dria were significantly wrinkled and smaller, with increased membrane density, high intramembrane electron density, and 
dilated and reduced cristae. The number of rough endoplasmic reticula decreased, with increased vesicle breaks. Lipid 
droplets were more abundant, and autophagic lysosomes were present in large numbers. In contrast, compared to the 
32.0 μg/mL ZnONPs-Lut + DMSO group, the 32.0 μg/mL ZnONPs-Lut + Fer-1 group significantly inhibited cellular 
ferroptosis, with most mitochondria displaying intact membranes, parallel cristae, and minimal crumpling and miniatur-
ization (Figure 8E and F). TEM analysis directly demonstrated that ZnONPs-Lut induces ferroptosis in MOLM-13 cells.

Discussion
The element iron is an essential trace element in living organisms. Conversely, iron overload can be cytotoxic. The 
abnormal accumulation of iron will generate excessive free radicals, which ultimately lead to the damage of DNA, 
proteins, and other biomolecules. The discovery of ferroptosis explains the pathogenic mechanism of iron overload and 
also provides a new way to deal with related diseases.41 Luteolin, an important anticancer agent, has been increasingly 
reported to contribute to the death of tumor cells and inhibit tumor progression through the cellular ferroptosis 
mechanism. It has been found that luteolin can enhance oxidative stress in nasopharyngeal carcinoma cells, leading to 
ferroptosis.42 Zinc is an essential microelement in the human body, whose oxides exhibit antimicrobial activity at low 

Figure 8 Morphological changes in MOLM-13 cells after 24 hours of treatment. Briefly, the AML cells were treated with different concentrations of ZnONPs-Lut (0, 8.0, 
16.0, 32.0 μg/mL), 32 μg/mL ZnONPs-Lut+ 0.1% DMSO, and Fer-1, a ferroptosis inhibitor (32 μg/mL ZnONPs-Lut+ 0.1% DMSO+ 1 μmol/L inhibitor) respectively, followed 
by observation of cellular morphology using TEM. (A) Untreated cells. (B) Cells exposed to 8.0μg/mL ZnONPs-Lut; (C) Cells exposed to 16 μg/mL ZnONPs-Lut; (D) Cells 
exposed to 32 μg/mL ZnONPs-Lut; (E) Cells exposed to 32 μg/mL ZnONPs-Lut and 0.1% DMSO; (F) Cells exposed to 32 μg/ mL ZnONPs-Lut, 0.1% DMSO, and 1 μmol/L 
Fer-1. Nucleus (N); nucleolus (Nu); mitochondria (M); rough endoplasmic reticulum (RERs); lipid droplets (LDs); autophagic lysosomes (ASSs).
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concentrations. And due to their low toxicity, ZnO NPs are highly effective in the tumor therapy field.43 Besides the 
inhibition of tumor cell growth by apoptosis, the anti-tumor effect of ZnO NPs based on ferroptosis has also been 
identified.44 Our results showed that MOLM-13 cell viability gradually decreased in a concentration- and time-dependent 
manner following ZnONPs-Lut treatment. By TEM, we observed the shrinkage of mitochondria in AML cells, 
characterized by reduced or absent cristae and increased membrane density. These morphological changes are consistent 
with the features of ferroptosis.45 All this suggests that ZnONPs-Lut can depress tumor cell viability and promote cell 
death through ferroptosis mechanism, consistent with previous studies.

Cells can defend against pathogens, including viruses, bacteria, and fungi through regulated cell death such as 
apoptosis, necrosis, or autophagy.46 As a newly discovered form of regulated cell death, ferroptosis differs from the 
classical form of cell death, and is governed by different genes. Oxidative cell necrosis is evoked by overloading of 
intracellular iron and excessive accumulation of peroxides.47 The accumulation of lipid peroxides in cells requires iron 
ions, making ferroptosis an iron-dependent process.48 The overloaded iron in the iron pool is stored by FTL and FTH1. 
Treatment of AML cells with ZnONPs-Lut reduced FTH1 expression, decreasing iron storage capacity, increasing 
intracellular iron levels, and ultimately inducing ferroptosis.49 It has been found that lipid metabolism is closely related 
to ferroptosis, with iron-dependent lipid ROS accumulation playing a central role in the ferroptosis pathway.50 The 
changes of the MDA content in cells, an indicator of lipid peroxidation, are also closely associated with ferroptosis.51 

Under iron overload conditions, the ACSL4, as a promoter of ferroptosis, is overexpressed, promoting the conversion of 
polyunsaturated fatty acids to polyunsaturated fatty acid phospholipids (PUFA-PLs) in cells and decreasing MMP.52–54 

The excess PUFA-PLs are peroxidized in the presence of ROS generated by the Fenton reaction, leading to the disruption 
of the lipid bilayer membranes of the cells and ultimately to ferroptosis.55,56 These findings align with our experimental 
results. The SLC7A11 is a core regulator of ferroptosis, which can modulate the sensitivity of cancer cells to ferroptosis 
mainly through the SLC7A11/GSH/GPX4 axis.57 In this study, we found that the expression of SLC7A11 was positively 
correlated with the GPX4 and GSH levels. We reviewed the literature and found that inhibition of SLC7A11 transcription 
and expression reduces GSH levels, suppressing GPX4 activity, leading to ROS accumulation, increased cellular 
sensitivity to ferroptosis, and ultimately promoting ferroptosis.58 Thus, all of our experimental results indicated that 
ZnONPs-Lut can promote ferroptosis in MOLM-13 cells. The specific mechanism is illustrated in Figure 9. To further 
validate these findings, we added the Fer-1 treatment group, which reversed the expression levels of ferroptosis-related 

Figure 9 Schematic illustration of ZnONPs-Lut-induced ferroptosis in the AML cell line MOLM-13.
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proteins and restored cellular structures associated with ferroptosis, as observed by electron microscopy. This reverse 
validation confirms that the drug can inhibit cell proliferation by promoting ferroptosis in MOLM-13 cells, which may 
provide potential evidence for the development of anticancer drugs.

The clinical treatment of relapsed and refractory AML remains a significant challenge in hematology, primarily due to 
drug resistance in tumor cells, which drives disease recurrence and treatment failure. Therefore, overcoming the drug 
resistance of tumor cells is the key factor to solve the problem of AML recurrence. It has been found that tumor drug 
resistance may be closely connected with ferroptosis. The tumor cells may raise intracellular GSH and inhibit ROS 
production through a variety of mechanisms, leading to drug resistance and tumor recurrence.59 Based on this inference, 
ferroptosis is a cell death pathway independent of tumor cell drug resistance mechanisms. As an excellent ferroptosis 
inducer, ZnONPs-Lut can bypass the drug resistance mechanisms of AML cells and directly induce tumor cell death. 
Additionally, unlike traditional chemotherapy drugs, which can cause long-term damage to vital organs such as the 
heart,60 both ZnO NPs and luteolin exhibit low toxicity, making them suitable for long-term disease treatment.9,16 

Furthermore, ZnONPs-Lut, as a combination of ZnO NPs and luteolin, retains the functional properties of both 
components. It retains the multi-target capabilities of luteolin, including cell cycle inhibition, apoptosis induction, 
angiogenesis suppression, and tumor progression blockade.61 It also benefits from the drug delivery capabilities of 
ZnO NPs, enhancing drug targeting and bioavailability while reducing damage to normal tissues.62 Luteolin exhibits 
significant antioxidant and anti-inflammatory effects, which can mitigate oxidative stress and inflammatory responses 
caused by chemotherapy drugs.63 Thus, ZnONPs-Lut can serve as a complementary therapy to traditional chemotherapy, 
reducing its adverse effects.

In the present experiments, we were the first to synthesize a new compound, ZnONPs-Lut, and investigate its effect 
on ferroptosis in MOLM-13 cells. As a spherical nanoparticle with a diameter of approximately 4 nm, ZnONPs-Lut 
likely possesses additional features and capabilities that warrant further exploration. Compared with rod-shaped nano-
particles, its spherical structure has more advantages such as higher absorption rates and increased cellular uptake 
efficiency.64 In addition, the smaller the size of the nanoparticle, the better its capacity to navigate through the tumor 
interstitium. Due to its small size, ZnONPs-Lut can penetrate deeper into tumor tissues and be excreted via the kidneys, 
minimizing toxic side effects.65 Further improvements are possible, such as finding the optimal reactant concentrations 
by concentration gradient experiments to improve the synthesis efficiency, or modifying the nanoparticle surface (eg 
PEGylation) to prolong the blood circulation time and enhance the therapeutic effect.66 And we believe that ZnONPs-Lut 
has the potential to serve as a foundation for developing novel therapeutic agents for leukemia.

Conclusion
We conducted an initial investigation into the relationship between ZnONPs-Lut and ferroptosis in MOLM-13 cells, 
exploring the underlying molecular mechanisms. However, there were limitations in our study. Our experiments were 
conducted only in one cell line, MOLM-13, and were not demonstrated in the animal models. Additionally, the related 
signaling pathways were not further investigated. Our results showed that ZnONPs-Lut effectively inhibited the 
proliferation and promoted the death of MOLM-13 cells in a dose- and time-dependent manner. ZnONPs-Lut effectively 
increased Fe2+ and MDA levels, decreased the expression levels of GSH and MMP, and induced the generation of ROS 
in MOLM-13 cells. In addition, ZnONPs-Lut also significantly up-regulated ACSL4 protein expression while down- 
regulated GPX4, FTH1, and SLC7A11 protein expression compared to the control group, thereby activating the 
ferroptosis signaling pathway. Moreover, Fer-1, a ferroptosis inhibitor, effectively suppressed the ZnONPs-Lut-induced 
ferroptosis. In summary, our findings indicate that ZnONPs-Lut induces ferroptosis in AML cells, thereby inhibiting their 
proliferation.
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AML, Acute myeloid leukemia; ZnONPs-Lut Zinc oxide nanoparticles-luteolin; GSH, Glutathione; MMP, Mitochondrial 
membrane potential; MDA, Malondialdehyde; ROS, Reactive oxygen species; Fer-1, Ferrostatin-1; TEM, Transmission 
electron microscopy; ZnO NPs, Zinc oxide nanoparticles; Fe2+, Ferrous iron; QRT–PCR Real-Time Quantitative PCR; 
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