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Abstract

Background: The mortality rate of lung cancer is increasing. Ferric oxide nanoparticles are magnetic and biocompatible 
nanomedicines. Cucurbitacin has anti-tumor activity. Its pharmacological effects and molecular mechanisms have attracted 
widespread attention. Research shows that cucurbitacin has good anti-cancer activity. Research on the molecular mecha-
nism of ferric oxide nanoparticles carrying cucurbitacin inhibiting the development of lung cancer through Beclin-1 (BECN1) 
regulation of autophagy was carried out in the context of the many challenges faced by the current treatment of lung cancer.
Objectives: This study intends to investigated the mechanism of cucurbitacin’s inhibition of autophagy in lung cancer.
Materials and Methods: A549 cells were assigned to the negative control (NC) group, Fe3O4–Cu group, cucurbitacin (Cu) 
group, BECN1-inhibitor group, and BECN1-mimics group. The normal lung cell line, BEAS-2B, was taken as a control group. 
Fe3O4–Cu nanomaterials were prepared and used in cell experiments to observe the biological activity of A549 cells and the 
expression of BECN1-related genes.
Results: Fe3O4–Cu was successfully prepared and found to have a good tumor suppressor effect in lung cancer. BECN1-
inhibitor and BECN1-mimics were used to intervene in A549 cells, respectively. We found that promoting BECN1 expres-
sion is beneficial for promoting the autogenesis of A549 cells. In the process of upregulating the expression of BECN1, 
Fe3O4–Cu affects the autophagy-related proteins ATG5 and p62, thereby promoting autophagy and inhibiting the activities 
of lung cancer cells to a certain extent.
Conclusion: BECN1 is involved in lung cancer. Fe3O4–Cu can actively inhibit the proliferation and migration of lung cancer cells 
and promote cell apoptosis. This is achieved by regulating the expression of BECN1. Fe3O4–Cu can promote BECN1 expres-
sion and affect the production of autophagy-related proteins, thereby promoting Lung cancer cell autophagy, thereby inhibiting 
the development of lung cancer, which provides a new nanomedicine delivery strategy for the treatment of lung cancer.
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Introduction

Lung cancer involves multiple factors and pathways. 
Although several chemotherapeutic drugs are available, the 
overall survival rate of lung cancer patients is still low 
(Nooreldeen & Bach, 2021; Zanders et al., 2022). Studies 
have shown (Zhou, Cui et al., 2021; Zhou, Wang et al., 2021) 
that high expression of autophagy-related genes such as 
ATG5, ATG7, and LC3 is associated with lung cancer risk. In 
addition, the K-Ras oncogene and TP53 tumor suppressor 
gene are also related to the regulation of autophagy and are 
involved in the occurrence of lung cancer (Yuan et al., 2022). 
These provide a certain basis for the exploration of the mech-
anism of autophagy in lung cancer.

Modern pharmacological research shows that cucurbita-
cin has various biological activities, such as anti-tumor, 

hepatoprotective, anti-inflammatory, and improving immu-
nity (Yuan et al., 2021). Cucurbitacin E can effectively 
inhibit the activity of the Janus Kinase 2/signal transducer 
and activator of transcription 3 (JAK2/STAT3) signaling 
pathway. CuE interacts with JAK2, preventing the phos-
phorylation of the kinase domain of JAK2 and STAT3, 
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resulting in the inability of STAT3 to transfer to the nucleus 
and bind to deoxyribonucleic acid (DNA), thereby inhibit-
ing its-mediated gene expression (Ouyang et al., 2022; 
Zanders et al., 2022). In addition, cucurbitacin E can acti-
vate the cleavage of caspase-3 and PARP, leading to DNA 
fragmentation and thus inducing cell apoptosis. Studies 
have pointed out that CuE can also inhibit the transcription 
and translation of vascular endothelial growth factor 
(VEGF) by inhibiting key molecules such as mitogen-acti-
vated protein kinase (MAPK) and phosphoinositide 3-kinase 
(PI3K) in the signal transduction pathway, thereby exerting 
anti-cancer effects (Zhang et al., 2022). These demonstrate 
the substance’s potential for research in lung cancer. 
Meanwhile, studies have shown that Beclin-1 (BECN1) 
regulates the cystine/glutamic acid reverse transport system 
by forming a complex with SLC7A11 and affects the 
autophagy sensitivity of lung cancer cells (Kim, Kim et al., 
2022; Kim, Min et al., 2022). This complex induces apopto-
sis by activating specific enzyme systems and Bcl-2 family 
proteins, thereby exerting an inhibitory effect on the growth 
of lung cancer. However, can cucurbitacin affect the devel-
opment of lung cancer by regulating the expression of 
BECN1? This still awaits further exploration.

Cucurbitacin E has received widespread attention in the 
field of nanotechnology. Its special properties and potential 
application value make it a highly respected nanomaterial 
(Zheng et al., 2022). Studies have shown that cucurbitacin has 
excellent photothermal conversion effects and fluorescence 
properties and can be used as a photothermal therapy and fluo-
rescence imaging reagent in tumor treatment and cell imaging 
research. At the same time, it can also be used as a glucose-
sensitive material or a virus sensor (Yang et al., 2020). At the 
nanoscale, its excellent biocompatibility, biological activity, 
antioxidant, and anti-bacterial properties have further promoted 
the application of this compound in fields such as drug delivery, 
bioimaging, sensors, and photoelectrocatalysis (Lin & Farooqi, 
2021). Ferric tetroxide nanoparticles can be used as drug carri-
ers to accurately deliver drugs to the lesion through magnetic 
field guidance to improve the therapeutic effect of the drug and 
reduce side effects (Basha et al., 2021; Brouwer et al., 2020). 
Combined with the biological activity of cucurbitacin E, it can 
further enhance the effectiveness of drug delivery, efficiency, 
and therapeutic effect (Brouwer et al., 2020). Therefore, it will 
be of great significance to use ferric oxide nanoparticles to 
carry cucurbitacin to treat diseases. In this study, we prepared 
Fe3O4 nanoparticles and combined them with bioactive drugs 
such as cucurbitacin E to develop new nanomedicines, provide 
new strategies and targets for lung cancer treatment, and deepen 
the regulation mechanism of BECN1 and autophagy.

Materials and Methods

Experimental Materials

Human lung adenocarcinoma A549 cells (Wuhan Shangen 
Biotechnology); normal lung cell line, BEAS-2B (Suzhou 
Haixing Biotechnology).

Cucurbitacin (Cu, purity: ≥98.0%, batch number: 7257-29-
6, Shandong East Asia Chemical); BECN1-inhibitor, BECN1-
mimics (Shenzhen Zhenqiang Biotechnology); ATG5 
monoclonal antibody (Shanghai Shengke Biotechnology); p62 
monoclonal antibody (Shanghai Bowan Biotech); secondary 
antibody (Shanghai Uniview Biotech).

The chemical structural formula of the relevant materials 
is shown in Figure 1.

Preparation of Fe3O4–Cu Nanomaterials

Weigh 10.9 g FeSO4·7H2O and 4.0 g FeCl3·6H2O and dis-
solve them in 30 mL deionized water. Pour in nitrogen and 
add 2 mL of hydrazine hydrate while stirring with a mechani-
cal stirrer. Then, add 35 mL of concentrated ammonia drop-
wise to adjust the pH of the solution to 9. After stirring for 30 
min, the system was heated to 80°C and aged for 1 h. The 
reaction was stopped, and a magnet was used for magnetic 
separation to collect the lower solids, which were washed 
with deionized water, then with absolute ethanol, and finally 
dried at 60°C for 12 h to obtain Fe3O4 nanoparticles.

Preparation of Fe3O4–Cu Nanoparticles

Weigh 4 mg Fe3O4 and dissolve it in 4 mL of 1% acetic acid 
solution. After all, Fe3O4 is dissolved, adjust the pH value to 5 
with 2 mol/L NaOH solution. Weigh 0.25, 0.5, 0.75, and 1 mg 
of Cu and dissolve them in 500 μL of anhydrous methanol. 
Then, add them dro	 pwise to the Fe3O4 solution (20 
drops/min). After the dropwise addition is completed, an equal 
volume of 1 mg/mL tripolyphosphate (TPP) solution is added 
dropwise, and the cross-linking reaction is stirred for 30 min to 
prepare Fe3O4–Cu nanoparticles. Filter and store at 4°C.

Fe3O4–Cu morphology was observed by transmission 
electron microscope, and its zeta potential was measured.

Experimental Methods

Cell Culture, Grouping and Transfection

All cells were cultured in Roswell Park Memorial 
Institute-1640 (RPMI-1640) medium and digested and pas-
saged when the cell confluence reached 80%. A549 cells 
were assigned to a negative control group (NC group), 

Figure 1. Molecular Structural Formula of Cucurbitacin.
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Fe3O4–Cu group (transfected with Fe3O4–Cu nanoparticles), 
Cu group (transfected with Cu), BECN1-inhibitor group 
(transfected with BECN1-inhibitor), and BECN1-mimics 
group (transfected with BECN1-mimics).

At the same time, BEAS-2B was selected as the control 
group, without any nanoparticles or drugs. The Fe3O4–Cu 
group transfected 0.75 mg of Cu to prepare Fe3O4–Cu; In the 
Cu group, 0.75 mg of Cu was transfected without nanoparti-
cles. The BECN1-inhibitor group was transfected with small 
interfering RNA (siRNA) (sequence: 5′-GCAUUCAGA 
UGAUCGGAUA-3′) at 50 nM and Lipofectamine 3000 for 24 
h. The BECN1-mimics group used the BECN1 plasmid (vector 
pEX-2, concentration 1 μg/mL) and transfected for 48 h.

After the cells continued to be cultured for 24 h, subse-
quent experimental operations were performed.

Cell Proliferation

Cells were seeded and cultured in a humidified incubator for 12 
h. Then discard the culture medium, add 10 μL 3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) solu-
tion and 100 μL fresh Dulbecco’s modified Eagle medium 
(DMEM), and continue culturing for 4 h. Place it on the floor 
with low-speed shaking for 10 min to dissolve fully. A micro-
plate reader measures the absorbance. Calculate the cell sur-
vival rate (%) = average absorbance value of the experimental 
group/average absorbance value of the control group × 100%.

Cell Migration

After digestion, the A549 cells in the logarithmic growth 
phase were inoculated into a culture plate containing six 
wells. After adjusting the cell density, they were cultured for 
24 h. When the cell confluence rate exceeds 90%, the migra-
tion ability is observed by the scratch experiment.

Apoptosis

After digestion, they were made into a suspension of 1 × 106 
mL. After centrifugation and washing with PBS, 150 μL of 
suspension was mixed with 10 μL of buffer, 5 μL of Annexin 
V-FITC dye, and 5 μL of PI dye for 15 min. After the incuba-
tion was completed, the mixture was observed using a flow 
cytometer.

Autophagy

A549 cells were seeded in a laser confocal culture dish, and 
5 μL of Lipofection™ 3000 transfection reagent was mixed 
with 500 ng of EGFP-LC3 plasmid in a six-well plate, cul-
tured at room temperature for 6 h, the culture medium was 
replaced, and an inverted confocal was used after culturing 
again for 24 h. The autophagy of tumor cells was observed 
under a microscope, and the number of EGFP-LC3 in A549 
cells was counted.

Reverse Transcription Polymerase Chain 
Reaction (RT-PCR)

Logarithmically growing cells were harvested, reverse tran-
scribed, and analyzed by RT-PCR. All messenger ribonucleic 
acid (mRNA) expression values are presented relative to 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and 
relative levels were estimated using the 2−ΔΔCt method. Table 1 
lists the primers and primer sequences.

Western Blotting

Logarithmically grown cells were harvested, digested, and 
the protein concentration was detected. Separate, transfer 
(10% sodium dodecyl sulfate–polyacrylamide gel electro-
phoresis (SDS-PAGE)), and incubate with primary antibody. 
Wash and incubate the membrane with HRP-labeled second-
ary antibody for 1 h. Detection was enhanced by the internal 
reference GAPDH.

Statistical Analysis

All the data were processed and analyzed by GraphPad Prism 
8.0.2. Data were expressed as mean ± standard deviation. The 
Shapiro–Wilk test was used for normality tests (p > .05 was 
regarded as a normal distribution). In the intergroup compari-
son, normal data were tested using univariate analysis of vari-
ance (ANOVA) (F-test for homogeneity of variance passed), 
and non-normal data were tested using the Kruskal–Wallis 
test. Post hoc multiple comparisons were conducted using the 
Tukey method, with p < .05 being the significance threshold. 
All experiments were repeated in three independent biologi-
cal replicates, each containing six technical replicates.

Table 1. Real-time Polymerase Chain Reaction (PCR) Primers and Primer Sequences.

Primers Sequences

BECN1 Forward primer 5′-TATCGCTCAGAAGGAGATCA-3′
Reverse primer 5′-GCTGCTCCCAGTTTTCAGTT-3′

GAPDH Forward primer 5′-AAAGGGTCATCATCTCCGCC-3′
Reverse primer 5′-AGTGATGGCATGGACTGTGG-3′

Note: BECN1: Beclin-1; GAPDH: Glyceraldehyde-3-phosphate dehydrogenase.
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Results

Fe3O4–Cu Nanoparticles Were Successfully 
Prepared

In the transmission electron microscope image, Fe3O4–Cu 
appears as black or gray spherical particles with an average 
particle size of (12.35 ± 2.16) nm and is well dispersed 
(Figure 2A). The zeta potential of Fe3O4–Cu is −22.13 mV, 
indicating that the particles are stable (Figure 2B).

Effect of Fe3O4–Cu on Lung Cancer Cell Inhibition 
Rate

Compared with the 0.25 mg group, the number of A549 cell 
clones in the 0.5, 0.75, and 1 mg Fe3O4–Cu groups decreased 
significantly (p < .05) in a concentration-dependent manner. 
Meanwhile, when the dose was 0.75 mg, the inhibition rate 
of Fe3O4–Cu on the viability of A549 cells reached 70%, 
and its toxicity to normal BEAS-2B cells was less than 20%, 
as shown in Table 2. Therefore, in the subsequent experi-
ments, 0.75 mg was set as the optimal dose of Cu in 
Fe3O4–Cu.

Fe3O4–Cu Has a Good Anti-cancer Effect 
in Lung Cancer

To explore the biological role of Fe3O4–Cu in lung cancer, 
after culturing the cells, we found that with the extension of 
time, the proliferation ability of lung cancer cells intervened 
by Fe3O4–Cu was only (113.84 ± 2.14)%, showing a signifi-
cant proliferation inhibition phenomenon compared with the 
other two groups (p < .05, Figure 3A). Meanwhile, the pro-
portion of cell migration in the Fe3O4–Cu group was (53.22 ± 
4.65)%, indicating that the migration ability of the cells was 

significantly weakened (vs. other groups, p < .05, Figure 3B). 
Cell apoptosis in the Fe3O4–Cu group also confirmed this 
phenomenon (vs. other groups, p < .05, Figure 3C). During 
this period, we found that Cu has a positive inhibitory effect 
on lung cancer, with Fe3O4–Cu being the most prominent.

BECN1 Expression is Reduced in Lung Cancer 
and Promoting its Expression Can Induce 
Autophagy in Lung Cancer Cells

BECN1 expression in A549 cells was significantly reduced 
(vs. the control group, p < .05, Figure 4A,B). In order to explore 
the impact of BECN1 on lung cancer activity, we first used 
BECN1 inhibitor and BECN1 mimics to intervene in A549 
cells, respectively, and found that BECN1 was significantly 
reduced in cells treated with BECN1 inhibitor. In contrast, in 
the BECN1 mimics group, the expression of BECN1 levels in 
cells showed an opposite trend (vs. other groups, p < .05, 
Figure 4A,B), demonstrating the successful intervention of 
BECN1-inhibitor and BECN1-mimics on BECN. When fur-
ther observing A549 cells, it was found that BECN1-mimics 
could induce autophagy in A549 cells, and the number of LC3 

Table 2. Effects of Fe3O4–Cu on the Inhibition Rate of A549 Cells 
and the Cytotoxicity of BEAS-2B Cells.

Groups n
A549 Cell 

Inhibition Rate (%)
BEAS-2B Cell 

Cytotoxicity (%)

0.25 mg 5 15.25 ± 2.33 9.36 ± 1.22

0.5 mg 5 50.65 ± 4.65* 13.33 ± 2.19*

0.75 mg 5 72.11 ± 5.59* 17.36 ± 2.71*

1 mg 5 84.36 ± 6.17* 23.98 ± 3.21*

Note: Compared with the 0.25 mg group, *p < .05.

Figure 2. Transmission Electron Microscope Image of Fe3O4–Cu.

Note: (A) Transmission electron microscope image of Fe3O4–Cu, 50 nm; (B) potential distribution of Fe3O4–Cu nanoparticles.
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puncta in the cells increased to (17.96 ± 1.32) (vs. other groups, 
p < .05, Figure 4C). Meanwhile, further experimental observa-
tions revealed that after adding BECN1-mimics to A549 cells, 
the expression of autophagy-related protein ATG5 significantly 
increased to 0.59 ± 0.03, while the expression of p62 decreased 
to 0.25 ± 0.06 (vs. other groups, p < .05, Figure 4D). The above 
experiments reflect that promoting BECN1 expression is ben-
eficial for promoting autophagy in A549 cells. Furthermore, in 
further observations, it can be found that the protein expres-
sions of PI3K, AKT, and mammalian target of rapamycin 
(mTOR) in the BECN1-mimics group were significantly 
decreased (Figure 4E), indicating that the expression of BECN1 
can reduce the activity of the PI3K/AKT/mTOR signaling 
pathway.

Fe3O4–Cu Can Promote Autophagy in Lung 
Cancer Cells by Promoting BECN1 Expression, 
Thereby Affecting Lung Cancer Development

We observed a significant increase in BECN1 expression in 
Fe3O4–Cu (vs. NC group, p < .05, Figure 5A,B). To verify 
this, we added BECN1-mimic based on Fe3O4–Cu interven-
tion and found that the proliferation and migration abilities of 
A549 cells were the weakest in the Fe3O4–Cu+BECN1-
mimics group (vs. other groups, p < .05, Figure 5C,D), and at 
the same time, the apoptosis ability increased significantly 
(vs. other groups, p < .05, Figure 5E). At the same time, we 
added BECN1 inhibitor, which is opposite to BECN1 mimic, 
in the Fe3O4–Cu group. The proliferation, migration, and 

Figure 3. Fe3O4–Cu Has a Good Anti-tumor Effect in Lung Cancer (n = 6).

Notes: (A) 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) experiment to detect the proliferation ability of A549 cells; (B) scratch 
test to observe the migration of A549 cells, and the histogram shows the migration ability; (C) flow cytometry to observe the apoptosis of A549 cells, 
and the histogram shows the apoptosis ability. Compared with negative control (NC) group, *p < .05; compared with Cu group, #p < .05.
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apoptosis abilities of A549 cells were effectively reversed 
(vs. Fe3O4–Cu+BECN1 mimics group, p < .05, Figure 5C–5E). 
This also further verified that Fe3O4–Cu can promote BECN1 
expression and inhibit A549 cells.

At the same time, further observation showed that the 
autophagy ability and LC3 puncta number of A549 cells in 
Fe3O4–Cu+BECN1-mimics group were significantly 
increased (vs. other groups, p < .05, Figure 5F), and ATG5 
protein expression was increased, while p62 expression 
decreased significantly (vs. other groups, p < .05, Figure 5G), 
indicating that Fe3O4–Cu affects the autophagy-related pro-
teins ATG5 and p62 in the process of upregulating BECN1 

expression, thereby promoting autophagy in cells and inhibit 
the biological activity of lung cancer cells to a certain extent.

Discussion

Studies have found that cucurbitacin can interfere with the 
transcription process of the VEGF gene by affecting the 
activity of transcription factors or DNA-binding proteins, 
thereby reducing the production of VEGF and inhibiting 
angiogenesis (Torres-Moreno et al., 2020; Üremiş et al., 
2022). Cucurbitacin can form dimers with the subunits p85 

Figure 4. The Expression of Beclin-1 (BECN1) is Reduced in Lung Cancer, and Promoting Its Expression Can Induce Autophagy in Lung 
Cancer Cells (n = 6).

Notes: (A) Reverse transcription polymerase chain reaction (RT-PCR) to detect the relative expression of BECN1 messenger ribonucleic acid (mRNA); 
(B) Western blot (WB) experiment to detect the relative expression of BECN1 protein; (C) observation of autophagy under laser confocal microscope, 
20 μm, histogram showing the expression of BECN1 protein in A549 cells number of LC3 puncta; (D) WB experiment to detect the relative expression 
of autophagy-related proteins; (E) WB experiment to detect the relative expression of phosphoinositide 3-kinase/protein kinase B (PI3K/AKT) pathway-
related protein. Compared with the control group, *p < .05; compared with the negative control (NC) group, #p < .05; compared with the BECN1-
inhibitor group, % p < .05.
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and p110 of PI3K and further prevent the binding of PI3K to 
growth factor receptors, inhibit PI3K to a certain extent, and 
further inhibit the tuberin phosphatase originally activated by 
Akt and the activity of mTOR, thus blocking cell 

proliferation (Deleyto-Seldas & Efeyan, 2021). In addition, 
cucurbitacin inhibits β-catenin nuclear translocation and can 
also inhibit c-Myc, cyclin D1, and so on, to a certain extent, 
thereby inhibiting tumor cells (He & Tang, 2020; Liu et al., 

Figure 5. Fe3O4–Cu Can Promote Lung Cancer Cell Autophagy by Promoting Beclin-1 (BECN1) Expression, Thereby Affecting the 
Development of Lung Cancer (n = 6).

Notes: (A) Reverse transcription polymerase chain reaction (RT-PCR) to detect the relative expression of BECN1 messenger ribonucleic acid 
(mRNA); (B) WB experiment to detect the relative expression of BECN1 protein; (C) 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
(MTT) experiment to detect the proliferation ability of A549 cells; (D) scratch test to observe the migration of A549 cells and the histogram shows 
the migration ability; (E) flow cytometry observation of A549 cell apoptosis, the histogram shows the apoptosis ability; (F) laser confocal microscopy 
observation of cell autophagy, 20 μm, the histogram shows that in A549 cells, the number of LC3 puncta; (G) Western blot (WB) experiment to detect 
the relative expression of autophagy-related proteins. Compared with negative control (NC) group, *p < .05; compared with Fe3O4–Cu group, #p < .05; 
compared with Fe3O4–Cu + BECN1-mimics group, % p < .05; compared with Fe3O4–Cu + BECN1-inhibitor group, & p < .05.
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2022). However, cucurbitacin has certain biochemical insta-
bility and is easily affected by environmental factors such as 
light, temperature, acid, and alkali, and its solubility is low 
under physiological conditions. Therefore, in order to 
improve the shortcomings of cucurbitacin, we used Fe3O4 to 
modify and transport it. Previous studies have shown that the 
surface of Fe3O4 nanoparticles carries a positive charge under 
acidic conditions, while TPP, as a polyanionic compound 
(PO43–), combines with Fe3O4 through electrostatic attraction 
to form a stable ionic cross-linking network (Wu et al., 2023). 
The porous structure formed after the cross-linking of TPP 
and Fe3O4 encapsulates hydrophobic Cu through hydropho-
bic interactions and hydrogen bonds, thereby significantly 
increasing the drug loading capacity of nanomaterials 
(Chandra et al., 2023). Meanwhile, the TPP cross-linking 
layer can shield the contact between Cu and hydrolases in 
body fluids, thereby better protecting the drug activity (Leng 
et al., 2022). The introduction of TPP not only improves the 
stability of nanoparticles through electrostatic cross-linking, 
but also the pH-responsive network formed by it realizes 
intelligent drug release in the tumor microenvironment. This 
design overcomes the defects of poor water solubility and 
easy degradation of cucurbitacin. It also lays the foundation 
for subsequent in vivo applications. Therefore, in the process 
of preparing nanomaterials in this study, addition of the TPP 
solution is regarded as a key technical link. In order to clarify 
the role of Fe3O4–Cu in lung cancer, we first found through 
cell culture experiments that with the intervention of cucur-
bitacin, cancer cell activities were significantly weakened. 
Fe3O4–Cu has a more consistent effect. This shows that 
Fe3O4–Cu has a good anti-tumor effect in lung cancer.

Studies have shown that BECN1 inhibits Janus kinase 
phosphorylation by interacting with gp130, thereby inhibiting 
STAT3 phosphorylation and nuclear translocation, ultimately 
inhibiting IL-6-induced cell proliferation and survival 
(Li et al., 2020). In addition, BECN1 can promote the release 
of Ca2+ from the endoplasmic reticulum into the cytoplasm, 
thereby inhibiting IL-6-induced Ca2+ influx and Ca2+-
dependent signal transduction pathways (Hirata et al., 2022; 
Liao et al., 2021). The inhibition of IL-6 further reduces the 
activation of STAT3, thereby reducing the responsiveness of 
tumor cells to IL-6 and inhibiting the growth and invasion 
ability of cancer cells. BECN1 expression can reduce the 
expression of GRP78 and the transmission of endoplasmic 
reticulum stress signals downstream of IRE1, PERK, ATF6, 
and other pathways, thereby affecting the stress response and 
viability of tumor cells (Ikeda et al., 2022; Sun et al., 2021). 
Furthermore, studies have shown that BECN1 clears dam-
aged mitochondria by maintaining autophagic homeostasis 
(Guo et al., 2020), thereby preventing DNA mutations caused 
by ROS accumulation and further regulating the progression 
of pulmonary fibrosis (Kumari, Singh, Singh, 2024; Singh et 
al., 2025). Meanwhile, during the process of pulmonary 
fibrosis, the oxidative stress response of the body can further 

aggravate the recruitment of inflammatory cells in the lungs, 
accompanied by abnormal collagen repair, thereby promoting 
the growth of granulomatous nodules, which in turn leads to 
damaged mitochondrial deposition, thereby weakening the 
autophagy ability of mitochondria and aggravating pathologi-
cal lesions (Kumari, Singh, Dash et al., 2024). We found sig-
nificantly reduced BECN1 expression in A549 cells, and we 
speculated that it is related to the development of lung cancer. 
Therefore, we used BECN1-inhibitor and BECN1-mimics to 
intervene in A549 cells, respectively, and found that BECN1-
mimics induced autophagy in A549 and increased the number 
of LC3 puncta in cells, suggesting that upregulating the 
expression of BECN1 can promote the growth of A549 cells. 
Autophagic process. At the same time, further experimental 
observations found that after adding BECN1-mimics to A549 
cells, the expression of the autophagy-related protein ATG5 
increased significantly, suggesting that it is related to lung 
cancer development, while p62 expression decreased, indi-
cating that the expression of BECN1 was promoted. It is ben-
eficial to promote autophagy in A549 cells. It was 
demonstrated that promoting the expression of BECN1 is 
beneficial to promoting autophagy in A549 cells and hints at 
the possible impact of BECN1 on the development of lung 
cancer. Previous studies have shown that the PI3K/AKT/
mTOR pathway plays an important regulatory role in autoph-
agy. Growth factor factors activate the PI3K/Akt/mTOR sig-
naling axis. Activated and phosphorylated Akt can inhibit 
TSC1/2 and activate downstream mTOR1 (Dunn et al., 2022).

During this process, the activated mTORC1 interferes with 
the formation of the UNC-51-like autophagy-activated kinase 
complex, and autophagic activities are subsequently hindered 
(Chen et al., 2020). In this study, it can be found that the protein 
expression of the PI3K/Akt/mTOR pathway was downregu-
lated in the BECN1-mimics group. The possible analysis of the 
reason is that the expression of BECN1 is upregulated, which 
promotes the transformation of LC3-II by antagonizing the 
release of autophagy initiating complex from Bcl-2. During 
this process, the PI3K-III complex is destroyed (Son et al., 
2021; Zhang et al., 2020), thereby inhibiting the phosphoryla-
tion of AKT and blocking mTORC1. This further indicates that 
the promoting effect of BECN1 on autophagy in A549 cells 
may be achieved by inhibiting the expression of the PI3K/Akt/
mTOR pathway. However, the specific mechanism of action 
still needs to be further explored. Through experiments, we 
observed that Fe3O4–Cu can increase the expression of BECN1. 
In order to clarify BECN1’s role in lung cancer affected by 
Fe3O4–Cu, we added BECN1-mimic based on Fe3O4–Cu inter-
vention and found that the apoptosis rate of A549 increased, 
and the autophagy capacity and LC3 puncta number of A549 
cells increased significantly.

ATG5 protein expression increased significantly, and p62 
expression decreased significantly, indicating the key role of 
BECN1 in the development of lung cancer affected by Fe3O4–
Cu. Fe3O4–Cu+BECN1-inhibitor significantly reversed this 
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result, which not only shows that Fe3O4–Cu can promote lung 
cancer cell autophagy by promoting the expression of 
BECN1, thereby affecting the development of lung cancer, 
but also further supports the core role of BECN1 in Fe3O4–Cu 
treatment of lung cancer.

Conclusion

In summary, BECN1 is involved in lung cancer pathogenesis. 
Upregulating BECN1 expression in lung cancer cells can pro-
mote autophagy, and to a certain extent, it inhibits the activity 
of the PI3K/AKT/mTOR signaling pathway. In addition, we 
also found that Fe3O4–Cu can inhibit the behaviors of lung 
cancer cells and promote apoptosis by regulating BECN1 
expression. These findings provide important clues for us to 
deeply understand the pathogenesis of lung cancer and find 
new therapeutic targets. They also provide a new nanomedi-
cine delivery strategy for the treatment of lung cancer.
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