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Liposomal nanoparticle-encapsulated polyphenolic vitamins activate
ferroptosis in glioma cells by suppressing the EGFR/NOTCH1/Hesl1
pathway
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Abstract: Background: Vitamin phenol has anti-glioma potential but low bioavailability. Liposomal nanoparticles are
effective drug delivery systems. Whether vitamin phenol-encapsulated liposomal nanoparticles can regulate ferroptosis in
glioma cells remains unknown. Objectives: This study aims to investigate the role of polyphenolic vitamins-encapsulated
liposomal nanoparticles in ferroptosis in glioma cells. Methods: LNP-Vig nanoparticles were prepared. US7MG cells were
divided into control, LNP and LNP-Vig groups, with the latter receiving additional treatments (si-EGFR, pc-DNA EGFR,
si-Hes1, or pc-DNA Hesl). Levels of ferroptosis, apoptosis and related proteins (EGFR/Hes1) were then detected. Results:
The successfully formulated LNP-Vig nanoparticles induced ferroptosis and suppressed EGFR expression in US7MG cells,
leading to increased apoptosis upon prolonged incubation. While si-EGFR reduced EGFR mRNA, the pc-DNA EGFR
counteracted LNP-Vig's suppression of EGFR. The consistent changes in downstream NOTCH1 and Hes1 mRNA levels
confirmed that LNP-Vig influences the NOTCH1/Hes! pathway via EGFR inhibition. Both NOTCH1 blockade and Hesl
knockdown reduced the levels of ferroptosis-related proteins, whereas NOTCHI activation or Hesl overexpression
inhibited ferroptosis (P<0.05). Conclusion: LNP-Vig promotes apoptosis by activating ferroptosis, an effect crucially
dependent on Hes1 suppression. By modulating the EGFR/NOTCHI1 pathway, LNP-Vig promotes ferroptosis in U§7MG

cells, thus identifying a potential new target for cancer treatment.
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INTRODUCTION

polyphenolic vitamins has a variety of biological activities
such as anti-oxidation, anti-inflammation and anti-tumor
(Fig. 1) (Iervolino et al., 2021) and its application in the
field of tumors has been widely studied. Although the use
of polyphenolic vitamins in cancer treatment is still in its
early stages, some studies have shown that it may inhibit
tumor growth and have potential for cancer prevention.
Emerging evidence suggests that polyphenolic vitamins
may regulate tumor-related signaling pathways, including
Wnt, PI3K-Akt and MAPK, via modulating miRNA
expression (Das et al., 2022). Notably, however, its role in
glioma research has not yet been extensively investigated.

polyphenolic vitamins may affect Wnt signaling pathway
by regulating the expression of Axin (Husain et al., 2024).
It promotes the proteolytic degradation of B-catenin (Wu et
al., 2021, Agunloye et al., 2025), facilitating its rapid
removal from the cell. This reduction in intracellular
accumulation  regulates  B-catenin  stability and
consequently inhibits the Wnt signaling pathway. Another
study found that phenol inhibited p-catenin
phosphorylation, hindered its entry into the complex,
thereby increasing its stability and promoting its
accumulation in the nucleus (Wang et al., 2023). In
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regulating tumor biological behavior, phenol can modulate
the expression or kinase activity of PI3K and the
phosphorylation state of Akt, thereby affecting the PI3K-
Akt signaling pathway (Ding et al., 2024). These findings
collectively indicate the considerable potential of
polyphenolic vitamins in oncology. Nevertheless, current
research remains largely confined to basic science and the
mechanisms underlying its diverse effects on miRNA
expression are likely complex and multifactorial.

In recent years, studies have found that phenol has potential
as an anti-cancer agent, including effects on glioma cells.
Some studies suggest that phenolic vitamin compounds
may affect EGFR activity by regulating EGFR
phosphorylation or other downstream factors (Nag et al.,
2020), but research on glioma is still in its infancy. Glioma
is a primary brain tumor and iron plays an important role
in tumor growth and metastasis (Tabu and Taga, 2022),
because tumor cells have a high demand for iron to
maintain their rapid growth and proliferation. However,
iron may also cause oxidative stress, leading to oxidative
damage and cell death (Chen et al., 2023). The mechanism
of action of polyphenolic vitamins in tumors may involve
iron regulation. However, due to the low bioavailability
and instability of polyphenolic vitamins (Vesely et al.,
2021), its use in glioma treatment is limited. Therefore, it
is urgent and necessary to develop new carrier delivery
technology.
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Nanotechnology is an emerging drug delivery technology
that can improve the bioavailability of drugs (McClements
and Ozturk, 2022) and enhance the accumulation of drugs
in tumor tissues, thereby improving the efficacy of drug
therapy. Liposome nanoparticles have been widely used in
cancer therapy as a common nanocarrier (Seidu et al.,
2022). Benefiting from good biocompatibility, stability and
drug loading capacity, liposomes can -effectively
encapsulate and deliver drugs such as polyphenolic
vitamins.

In this study, the regulation of the Hes1 gene (downstream
of the EGFR pathway) by polyphenolic vitamin-
encapsulated liposomal nanoparticles was investigated,
and its mechanism of action in ferroptosis of glioma cells
was further explored. Cell experiments were conducted to
study the effects of this treatment strategy on glioma cell
proliferation, apoptosis, and ferroptosis, thereby laying a
foundation for the future development of -efficient
therapeutic strategies with low side effects. At the same
time, the potential mechanism of polyphenolic vitamins
and liposomal nanoparticles in the treatment of glioma is
expected to be further elucidated, providing a new
theoretical and practical basis for the application of
nanotechnology in cancer treatment.

MATERIALS AND METHODS

Materials

Vitamin polyphenols (batch number: 84650-60-2; Purity:
99%; Bought in Shanghai Xuanya; Vitamins were
extracted from green tea, grape seeds, etc., which can not
only resist inflammation and oxidation but can also reduce
blood lipid and blood pressure to prevent cardiovascular
diseases. The plant map is shown in Fig. 2. Human
glioblastoma cell line U87MG cells (Shanghai Huzhen
Industrial Co., Ltd.); NOTCHI1 pathway agonist DLL4,
NOTCHI1 pathway y-Secretase inhibitor (Beijing Biolab);
monoclonal antibody, IgG secondary antibody (UK Abcam
company); RPMI-1640 medium (Guangdong Huankai
Microbial Technology Co., Ltd.); cell lysate (Shanghai
Lianmai Biotechnology); protease inhibitors (Shanghai
Yisheng Biotechnology); fetal bovine serum (Qingdao
Yusen Biotechnology); RT- PCR reverse transcription kit
(Shanghai Jiachu Biotechnology); TRIzol reagent and
fluorescence quantitative kit (Chengdu Huaxia Chemical
Reagent Co., Ltd.); Transwell chamber (Beijing Unicom
Biotechnology); CCK-8 kit, cDNA synthesis kit (Beijing
Tiangen Biochemical). TEM instrument model: JEM2100
(80KYV by default).

Preparation of LNP-Vig

Selected phospholipids and solvent were mixed and stirred
according to a certain ratio, so that lipids formed liposomes
in the solvent. Polyphenolic vitamins was encapsulated
into liposomal nanoparticles via dropwise addition of its
solution to the liposome suspension under stirring or
ultrasonication. Polyethylene glycol (PEG) was added to
increase the stability and biocompatibility of the liposomal
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nanoparticles, followed by centrifuge to remove
unencapsulated vitaminol and other by-products and then
washing the nanoparticles with an appropriate solution. 10
mg of LNP-Vig polymer was then dissolved in 10 ml of UP
water, followed by stirring at room temperature for 6-8
hours until completely dissolved, sonicating for 0.5 hours
and passing it through a 0.45 pum filter membrane to obtain
LNP-Vig nanoparticles. The encapsulation efficiency of
polyphenolic vitamins was determined to be 85.3% using
the ultracentrifugation-HPLC method (Dong et al., 2011).
In vitro release experiments demonstrated that LNP-Vig
achieved a cumulative release rate of 78.5% in PBS over
72 hours, indicating sustained-release characteristics.

Characterization of LNP-Vig

The Zeta potential of LNP-Vig was measured by a particle
size analyzer.The nanoparticle solution was diluted,
ultrasonicated, and then added dropwise onto aluminum
foil. After drying at room temperature, the sample was gold
-sputtered and observed under a transmission electron
microscope (JEM2100). Deionized water was added into
the sample prior to TEM microscopy. Following ultrasonic
treatment, the sample was filtered twice through a
membrane filter and then applied to a carbon support film,
where it was allowed to air-dry. Then phosphotungstic acid
was added, dried at room temperature, imaged by electron
microscope at 80-120kv, followed by observation of the
sample under transmission electron microscope and image
analysis (Zhang et al., 2023).

Cell culture, grouping and transfection

All cells were cultured in RPMI-1640 medium, added with
10% fetal bovine serum, placed in an incubator and the
environment was controlled at 37°C and 5% CO2. Growth
of the cells was observed and culture medium was replaced
on time. When the confluence of the cells was 80%, the
cells were trypsinized and passaged (Yathindranath et al.,
2022).

U8TMG cells were divided into 3 groups as follows:
control group, LNP group and LNP-Vig group. At the same
time, the LNP-Vig group was divided into LNP-Vig+si-
EGFR group, LNP-Vig+pc-DNA EGFR group, LNP-
Vig+si Hesl group and LNP-Vig+pc DNA Hesl group.
The control group was cultured with 50% PBS for 48h. At
24 hours post-transfection, observation under a
fluorescence microscope was conducted. If the proportion
of cells displaying green fluorescence in the field of view
exceeded 80%, the transfection procedure was deemed
effective and suitable for subsequent experiments.

The human glioblastoma cell line US7MG used in this
study was purchased from Shanghai Huzhen Industrial Co.,
Ltd. (Shanghai, China). This cell line is a commercial
product with anonymized origin, and no additional
informed consent was required. The study protocol was
approved by the Ethics Committee of Chinese PLA
General Hospital (Approval No.: S2022-763-01).
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Table 1: Real-time PCR primers and primer sequences.

EGFR 5'-GGCACAGTGTGTCCAAATGTG-3 5'-AGGAAGCTGCTCTGTGTTCC-3'
NOTCHI1 5'-GCCAGTGTCCATGTGTGTGA-3' 5'-GTCATGGGACGAGGAGTTGT-3'
HESI1 5'-GGTGGAGACGGAGGAGTTG-3' 5'-AGAGAGCCGGAGACAGAACT-3'
OH OH
N
Vitamin polyphenol

green tea

Promote glloma

\ cell apoptosis

Solvent extraction method

glioma

Fig. 1: Extraction process and research ideas for vitamin polyphenols.

Fig. 2: Plant diagram of green tea.

Assessment of blank nanoparticle cytotoxicity
To evaluate the biocompatibility of the blank lipid
nanoparticle (LNP) carrier itself, the CCK-8 assay was

used to detect its impact on US7MG cell viability. Briefly,
U87MG cells were seeded in a 96-well plate at a density of
5%10° cells per well. After cell adhesion, the medium was
replaced with fresh medium containing different
concentrations of blank LNPs (equivalent to the carrier
concentrations used in the LNP-Vig groups). Following
further incubation for 24 and 48 hours, 10 pL of CCK-8
solution was added to each well and the plate was
incubated at 37°C for 2 hours. The absorbance (OD value)
of each well was measured at a wavelength of 450 nm using
a microplate reader. Cell viability was calculated using the
formula: (OD value of experimental group - OD value of
blank well) / (OD value of control group - OD value of
blank well) X 100%. The experiment was independently
repeated three times.

Flow cytometry was used to detect apoptosis in cells
After cells from each group were digested, they were made
into a suspension of 1 x106ml, centrifuged and washed with
PBS and resuspended. 150pl of buffer was then added with
Annexin V-FITC (10pl) and PI staining solution (5ul) and
protected from light. After incubation for 15 min, cell
apoptosis was observed by flow cytometry (Del Re et al.,
2014).

Real-time PCR detection of gene expression
RNA was extracted from U887MG cells by TRIzol method
and it was reverse transcribed into cDNA by TagManTM
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advanced miRNA cDNA synthesis tool. RT-qPCR was
performed using SYBR fluorescent PCR technology.
Analysis was performed using real-time PCR system.
Relative levels were estimated using 2—AACt method
(Livak and Schmittgen, 2001). All primers used (sequences
are listed in table 1) were validated for amplification
efficiency using the standard curve method. The cDNA
template was serially diluted (e.g., in 5-fold dilution steps)
and qPCR reactions were performed. The amplification
efficiencies of all primers fell within the range of 90%-—
110%, with correlation coefficients (R?) greater than 0.99,
meeting the requirements for reliable quantification.
Following each qPCR run, melting curve analysis was
conducted to confirm the specificity of the amplified
products. All reactions exhibited a single sharp peak,
indicating that amplification produced a single specific
product without nonspecific amplification or primer-dimer
formation.

Western blot

The total protein of US7MG cells was extracted with
TriZol reagent and its concentration was detected. The
electrophoresed total protein was heated to 100°C and
incubated for 5 minutes and then electrophoresed using
SDS-polyacrylamide gel (120 V, 100 minutes). The
separated proteins were then transferred to PVDF
membranes. After blocking with 5% skim milk, the
membrane was incubated with Akt antibody, EGFR
antibody, TF antibody, TFR antibody and GAPDH
overnight at 4°C. The next day, the samples were incubated
and the membrane was washed 3 times and incubated with
secondary antibody (1:10,000) for 1 hour (37°C). After
washing three times with PBS, the Western blot bands were
analyzed for optical density using ImagelJ, with GAPDH as
the internal reference for normalization. The experiment
was independently repeated three times and the results are
expressed as mean =+ standard deviation (Mijiti et al., 2023).

Detection of reactive oxygen species (ROS) by DCFH-
DA method

After cells grew to an appropriate density, the stock
solution of DCFH-DA (2',7'-dichlorodifluorofluorescein
acetate) was diluted to an appropriate concentration with
an appropriate solvent (DMSO). After washing, an
appropriate amount of diluted DCFH-DA staining solution
was added to fully cover the cells, followed by incubation
at 37°C for 1 hour. The samples were washed with PBS 3
times, centrifuged toremove PBS and then ROS was
detected by flow cytometry (Bode et al., 2020).

Detection of malondialdehyde (MDA) by thiobarbituric
acid method

Cell lysis solution (such as RIPA buffer) lysed the cell
membrane and released MDA from the cell. Cell lysate was
obtained by adding thiobarbituric acid (TBA) reagent after
mixing, followed by the addition of phosphate buffer to
keep the sample pH at 2-3. The sample was heated and

Zhao Gao et al.

reacted in a water bath, usually at 95°C for 20-30 minutes,
to promote the reaction of MDA and TBA to generate a
stable pigment. The sample was cooled and centrifuged to
remove the precipitate. Detection of the absorbance of the
pigment was performed at a wavelength of 532 nm (Jiang
et al.,2022).

Observation of ROS by confocal microscope

The 2',7'-dichlorofluorodiacetate (DCFH-DA) fluorescent
probe was added to the culture medium and the fluorescent
probe was passed through the cell membrane into the cell
and incubated for 30 minutes, followed by washing to
remove excess DCFH-DA. On the confocal microscope
stage, the appropriate excitation wavelength was selected,
followed by fluorescence detection at the desired
wavelength (Yu et al., 2023).

Statistical analysis

All experimental data were analyzed using SPSS21.0 and
GraphPad Prism software. Measurement data were shown
as mean = SD and assessed by T/F test. P<0.05 was
considered a significant difference.

RESULTS

Preparation of LNP-Vig and its pro-apoptotic effect on
glioma cells

The LNP-Vig nanoparticles were successfully prepared
and their morphology was observed by transmission
electron microscopy (JEM2100) (Fig. 3A). The results
showed that the LNP-Vig nanoparticles had an average
particle size of 38.65 nm and a polydispersity index (PDI)
of 0.021. The nanoparticles formed a regular round shape
without aggregation and exhibited good dispersion (Fig.
3B). The zeta potential was -54.5 mV, indicating a
homogeneous particle distribution and good stability (Fig.
3C). CCK-8 assay results demonstrated that, at
concentrations equivalent to those used in the LNP-Vig
experimental groups, treatment with blank LNPs for 24 and
48 hours did not significantly affect the viability of
US87TMG cells (vs. the control group, P>0.05, Fig. 3D). And
when used in U87MG cell culture, it was found that, the
apoptosis rate increased with prolonged culture time for
LNP-Vig nanoparticles (vs the control group, P<0.05, Fig.
3E).

LNP-Vig activates glioma cell ferroptosis via EGFR
pathway

To further analyze the anticancer effect of LNP-PV on
U8TMG cells, Western blot and colorimetric assays were
performed. It was found that both PV and LNP-PV
promoted increased expression of ferroptosis-related
proteins, including TF and TFR, in U887MG cells (Figs.
4A - C). Notably, the effect of LNP-PV was the most
prominent (vs. PV group, P<0.05, Figs. 4F - G). To
explore whether this phenomenon was associated with
ferroptosis, confocal microscopy was performed to observe
intracellular ROS levels in US7MG cells.
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Fig. 3: Preparation of LNP-Vig and its pro-apoptotic effect on glioma cells.

Note: (A) Electron micrograph (x200um); (B) Size distribution;
Apoptosis rate of US7MG. *P<0.05.

The LNP-PV group exhibited the highest levels of non-
oxidized ROS, forming dense green fluorescence (vs. other
groups, P<0.05, Fig. 4E), followed by the PV group. These
findings indicated that LNP-PV activated ferroptosis in
U8TMG cells, whereas EGFR protein expression showed
the opposite trend (Fig. 4D). These results suggested that,
the activation of U87MG ferroptosis by LNP-Vig may be
related to EGFR.

LNP-Vig inhibits the EGFR pathway and affects
downstream NOTCH1 pathway

To further analyze the mechanism by which LNP-PV
affects ferroptosis, US7MG cells were transfected to inhibit
or upregulate EGFR. The LNP-PV group exhibited an
inhibitory effect on EGFR mRNA expression (Fig. 5A).
Moreover, EGFR mRNA expression was greatly reduced
after transfection with si-EGFR (vs. LNP-PV group,
P<0.05), indicating that LNP-PV inhibited EGFR
expression.The combined intervention of pc-DNA EGFR
significantly reversed this phenomenon, which was higher
than that of LNP-Vig group (vs LNP-Vig group, P<0.05)
and its protein expression was also significantly increased
(Fig. 5B) The expressions of downstream NOTCHI
mRNA and Hes1 mRNA were also regulated in a consistent
direction (Figs. 5C, D), confirming that LNP-Vig inhibits
the EGFR pathway and affects inhibition of NOTCHI
pathway and Hes1 gene.

(C) Zeta potential; (D) Viability after blank LNP treatment; (E)

LNP-Vig activates EGFR pathway and ferroptosis in
glioma cells

On the basis of the previous experiments, it was further
found that the expression levels of ferritin, TF, and TFR
were increased in the LNP-PV and LNP-PV + si-EGFR
groups (vs. the control group, P<0.05, Figs. 6A-C). In
contrast, these protein expressions were significantly
inhibited in the pc-DNA EGFR group (vs. other groups,
P<0.05), and the levels of Fe2+ and ROS also showed
consistent changes (Figs. 6D-G).

LNP-Vig inhibits NOTCH]1 pathway, reduces Hesl and
plays the role of ferroptosis activation

A specific v -secretase blocker of the NOTCHI pathway
and the agonist DLL4 were used, together with
upregulation of the Hesl gene and pc-DNA-mediated
silencing, to analyze the changes in ferroptosis-related
proteins in US7MG cells The results showed that, the
expression of ferroptosis-related proteins was lower than
that in the LNP-Vig group after blocking NOTCH1, while
the si-Hes1 group had the same trend (P<0.05, Figs. 7A-I).
After activating the NOTCHI1 pathway or overexpressing
Hesl, ferroptosis was reversed (P<0.05, Figs. 7A-I). It was
confirmed that LNP-Vig promotes apoptosis of US7MG
and activation of ferroptosis is inhibited by Hesl to play a
key role.
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DISCUSSION

Ferroptosis is a recently discovered form of cell death (Ye
et al., 2024) with significant value in tumor research.
Different from traditional apoptosis and necrosis, it can be
achieved by regulating intracellular iron metabolism as a
non-apoptotic and non-necrotizing programmed cell death
(Fan et al., 2022, Stockwell, 2022). Studies have shown

that (Sacco et al., 2021, Liang and Ferrara, 2021), by
interfering with balance of iron metabolism, it can lead to
death of tumor cells, thereby inhibiting the growth and
spread of tumors. Related molecules and proteins in the
iron metabolic pathway become potential drug targets (Bu
and Wang, 2025). Studying the regulatory mechanism of
ferroptosis will help to discover new anti-tumor drugs and
treatments.
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In this study, LNP-PV particles were successfully prepared
and were found to exert a pro-apoptotic effect on glioma
cells. To further explore the underlying mechanism,
ferroptosis-related proteins were detected. It was found that
both PV and LNP-PV promoted ferroptosis, with the effect
of LNP-PV being more pronounced. This enhanced
efficacy is likely attributable to the superior
physicochemical  properties of the LNP-Vig
nanoformulation. As shown in the results, the successfully
prepared LNP-Vig nanoparticles exhibited a regular
spherical morphology. The uniform nanoscale size (low
PDI) facilitates cellular uptake, while the appropriate zeta
potential ensures good dispersibility and stability of the
nanoparticles within the system, thereby laying the
foundation for their long-circulating properties in-vivo.
Furthermore, this study demonstrated that the blank LNP
carrier, at equivalent concentrations, had no significant
impact on cell viability. This finding rules out toxicity

induced by the nanocarrier itself and further confirms that
the observed pro-apoptotic and ferroptosis-inducing effects
of LNP-Vig are primarily attributable to the encapsulated
polyphenolic vitamins. More importantly, liposomal
nanoparticles can protect polyphenolic vitamins from
degradation in the external environment as drug carriers
(Sweed et al., 2024), prolonging its existence time in the
body and allowing more polyphenolic vitamins to enter
cells, thereby enhancing its bioavailability and stability,
which allows LNP-Vig to release polyphenolic vitamins
more effectively and improve the antitumor effect of
polyphenolic vitamins. This enabled more Vig to be
delivered effectively to glioma cells, thereby explaining the
increased ROS accumulation and ferroptosis activation
observed in the LNP-Vig group. Studies have found that
nanoparticles themselves can promote the production of
ROS in cells and increased ROS is associated with
ferroptosis (Wang et al., 2024).
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observation (%200), ***P<0.05.

It was also suggested by the study findings that increased
ROS may be an important factor in promoting ferroptosis.
The level of intracellular non-oxidized ROS in the LNP-
Vig group was highest, suggesting that LNP-Vig may
indirectly promote ferroptosis by increasing ROS
production. The expression of EGFR protein in the NP-Vig
group was relatively low, which may be a potential
mechanism for LNP-Vig in promoting ferroptosis by
inhibiting the EGFR pathway. The accumulation of iron
ions in glioma cells can trigger cell death through various
pathways. The most important of which is the iron-
dependent death pathway, known as "ferroptosis" (Lu et al.,
2021).

During ferroptosis, iron ions catalyze the generation of
excessive hydroxyl radicals (ROS), leading to increased
intracellular oxidative stress, cell membrane lipid
peroxidation (Rochette et al., 2022), DNA damage, protein
oxidation, etc. and tumor cell death. After treatment with
LNP-PV, EGFR mRNA expression was significantly
reduced, indicating that LNP-PV inhibited the transcription
of the EGFR gene and subsequently suppressed the activity
of the EGFR pathway. The results on further transfection
of si-EGFR (siRNA that inhibits EGFR) showed that the
interference of si-EGFR strengthened the inhibitory effect
of LNP-Vig on EGFR gene and further reduced the activity
of EGFR pathway.
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pc-DNA EGFR can reverse the inhibitory effect of LNP-
Vig on EGFR gene and increase the activity of EGFR
pathway. After transfection with si-EGFR, the expression
of EGFR mRNA was further reduced, which indicated that
the inhibitory effect of LNP-Vig on EGFR might be
enhanced through the interference of si-EGFR. As the main
channel for iron uptake by cells, when the transferrin
receptor is inhibited in EGFR pathway, TFR1 may be up-
regulated, thereby increasing the uptake of iron by cells.
When the EGFR pathway is inhibited, AKT activity may
decrease, thereby inhibiting cell survival (Zhang et al.,
2025; Imbastari et al., 2021). In addition, inhibition of the
EGFR pathway may lead to decreased activity of MAPK
pathway-related proteins such as ERK, JNK and p38,
affecting cancer cell growth (Le and Fan, 2023). In this
study, LNP-Vig treatment led to downregulation of
NOTCHI1 and Hesl expression under EGFR pathway
inhibition. However, after co-transfection of pc-DNA
EGFR, this regulatory phenomenon was reversed and the
expression levels for NOTCH1 and Hesl genes were
restored and increased. Therefore, it is speculated that the
inhibitory effect of LNP-Vig may act through the NOTCH1
and Hesl downstream pathways by regulating EGFR
pathway gene expression. At the same time, iron ion (Fe2+)
and intracellular ROS levels were also consistent with
these protein expression changes. In conclusion, LNP-Vig
nanoparticles inhibit EGFR expression, subsequently
modulating the expression of ferroptosis-related proteins
and promoting ferroptosis. These findings provide an
important foundation for further exploring the mechanism
of action of LNP-Vig in glioma cells and underscore the
value of ferroptosis in oncology research.

Another study has shown (Yasinjan et al., 2023) that
polyphenolic vitamins can inhibit excessive accumulation
of iron ions in glioma cells, regulate transferrin, mouse
ferritin, orange red protein and iron release protein HCP1,
thereby alleviating oxidative stress and reducing the degree
of cellular oxidative damage. Studies have also shown that
polyphenolic vitamins can affect the balance and
metabolism of iron in lung cancer cells by regulating iron
ion transporters, iron metabolism enzymes and other
factors.

In previous studies (Paskeh et al., 2024), polyphenolic
vitamins may affect the level of free iron ions in cells by
regulating iron ionophores such as iron-locked iron (LIP).
In addition, it can also affect the Bcl-2 family, Caspase
family and Atg family to promote cell apoptosis and
autophagy and remove or utilize excess iron ions. In this
study, EGFR mRNA expression was inhibited after
treatment with LNP-Vig nanoparticles, indicating that
LNP-Vig negatively regulates EGFR expression. On the
basis of LNP-Vig treatment, after transfection with si-
EGFR, the expression of EGFR mRNA was greatly
reduced, which further enhanced the inhibitory effect on
EGFR, indicating that the intervention of si-EGFR can

Zhao Gao et al.

effectively reduce the expression level of EGFR. In
addition, the expression of EGFR protein was also
significantly increased in the pc-DNA EGFR treatment
group, indicating that the up-regulation of pc-DNA EGFR
enhanced the protein expression of EGFR. The EGFR and
NOTCHI1 pathways cross-regulate each other in many
biological processes, forming complex signaling networks.
After the EGFR pathway is activated, the activity of the
NOTCHI1 pathway can be promoted by activating a series
of downstream signaling molecules and transcription
factors (Wang et al., 2024).

In the active state, the NOTCHI1 receptor is cleaved to
produce an active inner cytoplasmic domain, which then
enters the nucleus, binds to transcription factors, regulates
the transcription of specific genes and affects biological
processes such as cell growth, proliferation, differentiation
and stem cell maintenance. Activation of the EGFR
pathway may inhibit the NOTCH1 pathway, or the activity
of the NOTCH1 pathway may affect the EGFR pathway
(Sweed et al., 2024). When the NOTCHI pathway is
inhibited, the active NOTCH1 receptor cannot be activated
or transcription factors cannot bind to it, resulting in the
inhibition of Hes1 expression (Xie ef al., 2025). Therefore,
the decreased level of Hesl protein may affect the
biological function of cells. Further treatment with LNP-
PV in the experiments inhibited the EGFR pathway and
also resulted in consistent negative regulation of
downstream NOTCHI! and Hesl gene expression. This
indicated that LNP-Vig may regulate the expression of
NOTCHI1 pathway and Hesl gene by inhibiting EGFR
pathway. Hes1 is the main downstream effector molecule
of the NOTCH1 pathway. When the NOTCH1 pathway is
activated, the expression level of Hesl gene will be up-
regulated, leading to an increase in the expression of Hes1
protein. As a transcriptional repressor, Hesl protein can
inhibit the transcription of some genes related to cell cycle
and apoptosis, including some genes related to cell cycle
and apoptosis and prevent the process of cell death.
Conversely, inhibition of the Hesl gene reduces Hesl
protein levels, which may upregulate pro-apoptotic genes,
promote glioma cell apoptosis and subsequently activate
ferroptosis (Paskeh et al., 2024). Therefore, it is speculated
that the mechanism by which LNP-PV activates ferroptosis
may involve inhibition of the EGFR pathway, thereby
affecting the expression of the NOTCHI pathway and the
Hes1 gene. The regulation of NOTCH1 pathway and Hes1
gene may be the downstream events of ferroptosis
activated by LNP-Vig.

For the treatment of glioma, promoting the ferroptosis of
glioma cells may become a new therapeutic strategy. By
regulating the level of intracellular iron ions or increasing
the degree of oxidative stress, it may promote the self-
destruction of glioma cells, so as to achieve the therapeutic
effect (Tran et al., 2023). After a specific Y -secretase
blocker of the NOTCH1 pathway was further used, the
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levels of ferroptosis-related proteins in the LNP-PV group
decreased, indicating that the NOTCHI1 pathway played an
important role in the promotion of ferroptosis by LNP-PV.
After using the si-Hesl group, the expression level of
ferroptosis-related proteins decreased, which was
consistent with the experimental results of blocking the
NOTCHI1 pathway, indicating that the Hes1 gene plays an
important regulatory role in the activation of ferroptosis by
LNP-Vig. In turn, activation of the NOTCHI1 pathway or
overexpression of Hesl led to increased expression levels
of ferroptosis-related proteins and reversed the ferroptosis-
promoting effect of LNP-Vig. Therefore, it was confirmed
that LNP-Vig promoted the apoptosis of U87MG cells and
activated the process of ferroptosis by regulating the
expression of the NOTCHI1 pathway and the Hesl gene.
The NOTCH1 pathway and Hes1 gene play a key role in
the regulation of ferroptosis by LNP-Vig, which provides a
deeper understanding for further revealing the mechanism
of ferroptosis activated by LNP-Vig and also provides
potential for the development of new strategies in tumor
therapy.

Although this study focuses on the role of EGFR pathway
and NOTCH]1 pathway in LNP-Vig-activated ferroptosis,
other mechanisms may be involved. Other potential
signaling pathways and regulators have not been
comprehensively studied, which may lead to an incomplete
understanding of the mechanism of ferroptosis. However,
this study has several limitations. The limited sample size
used may introduce bias into the results. Furthermore, the
experiments were conducted solely in the U§7MG cell line;
the generalizability of this pathway has not been verified in
other glioma cell lines (e.g., U251, LN229) or primary
tumor cells, which is a critical safety issue that must be
addressed before clinical translation. Moreover, all
conclusions are based on in vitro experiments, lacking
validation at the animal model level (in-vivo). Therefore,
future research should further validate the anti-tumor
efficacy of LNP-Vig in various glioma models and in vivo
settings; systematically assess its toxicity to normal neural
cells and the selective index to ensure therapeutic safety;
and explore the synergistic effects of LNP-Vig with other
standard therapies, such as temozolomide.

CONCLUSION

In summary, this study successfully prepared LNP-Vig
nanoparticles and demonstrated their ability to promote
ferroptosis in US7MG glioma cells by inhibiting the
EGFR/NOTCH1/Hesl signaling pathway. LNP-Vig
exhibited favorable biocompatibility and pro-apoptotic
effects, mechanisms that are closely associated with ROS
accumulation and the regulation of iron metabolism. Future
research should focus on further in vivo experiments and
validation across multiple cancer types to advance its
clinical translation.
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