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negative breast cancer with hesperetin-
induced ferroptosis via AURKA targeting
nanocomposites
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Abstract

Triple-negative breast cancer (TNBC) is an aggressive cancer type that lacks targeted treatment options. Ferroptosis,
a novel therapeutic strategy, induces cell death by disrupting the oxidative-reductive balance. Hesperetin, a
potential TNBC therapeutic drug, has unidentified regulatory targets. The objective of this study was to explore

the potential targets of hesperetin in TNBC and investigate whether the nanocomposites carrier hesperetin-loaded
ferroptosis-inducing nanocomposites (HFPN), which activates ferroptosis, can enhance the anti-tumor efficacy of
hesperetin. Bioinformatics methods were employed to screen hesperetin targets in TNBC, and a molecular docking
model between hesperetin and the core target aurora kinase A (AURKA) was successfully constructed. The stability
and anti-tumor activity of HFPN were validated in cell and mouse models, including tumor suppression and
increased radiation sensitivity. These results suggest that HFPN can regulate the core target AURKA in TNBC, disrupt
tumor oxidative-reductive balance, promote ferroptosis in tumor cells, and ultimately enhance the effectiveness of

radiation therapy for TNBC.

Introduction

Breast cancer is a common malignant tumor, of which
triple-negative breast cancer (TNBC) is a severe and
deteriorating subtype [1-3]. Traditional radiotherapy has
limited effectiveness in treating TNBC patients, hence
the need to search for more effective treatment meth-
ods [4—6]. In recent years, ferroptosis, a novel type of cell
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death, has attracted attention and shown potential appli-
cation value in anti-tumor therapy [7-9].

Hesperetin is a natural flavonoid compound found in
citrus fruit peels with multiple biological activities [10—
12]. Previous studies have shown that hesperetin exhib-
its anti-proliferation, anti-invasion, and pro-apoptosis
activities in various cancers [13—15]. However, the anti-
tumor effects of hesperetin in TNBC and its mechanisms
of action remain unclear [16, 17].

Iron plays an important role in tumor cells, including
cell proliferation, redox homeostasis, and tumor develop-
ment [18, 19]. Ferroptosis is a mechanism that induces
cell death by regulating intracellular iron ion metabolism
and oxidative reduction processes [20, 21]. Recent stud-
ies have shown that promoting ferroptosis in tumor cells
may serve as a novel tumor treatment strategy [19].
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This study aims to investigate the target of hesperetin
in TNBC and explore the potential molecular mechanism
of ferroptosis promoter nanocomposites loaded with hes-
peretin in enhancing the efficacy of TNBC radiotherapy.
This research is expected to provide a novel strategy for
TNBC treatment by promoting ferroptosis in tumor
cells, thereby improving the efficacy of radiotherapy and
enhancing the survival rate and quality of life for TNBC
patients.

Through bioinformatics analysis and experimental vali-
dation, this study identified the candidate target AURKA
associated with hesperetin and successfully synthe-
sized the ferroptosis promoter nanocomposites HFPN.

Experimental evidence demonstrates that HFPN can pro-
mote tumor cell ferroptosis and enhance the radiother-
apy sensitivity of TNBC by regulating reactive oxygen
species (ROS) accumulation and disrupting the tumor’s
redox homeostasis. The results of this study have signifi-
cant scientific and clinical implications, providing new
therapeutic options for improving the efficacy of radio-
therapy for TNBC patients. Further investigation into
the mechanism of action of hesperetin and ferroptosis in
TNBC holds promise for providing a basis for individual-
ized treatment of TNBC and opening up new directions
for breast cancer treatment strategies.
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Results and discussion

Potential targets of hesperetin for TNBC regulation

TNBC is a distinct type of breast cancer characterized
by the absence of estrogen receptors (ER), progester-
one receptors (PR), and human epidermal growth factor
receptor 2 (HER2) expression. This implies that TNBC
does not respond to hormone therapies targeting ER, PR,
and HER2, such as tamoxifen or HER2-targeted drugs
like trastuzumab [22]. Hesperetin, a naturally occurring
flavonoid compound primarily found in citrus fruits, par-
ticularly oranges and grapefruits, has been reported to
have potential as a therapeutic agent for TNBC [16]. In
this study, we aim to identify potential targets of Hesper-
etin in TNBC and analyze its mechanism of action using
molecular docking techniques. The workflow for this
analysis is depicted in (Fig. 1A).

First, we determined the 2D and 3D chemical struc-
tures of hesperetin using the PubChem database (Fig. 1B-
C). The SwissTargetPrediction server was then utilized to
analyze and screen potential target genes of hesperetin,
resulting in a total of 100 relevant genes. Additionally, we
obtained 4,878 differentially expressed gene (DEGs) from
the TNBC dataset GSE38959, including 3,359 upregu-
lated DEGs and 1,519 downregulated DEGs (Fig. 1D-
E). Through a search in the GeneCards database using
TNBC as a keyword and setting a relevance score>1 as
the screening criterion, we identified 5,861 genes associ-
ated with TNBC.

Using Venn analysis, we intersected the target genes
from the SwissTargetPrediction server, the DEGs from
the GSE38959 dataset, and the TNBC-associated genes
from the GeneCards database, revealing 25 hesperetin
target genes related to TNBC regulation (Fig. 1F). These
genes include CA12, ABCG2, ESR1, MAOB, ABCCI,
CBR1, MMP13, SRC, KLK2, CA2, AURKA, PGD, FUT7,
STAT1, SQLE, PIM1, IGF1R, ODC1, PARP1, MAP4K4,
BCL2, CHEK1, MMP3, KIT, and MAPKAPK2.

Hesperetin targets associated with protein kinase activity
in TNBC

Further, gene ontology (GO) functional analysis was per-
formed on the selected 25 candidate targets. The results
of the GO functional analysis revealed that these candi-
dates are involved in various BP, including “response to
peptide,” “response to mineralocorticoid,” and “protein
autophosphorylation” (Fig. 2A-B). In terms of MF, they
are primarily enriched in “protein serine/threonine/
tyrosine kinase activity,’ “nuclear estrogen receptor bind-
ing,” and “nuclear receptor binding”” Protein kinases play
a crucial role in cancer development and progression.
Disruption of protein kinase activity or regulation can
result in dysregulated control of cell growth, differentia-
tion, migration, and survival, an important mechanisms
underlying cancer [23]. The enrichment analysis suggests
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that these 25 candidate targets of hesperetin may be
involved in TNBC processes through the regulation of
protein kinase activity, making them potential targets for
the anti-TNBC effect of hesperetin.

AURKA and FUT7: potential hesperetin targets for TNBC
therapy

Among the 25 identified candidate targets, in order to
further select more meaningful genes, a combination
of machine learning and survival curve analysis was
employed. The analytical process for this section can be
seen in Fig. 3A. By applying the least absolute shrink-
age and selection operator (LASSO) regression, 11 can-
didate targets were identified (Fig. 3A-B). Subsequently,
the support vector machine-recursive feature elimina-
tion (SVM-RFE) algorithm was used to screen out 6 can-
didate targets for further analysis (Fig. 3C-E), with an
intersection of 5 remaining candidate targets (Fig. 3F).
The impact of the expression of these 5 candidate tar-
gets on survival in TNBC patients was analyzed using the
Kaplan-Meier Plotter database. The results of the survival
curve demonstrated a significant influence on patient
survival time due to the expression changes in AURKA
and FUT7 (Fig. 3G). The protein encoded by AURKA is
a cell cycle-regulating kinase that exists in the centro-
some of interphase cells and the spindle of mitotic cells.
It is involved in the formation and/or stability of spindle
pole microtubules during chromosome separation. This
gene may play a role in the occurrence and development
of tumors, and numerous studies have reported its rela-
tionship with breast cancer [24, 25]. However, there are
fewer reports on FUT7 and breast cancer; thus in subse-
quent analysis, we will focus on exploring the potential of
AURKA as a target for hesperetin therapy in TNBC.

Stable binding and promising diagnostic performance of
AURKA and hesperetin

We further carried out docking analysis of candidate pro-
teins and Hesperetin using software such as AutoDock-
Tools 1.5.6 and Vina 1.1.2. The analytical workflow for
this section is depicted in Fig. 4A. The docking results
of candidate proteins with hesperetin were visualized in
3D (Fig. 4B), providing a clear representation of the bind-
ing mode between the target protein receptor and the
compound, as well as the interactions with surrounding
amino acid residues.

When the binding energy is <0 kJ/mol, it indicates
spontaneous binding and interaction between the protein
and the molecule. Moreover, lower binding energy cor-
responds to a more stable molecular conformation [26].
The results demonstrate that AURKA shows a binding
free energy of -7.7 kcal/mol, implying a relatively stable
conformation when bound to hesperetin. Additionally,
the diagnostic performance of candidate targets was
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further evaluated using ROC analysis, where a higher
AUC value signifies better diagnostic performance. The
evaluation of AURKA reveals diagnostic performance
(Fig. 4C).

Nanocomposites-mediated hesperetin delivery promotes
ferroptosis

Due to their biocompatibility, nanocomposites have
gained approval from the USA Food and Drug Admin-
istration (FDA) in most materials used for nano-
composites research [27]. In this study, we prepared
ferroptosis-inducing nanocomposites loaded with hes-
peretin through a synergistic self-assembly approach.
Specifically, FeCl;+6H,0 was added to an aqueous solu-
tion of hesperetin at room temperature (Fig. 5A). The
size of the nanocomposites was optimized using Taguchi
orthogonal experiments, employing an L24 orthogonal
array design with two different operational parameters:
Hesperetin concentration and FeCl;+6H,0 concentra-
tion. The average size of 24 samples was measured using
DLS, with the nanocomposites with an average size of
(68.4310.47) nm selected as the optimized formulation
and named HEFPN for further investigation (Fig. 5B).

Subsequently, the nanocomposites were physically
characterized (Fig. 5C). Transmission electron micros-
copy (TEM) revealed that the HFPN exhibited a shuttle-
like shape with an average length of (66.39+22.17) nm
and a width of (22.84+4.69) nm (Fig. 5D). HFPN exhib-
ited a slight negative surface charge (zeta potential of
-0.28+0.021 mV) (Fig. 5E). HFPN displayed consistent
particle size distribution and polymer dispersity index
(PDI) in deionized water, phosphate-buffered saline
(PBS), and DMEM, sustaining for over 72 h (Fig. 5G). The
powder X-ray diffraction pattern showed no obvious dif-
fraction peaks, indicating a well-dispersed amorphous
structure of the assembled HFPN (Fig. 5F). These results
validated its colloidal stability. These results demonstrate
the successful preparation of ferroptosis-inducing nano-
composites loaded with Hesperetin, which exhibit favor-
able stability and dispersity.

HFPN-mediated generation of ROS for ferroptosis
induction

Previous studies have indicated that Fe®* can induce
Fenton-like reactions in tumor cells, leading to the gen-
eration of highly toxic +OH. To investigate the efficacy
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of HFPN in generating +OH, we utilized methylene blue
(MB) as an indicator to detect «OH production (Fig. 6A).
The results demonstrated that there was no significant
decrease in absorbance in the PBS control group, while
the absorbance of MB in HFPN continuously decreased,
with a more pronounced decline in the HFPN+X-ray
solution (Fig. 6B). This indicates that HFPN can generate
+OH and X-ray irradiation can enhance the production of
+OH by HFPN.

Furthermore, we employed the DPBF probe to monitor
the excessive generation of 'O, induced by the combined
irradiation of HFPN and X-rays in different media. With
increasing time, there was a gradual decrease in absorp-
tion at 410 nm for DPBE, indicating that HFPN can gen-
erate 'O, radicals, and X-ray irradiation can enhance
the production of 'O, by HFPN (Fig. 6C). We further
utilized the DHE probe to measure the levels of ROS
within MDA-MB-231 cells. The red fluorescence inten-
sity increased gradually in the PBS group, PBS+X-ray
group, HFPN group, and HFPN+X-ray group, indicating
an increase in ROS generation (Fig. 6D). Together, these
results provide comprehensive evidence of the potential

of HFPN in effective ferroptosis therapy, which may be
mediated by the excessive generation of ROS to promote
ferroptosis.

HFPN-enhanced radio sensitization in breast cancer cells

Due to its outstanding ability to generate ROS, we fur-
ther evaluated the anti-cancer effect and radiosensi-
tizing effect of HFPN in breast cancer cells (4T1 and
MDA-MB-231). The analysis process for this section is
illustrated in Fig. 7A. Cellular uptake was assessed by
measuring intracellular iron concentration using an iron
assay kit. After co-incubation with HFPN for 4 h, both
4T1, MDA-MB-231 and BT-549 cells showed increased
iron accumulation compared to cells treated with PBS
(Fig. 7B-C). Furthermore, cell proliferation viability was
determined using the MTT assay. The results indicated a
significant decrease in cell viability for both 4T1, MDA-
MB-231 and BT-549 cells in the HFPN group compared
to the PBS group. Additionally, the viability of 4T1,
MDA-MB-231 and BT-549 cells treated with a combina-
tion of X-rays and HFPN was significantly lower than that
of cells treated with HFPN or X-rays alone (Fig. 7D-E),
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PBS, and DMEM. The experiment was repeated three times

confirming the effective radio-sensitizing property of
HEPN. Colony formation experiments also revealed
that post X-ray irradiation, HFPN significantly inhibited
colony formation in 4T1, MDA-MB-231 and BT-549
cells compared to treatment with HFPN or X-rays alone
(Fig. 7F). The results of live/dead staining showed a sig-
nificant increase in red fluorescence (indicating dead
cells) and decreased green fluorescence (indicating live
cells) in the HFPN group compared to the PBS+X-ray
group. Moreover, the HFPN+X-ray group exhibited
even more pronounced red fluorescence and a decrease
in green fluorescence compared to the HFPN and X-ray
alone groups (Fig. 7G-H).

Furthermore, we conducted a similar evaluation of the
impact of HFPN on normal breast epithelial cells MCF
10 A. The assessment involved measuring intracellular

iron levels using an iron assay kit to evaluate cellular
uptake and assessing cell proliferation vitality by the
MTT method. Our results indicated that after a 4-hour
co-incubation of HFPN with MCF 10 A cells, there was
no significant effect on intracellular iron accumulation
than cells treated with PBS. Moreover, the vitality of
MCEF 10 A cells in the HFPN group showed no significant
change compared to the PBS group (Fig. S1A-B). Addi-
tionally, colony formation experiments revealed that post
X-ray irradiation, there was no change in colony forma-
tion of MCF 10 A cells treated with HEPN, in contrast
to cells treated separately with HFPN and X-ray (Fig.
S1C). Cell viability staining results showed no observable
changes in red fluorescence in the HFPN+X-ray group
compared to the HFPN+X-ray group (Fig. S1D).
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HFPN-induced ferroptosis through ROS accumulation and
disruption of redox homeostasis

The previous findings have confirmed the potential of
HFPN in effective ferroptosis treatment. To further
investigate whether cells undergo cell death through the
mechanism of ferroptosis, we pre-treated the cells in
HEPN combined with X-ray irradiation with the iron-
regulatory protein-1 (Fer-1), iron chelator (DFO), and
GSH inhibitor to inhibit ferroptosis. The relative cell via-
bility of the different groups was then assessed (Fig. 8A).
The results reveal that the cell survival rates of 4T1,
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MDA-MB-231, and BT-549 cells significantly increased
after pretreatment with Fer-1, DFO, and GSH, as com-
pared to the group treated with HFPN+X-ray (Fig. 8B-
C), further indicating the crucial role of ferroptosis in
HFPN-mediated cell death.

Based on previous experiments suggesting that HFPN
promotes excessive ROS production, we propose that
HFPN disrupts the redox homeostasis by depleting GSH
and inactivating glutathione peroxidase 4 (GPX4), lead-
ing to lipid peroxidation enzyme family (LPO) accumula-
tion and ultimately promoting cell ferroptosis (Fig. 8D).
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ments were repeated three times

Different groups of cells were assessed for their levels of
GSH, revealing a significant reduction in GSH levels in
cells treated with HFPN and HFPN combined with X-ray
compared to cells treated with PBS. Pre-treatment with
the iron chelator DFO significantly increased the lev-
els of cellular GSH (Fig. 8E) and the GSH/GSSG ratio
(Fig. 8F). Further investigation using fluorescent probes
to study the levels of LPO showed intense green fluores-
cence in 4T1 cells in the HFPN group and HFPN+X-ray
group after 24 h of incubation; however, pre-treatment
with the iron chelator DFO resulted in a significant
decrease in LPO fluorescence signal (Fig. 8G). Western
blot analysis revealed that GPX4 and solute carrier family
7 (SLC7A11) protein expression in 4T1, MDA-MB-231,

and BT-549 cells in the HFPN and X-ray groups was
significantly decreased compared to the PBS group.
Moreover, the expression of GPX4 and SLC7A11 pro-
teins in cells in the HFPN+X-ray group was significantly
lower than in the HFPN and X-ray groups, while in the
HFPN+X-ray+DFO group, the expression of GPX4 and
SLC7A11 proteins was significantly higher than in the
HFPN+X-ray group (Fig. 8H). These experimental find-
ings indicate that HFPN can disrupt the redox homeosta-
sis crucial for tumor survival by inducing GSH depletion
and LPO accumulation through the excessive accumula-
tion of ROS.
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Inhibition of AURKA expression by HFPN disrupts redox
homeostasis

We hypothesize that HFPN may suppress the expres-
sion of the AURKA factor, thereby affecting redox
homeostasis. To further validate this hypothesis, we
performed the analysis as outlined in Fig. 9A. Western

*** denotes a significant

blot analysis revealed a significant decrease in AURKA
protein expression in the cells treated with HFPN com-
pared to the PBS group (Fig. 9B). To confirm that HFPN
affects redox homeostasis by inhibiting AURKA expres-
sion, we subjected 4T1 cells to AURKA overexpression
pretreatment and assessed the expression of AURKA
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and GPX4 proteins. Cells with AURKA overexpression
pretreatment demonstrated a significant increase in
AURKA and GPX4 protein expression (Fig. 9C). Intra-
cellular iron concentration was determined using the
iron assay kit. The results showed that cells treated with
HEPN+o0e-AURKA exhibited reduced iron accumulation
compared to the HFPN+o0e-NC group; a similar reduc-
tion was observed in the cells treated with HFPN+X
ray+oe-AURKA compared to the HFPN+X ray+oe-NC
group (Fig. 9D). The results of the measurements of the
levels of GSH, GSH/GSSG ratio, and GSH-PX activity in
different cell groups indicate that cells pre-treated with
the combination of AURKA overexpression and HFPN
exhibit significantly higher levels of GSH and GSH/

GSSG ratio compared to cells treated with HFPN alone.
In addition, the cells in the HFPN+ X-ray+oe-AURKA
group show markedly higher levels of GSH and GSH/
GSSG ratio than the cells in the HFPN+X-ray+oe-NC
group, while the GSH-PX activity shows an opposite
trend (Fig. 9E-G). Methylthiazolyldiphenyl-tetrazolium
bromide (MTT) assay results also demonstrated that
cells subjected to AURKA overexpression pretreat-
ment exhibited higher cell viability compared to cells
without such pretreatment (Fig. 9H). Colony forma-
tion assay revealed that cells in the HFPN+oe-AURKA
group exhibited a significant increase in colony forma-
tion compared to the HFPN+oe-NC group; a similar
increase was observed in the cells treated with HFPN+X
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ray+oe-AURKA compared to the HFPN+X ray+oe-NC
group (Fig. 9I). Cell viability staining results showed a
decrease in red fluorescence and an increase in green flu-
orescence in the HFPN+oe-AURKA group compared to
the HFPN+oe-NC group; a similar trend was observed
in the cells treated with HFPN+X ray+oe-AURKA com-
pared to the HFPN+X ray+oe-NC group (Fig. 9]). The
LPO probe assay showed a significant reduction in LPO
fluorescence signal in the cells treated with HFPN+oe-
AURKA compared to the HFPN+o0e-NC group; a simi-
lar reduction was observed in the cells treated with
HEPN+X ray+oe-AURKA compared to the HFPN+X
ray+oe-NC group (Fig. 9K).

Consistent results were obtained in MDA-MB-2311
cells as in 4T1 cells (Fig. S2). Taken together, these find-
ings suggest that HEPN effectively inhibits the expression
of AURKA and affects the redox homeostasis.

HFPN exhibits targeted anticancer efficacy and enhances
radiotherapy in breast cancer models

To investigate the in vivo anti-tumor efficacy and tar-
geting ability of HFPN, we established a subcutaneous
tumor model in mice using 4T1 cells. The analytical pro-
cedure for this section is shown in Fig. 10A. We utilized
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the in vivo imaging system and observed a strong fluores-
cence signal at the tumor site 2 h after intravenous injec-
tion of HFPN, as depicted in Fig. 10B. This suggests that
HEFPN can rapidly accumulate at the tumor site.
Furthermore, we further evaluated the in vivo anti-
tumor efficacy of HFPN by assessing tumor volume and
weight. Compared to the PBS group, both the PBS+ X-ray
and HFPN groups displayed significant reductions in
tumor volume and weight. Additionally, compared to the
PBS+X-ray group, the HFPN+X-ray group also exhib-
ited a significant decrease in tumor volume and weight.
Conversely, the HFPN+X-ray+oe-NC group showed a
significant increase in tumor volume and weight com-
pared to the HFPN+ X-ray+oe-AURKA group, as shown
in Fig. 10C-D. Changes in mouse body weight were also
monitored, revealing a decrease in the PBS+X-ray group
and no significant impact on the body weight of mice in
the HFPN group, as presented in Fig. 10E.
Immunohistochemical (IHC) analysis was performed
to assess the expression of the proliferation marker
Ki67 in tumor tissues from each group of mice. The
results demonstrated a significant decrease in the num-
ber of Ki67-positive cells in the tumor tissues of both
the PBS+X-ray and HFPN groups compared to the PBS
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12,and 24 h after injection, with a total of 6 mice; (C) Tumor volume changes over a 20-day period in each group of mice; (D) Tumor dissection images and
statistical analysis of tumor weight in each group of mice; (E) Body weight changes over a 20-day period in each group of mice; (F) Immunohistochemical
detection of positive expression of the proliferation-related protein Ki67 in tumor tissues; (G) Western blot analysis of the expression of ferroptosis-related

proteins in tumor tissues of each group of mice. *
cates P<0.001. Each group in B-D consisted of 6 mice

indicates a significant difference between the two groups with P<0.05, ** indicates P<0.01

% indi-



Guo et al. Journal of Nanobiotechnology (2024) 22:744

group. Additionally, the HFPN+X-ray group exhibited a
significant decrease in Ki67-positive cells compared to
the PBS+X-ray group. Notably, the HFPN+X-ray+oe-
AURKA group displayed a significant increase in
the number of Ki67-positive cells compared to the
HFPN+X-ray+oe-NC group, as depicted in Fig. 10F.

Western blot analysis was conducted to evaluate the
expression of the ferroptosis-related proteins GPX4 and
SLC7A11 in the tumor tissues of each group of mice.
Compared to the PBS group, the X-ray, HFPN, and
HFPN+X-ray groups displayed a significant decrease
in the expression of GPX4 and SLC7A11 proteins. The
HEPN+ X-ray group exhibited lower expression of GPX4
and SLC7A11 proteins compared to the HFPN group,
while the HFPN +X-ray+oe-AURKA group showed even
lower expression compared to the HFPN + X-ray+oe-NC
group, as shown in Fig. 10G. These results collectively
demonstrate that HFPN exhibits good anti-tumor effi-
cacy and targeting ability, and through AURKA inhibi-
tion, promotes ferroptosis, thereby effectively enhancing
the radiation therapy efficacy in a mouse model of breast
cancer.

Conclusion

TNBC is a highly aggressive and malignant subtype of
breast cancer, and current radiotherapy methods have
certain limitations in treatment [28—-30]. Therefore, it is
of great significance to identify new therapeutic targets
[31-33]. Hesperetin, a natural compound, has the poten-
tial to play an important role in the treatment of TNBC
[34-36].

Previous studies have shown that hesperetin has anti-
tumor effects in other types of cancer, but its specific
mechanisms in TNBC are still unclear [37, 38]. Further
investigation into the mechanisms of action between hes-
peretin and TNBC could provide a better understanding
of its role [17, 39].

In this study, we employed bioinformatics methods to
identify potential targets associated with TNBC regula-
tion. Compared to previous methods, we utilized the
SwissTargetPrediction and GeneCards databases to
improve the accuracy and quantity of targets. These
potential targets will provide important clues for further
research on the mechanism of action of hesperetin.

Through machine learning and survival curve analysis,
we identified AURKA as a key target of Hesperetin. Our
findings show certain discrepancies compared to previ-
ous studies. Research indicates that AURKA is associ-
ated with various tumors. AURKA acts as an inhibitor of
erastin-induced iron death in meningiomas [40]; AURKA
inhibition significantly induces apoptosis and iron death
in Ewing’s sarcoma (ES) cells and reduces tumor forma-
tion in vivo [41]. Furthermore, loss of Aurka in intesti-
nal epithelial cells leads to dysbiosis and elevated levels
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of SCFAs (particularly acetates) in the gut, resulting in
AKT activation and regulation of lipid metabolism genes,
thereby promoting age-induced obesity [42]. Signaling
pathway analysis reveals that AURKA overexpression
impedes oxidative stress and subsequent lipid peroxida-
tion both in vitro and in vivo, with alterations in lipid
peroxidation biomarkers (lipid ROS, GPX4, SLC7A11,
ALOXS5, and ASLC4) suggesting an interaction between
diabetes-associated limb ischemia-induced iron death
and AUKRA [43]. Iron death is an iron-dependent regu-
lated cell death characterized by uncontrolled lipid per-
oxidation and membrane damage. Inhibiting iron death
involves two main surveillance mechanisms: one medi-
ated by GPX4, which catalyzes the reduction of phospho-
lipid peroxides; GPX4 plays a major role in blocking iron
death by eliminating phospholipid hydroperoxides [44].
The other mechanism is mediated by enzymes such as
FSP1, generating metabolites with free radical scaveng-
ing antioxidant activity [45, 46]. Further validation of this
regulatory relationship is needed, along with an explora-
tion of its clinical potential in the treatment of TNBC.

We successfully synthesized a nanocomplex called
HFPN and found that it has outstanding characteristics
and advantages. Compared to other nanocomplexes,
HFPN has a more pronounced effect on TNBC cells. This
provides strong support for further studying the combi-
nation application of hesperetin and HFPN.

Our experimental results demonstrate that treating
TNBC cells with HFPN significantly reduces cell viabil-
ity, induces excessive ROS accumulation, and inhibits cell
uptake. Compared to other studies, we found that HFPN
has better effects in inhibiting TNBC cell growth. This
provides stronger evidence for the application of HFPN
in TNBC treatment.

In mouse tumor experiments, we observed that HFPN
accumulates well at the tumor site, significantly sup-
presses tumor proliferation, and regulates the expression
of ferroptosis-related proteins. In conclusion, HFPN is a
new type of nanocomplex that combines hesperetin and
ferroptosis promoter, exhibiting good colloidal stability,
safety, and targeting ability. Compared to other radio-
sensitizers, HFPN has similar or even better effects in
enhancing radiotherapy efficacy.

The scientific value of this study lies in demonstrating
the potential therapeutic effect of the ferroptosis pro-
moter nanocomplex loaded with hesperetin in TNBC
through bioinformatics, cell experiments, and animal
experiments. Firstly, we screened target genes of hespere-
tin, a flavonoid compound, using bioinformatics methods
combined with the intersection of TNBC-related DEGs
and TNBC-related genes to determine candidate targets
associated with TNBC regulation. Then, using machine
learning algorithms and survival curve construction,
we confirmed the potential of hesperetin in regulating
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AURKA in TNBC processes. Experimental testing and
animal experiments demonstrated that the synthe-
sized ferroptosis promoter nanocomplex HFPN exhib-
ited good stability and dispersion, promoted excessive
ROS accumulation, inhibited AURKA, disrupted tumor
redox homeostasis, and improved radiotherapy sensitiv-
ity. Finally, through mouse tumor experiments, we dem-
onstrated that HFPN rapidly accumulates at the tumor
site, inhibits tumor proliferation, and suppresses the
expression of ferroptosis-related GPX4 protein, thereby
improving radiotherapy efficacy.

However, this study still has some limitations. Firstly,
the use of bioinformatics methods to screen target genes
of hesperetin is a preliminary screening approach that
requires further experimental validation to confirm the
accuracy and feasibility of these candidate targets. Sec-
ondly, this study only involved in vitro and mouse experi-
ments, so more preclinical studies and clinical trials are
needed to verify its effectiveness and safety in humans.
Moreover, this study only focused on the radiotherapy
efficacy of TNBC and further research is needed to
explore its application in other cancer treatments. This
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study provides clues for further exploring the anti-tumor
mechanism of hesperetin as a ferroptosis promoter
nanocomplex. Future research can investigate the com-
bined application of hesperetin with other compounds to
explore more effective treatment strategies. In addition,
researchers can further optimize the preparation meth-
ods of the ferroptosis promoter nanocomplex to improve
its stability and dispersion for better application in clini-
cal practice. Additionally, combination applications with
other treatment methods, such as chemotherapy and
immunotherapy, could be considered to improve treat-
ment outcomes. In conclusion, this study provides new
ideas and methods for the treatment of TNBC, which is
of great significance for improving the efficacy of radio-
therapy and has potential clinical application prospects.
In summary, this study discovered the regulatory rela-
tionship between hesperetin and AURKA, as well as
the anti-tumor effects of HFPN on TNBC and its role
in enhancing radiotherapy efficacy. These findings have
important scientific and clinical value for the treatment of
TNBC (Fig. 11). However, this study still has limitations,
such as the incomplete understanding of the mechanisms
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of hesperetin and the challenges faced by HFPN in clini-
cal applications. Future research can further explore
the regulatory mechanisms of hesperetin, optimize the
design of HFPN, and conduct more preclinical studies to
expand its clinical potential.

Experimental section

Hesperetin target gene selection

The 2D and 3D chemical structures of hesperetin (com-
pound CID: 72281) were obtained from the PubChem
database  (https://pubchem.ncbi.nlm.nih.gov/).  The
3D chemical structure was saved in “SDF” format and
uploaded to the SwissTargetPrediction database (http:/
/www.swisstargetprediction.ch/). “Homo sapiens” was
selected as the species to obtain potential targets for
hesperetin.

GEO chip data analysis

The TNBC expression profile dataset, GSE38959, was
acquired from the gene expression omnibus (GEO) data-
base (https://www.ncbi.nlm.nih.gov/gds). This dataset
includes data from 30 TNBC cells and 13 normal mam-
mary duct cells. Differential analysis was performed using
the “limma” package in the R language [47], with normal
mammary duct cells as the control. The probe with the
highest expression level was selected, and log2 was trans-
formed. The criteria for selecting differential genes were
set as |log2(FoldChange)| > 0.5 and adj.P<0.05.

Candidate target selection

TNBC-related target genes were obtained from the Gen-
eCards database (https://www.genecards.org/). By inputt
ing the search term “triple negative breast cancer, a list
of relevant genes was obtained. Subsequently, a Venn
analysis was performed to integrate the potential tar-
gets of hesperetin, the differential gene analysis results
of GSE38959, and the search results from the GeneCards
database to identify candidate targets [48, 49].

Functional enrichment analysis of candidate targets

The “ClusterProfiler” package in the R language was used
for GO enrichment analysis of the candidate targets,
including biological processes (BP) and molecular func-
tions (MF) [50]. Furthermore, the major impact of poten-
tial targets on cellular functions and signaling pathways
was examined.

Machine learning

LASSO and SVM-RFE were employed as machine learn-
ing algorithms for further target selection. LASSO is
a feature selection and regularization method applied
in supervised learning tasks such as linear regression
and logistic regression. It utilizes L1 regularization to
compress model parameters to zero, thereby achieving
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sparsity in feature selection. In this way, essential features
can be effectively identified and retained [51]. On the
other hand, SVM-RFE combines the principles of sup-
port vector machines (SVM) and recursive feature elimi-
nation (RFE). It is a feature selection technique used to
reduce the dimensionality of high-dimensional data. By
preserving the most relevant features, SVM-RFE aims
to enhance the efficiency and performance of machine
learning models in dealing with complex data [52].

Survival curve analysis

Survival curves for candidate targets were constructed
among TNBC patients using the Kaplan-Meier Plotter
database (https://kmplot.com/analysis/) [53]. In the anal
ysis, ER, PGR, and HER2 status were set to negative to
analyze TNBC patients specifically, and the names of the
candidate targets were inputted to generate the Kaplan-
Meier plot.

Molecular docking

The crystal structure of the core protein AURKA (PDB
ID: 1IMQ4) was downloaded from the Protein Data Bank
(https://www.rcsb.org). The structure of hesperetin was
downloaded from the PubChem database, and the com-
pound structure was converted into a three-dimensional
structure using Chem3DUltra 14.0 software, followed
by energy minimization using the MM2 algorithm. Sub-
sequently, the target protein receptor was processed for
dehydration and removal of organic molecules using
PyMOL software. AutoDockTools 1.5.6 was used to add
hydrogen atoms, calculate charges, and convert the com-
pound and target protein receptor to “pdbqt” files, with
appropriate settings for the center and grid parameters
of the docking box. Finally, molecular docking evaluation
was performed using Vina 1.1.2 to calculate the docking
energy values [26].

Synthesis of HFPN

HEPN was synthesized using the conventional nanopre-
cipitation method. Hesperetin with a concentration of
0.1 mg/mL (abs42078166, Absin, China) and FeCl;+6H,0
with a concentration of 1 mg/mL (10025-77-1, Shanghai
Kelaiman Reagent Co., Ltd., China) were dissolved in a
phosphate buffer solution. After vigorous stirring, puri-
fication was performed by dialysis using deionized water
in a 3000 Da molecular weight cutoff ultrafiltration tube
(https://doi.org/10.1002/adfm.202303899).

Characterization of HFPN

HFPN was observed and imaged using TEM. TEM
images were captured using Talos F200X (FEI Ltd,
USA). The particle size and zeta potential of HFPN
were measured using dynamic light scattering (DLS)
with NanoBrook 90Plus Zeta (Brookhaven Instruments
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Corporation, USA). Powder X-ray diffraction (XRD)
measurements were carried out on a Rigaku Ultima IV
X-ray diffractometer (ULTIMA IV, Rigaku Corporation,
Japan). X-ray photoelectron spectroscopy was performed
using the K-Alpha X-ray photoelectron spectroscopy
instrument (Thermo Scientific, USA) (https://doi.org/10
.1002/adfm.202303899).

Detection of OH and 102 free radicals

The generation of -OH was detected using methylene
blue (MB) as an indicator (HY-B1359A, MCE, USA).
A 2.7 mM MB aqueous solution (10 uL) was prepared
and mixed with equal amounts of PBS, HFPN, and
HFPN+ X-ray treatment. The absorbance at 665 nm was
measured and recorded using a UV-Vis spectropho-
tometer (UV1800PC, Jinghua, China) at 0, 1, 2, 3, 5, and
10 min after mixing.

The generation of 'O, was detected using 1,3-diphenyl-
isobenzofuran (DPBF) as a probe (HY-W011664, MCE,
USA). Freshly prepared 3.7 mM DPBF solution (100 pL)
was added to the solution with the same dosage. Under
450 nm (100 mw cm™?) laser irradiation, the absorbance
of DPBF at 410 nm was measured using a UV-Vis spec-
trophotometer (UV1800PC, Jinghua, China) (https://doi
.0rg/10.1002/adfm.202303899)[54].

GSH level detection

The glutathione (GSH) depletion capacity of 4T1 cells
and mouse tumor tissues was determined using a UV-
Vis spectrophotometer. A 1 mM GSH solution (500 pL)
was mixed with the solution of equal dosage and added
to 2 mL of PBS and 50 pL of 2.5 mM DTNB solution
(HY-15915, MCE, USA). After centrifugation, the super-
natant of the mixed solution was collected, and its absor-
bance was measured using a UV-Vis spectrophotometer
(UV1800PC, Jinghua, China) (https://doi.org/10.1002/ad
£m.202303899)[55].

Measurement of GSH-PX activity

The level of GSH-PX activity in the supernatant of 4T1
cells was assessed using the GSH-PX activity assay kit
(A005-1-2, Beyotime, China), following the manufactur-
er’s instructions [55].

Measurement of GSH/Oxidized glutathione (GSSG) ratio
H9c2 cells (5x10* cells/well) were seeded into a 96-well
clear flat-bottom plate. Following treatment with Hesper-
etin (0, 0.2, 0.5, 1, and 10 uM) at 37 °C for 12, 24, and
48 h, the GSH/GSSG ratio was measured using the GSH/
GSSG ratio detection kit (catalog number ab138881;
Abcam) according to the manufacturer’s protocol [56].
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Cell culture and group treatment

Mouse breast cancer cells 4T1, human breast cancer cells
MDA-MB-231 and BT-549, and human normal breast
epithelial cells MCF-10 A were obtained from the ATCC
cell repository (USA). The cells were cultured in a 5%
CO, incubator at 37 °C using Dulbecco’s Modified Eagle’s
Medium (30030, Thermofisher, USA) supplemented with
10% fetal bovine serum (12484028, Thermofisher, USA),
100 pg/mL of streptomycin (HY-B1906, MCE, USA), and
100 U/mL of penicillin (HY-B0522, MCE, USA) [54, 57].

The cell groups were divided into the following: PBS
group (treated with PBS), PBS+X-ray group (treated
with PBS and X-ray), HFPN group (treated with HFPN),
HFPN+X-ray group (treated with HFPN and X-ray),
HFPN+X-ray+Fer-1 group (treated with HFPN, X-ray,
and Fer-1), HFPN+X-ray+DFO group (treated with
HFPN, X-ray, and DFO), HFPN+X-ray+GSH group
(treated with HFPN, X-ray, and GSH), HFPN+oe-NC
group (treated with HFPN and overexpressing control),
HFPN+o0e-AURKA group (treated with HFPN and
overexpressing AURKA), HFPN+X-ray+oe-NC group
(treated with HFPN, X-ray, and overexpressing control),
HFPN+X-ray+oe-AURKA group (treated with HEPN,
X-ray, and overexpressing AURKA).

Cells in the PBS group were incubated with PBS. Cells
in the HFPN group and HFPN+X-ray group were incu-
bated with HFPN at a concentration of 5 uM. Cells in the
HFPN+X-ray group were irradiated with a dose of 4 Gy
of X-ray for 24 h. Cells in the PBS+X-ray group were
incubated with PBS and simultaneously exposed to a dose
of 4 Gy of X-ray (ULTIMA IV, Rigaku Corporation, Japan)
for 24 h. HFPN+X-ray+Fer-1, HFPN+X-ray+DFO and
HFPN+X-ray+GSH groups were pre-treated with 1
uM Fer-1 (RM02804, ABclonal Technology, China), 100
uM DFO (RM02807, ABclonal Technology, China), and
2 mM GSH (RMO02881, ABclonal Technology, China),
respectively, for 4 h on top of the treatment protocol used
in the HFPN+X-ray group.

Based on the known PRDX1 sequence in the NCBI
database, overexpression constructs oe-NC and oe-
AURKA were designed and constructed by Shanghai
Gene Pharma Co., Ltd (Shanghai, China). The construc-
tion of the overexpression vectors was performed using
the pCMV plasmid as the vector. Passage 3 of the 4T1
cells and MDA-MB-231 cells were digested with tryp-
sin and seeded at a density of 4x10° cells per well in a
6-well plate. The cells were cultured until they formed a
monolayer. The culture medium was then removed, and
transfection was performed according to the instruc-
tions of Lipofectamine 2000 (11668-019, Invitrogen, New
York, USA). The concentration of the overexpression vec-
tors used was referred to the instructions provided by the
reagent. After transfection, the cells were incubated at
37 °C with 5% CO, for 6-8 h, then the complete culture
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medium was replaced, and the cells were further cultured
for 48 h before protein extraction for subsequent experi-
ments [58].

Intracellular ROS detection

Intracellular ROS levels were measured using the
DCFH-DA probe (HY-D0940, MCE, USA). Intracel-
lular lipid peroxidation levels were assessed using the
C11-BODIPY581/591 probe (RM02821, ABclonal Tech-
nology, China). 4T1 cells were seeded in a 6-well plate
containing 2.0 mL of DMEM medium at a density of
1.0x10° cells per well and incubated for 24 h. After three
washes with PBS, the cells were incubated for 6 h and
then washed again three times with PBS. Fluorescent
microscope images were captured using CLSM (Leica
TCS-SP8 SR, Leica, Germany) (https://doi.org/10.1002
/adfm.202303899) to observe the fluorescence intensity,
which represented intracellular ROS levels [59].

Iron content determination

The iron content was measured using the iron content
determination kit (MERCK, Germany, MAK025). 4T1
cells co-cultured with HFPN were collected and lysed
with NP-40 according to the kit instructions. Finally,
the absorbance of the supernatant was recorded using a
microplate reader (Tecan Infinite M NANO, Tecan, Swit-
zerland) at the specified wavelength (https://doi.org/10.1
002/adfm.202303899).

MTT assay for breast cancer cell proliferation

Healthy 4T1 and MDA-MB-231 cells in the growth phase
were seeded in a 96-well plate at a density of 8x 10 cells
per well and incubated in a cell incubator for 24 h. Sub-
sequently, the cells were treated individually with PBS,
HEPN, and X-ray for 48 h, as well as with a combination
of HFPN and X-ray for 48 h. After incubation, 10uL of
MTT solution (Sigma-Aldrich, USA, 96992) was added
to each well. Following a 4-hour incubation at 37 °C in a
humidified culture chamber, the absorbance of each sam-
ple was measured at 450 nm using a spectrophotometer
(Jinghua, China, UV1800PC) [60, 61]. Each group was
replicated three times, with 6 replicates per group.

Experimental setup for colony formation assay

For colony formation assay, transfected cells were seeded
at a density of 400 cells per well in a 6-well plate contain-
ing DMEM medium with 10% FBS. After two weeks, cells
were fixed with methanol and stained with 0.1% crystal
violet for colony visualization and counting. This experi-
ment was performed in triplicate [54, 57].

Immunofluorescence staining
4T1 and MDA-MB-23 cells were seeded in a 96-well
plate at a density of 1x10* cells per well. Once cells
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reached full confluence, Calcein-AM/PI dual staining
reagent kit (CA1630, Solarbio, China) was used to assess
cell viability. Subsequently, 4T1 and MDA-MB-23 cells
were seeded in a 6-well plate and stained with PI (4.5 pm)
and Calcein-AM (2 pum), followed by observation using
a fluorescence microscope (IX73, OLYMPUS, TOKYO,
JAPAN) [54, 57].

Western blot

Breast cancer 4T1 cells and mouse tumor tissues were
lysed in an ice-cold RIPA lysis buffer containing 1% PMSF
(PO013B, Biyuntian, Shanghai, China) for 30 min. The
lysates were then centrifuged at 14,000 g and 4°C, and the
supernatants were collected. Protein concentration in the
lysates was determined using the BCA method (P0012S,
Biyuntian, Shanghai, China). The lysates were mixed with
an appropriate amount of 5x loading buffer and boiled at
100°C for 10 min to denature the proteins. Protein sam-
ples (50 pg) were separated by SDS-PAGE using sepa-
rating and concentrating gels. After electrophoresis, the
proteins were transferred onto a PVDF membrane. The
membrane was then blocked in 5% skim milk at room
temperature for 1 h. Following overnight incubation at
4°C, the following primary antibodies were used: rab-
bit anti-GPX4 (1:10,000, ab125066, Abcam, USA), rab-
bit anti-AURKA (1:10,000, ab108353, Abcam, USA),
rabbit anti-SLC7A11 (1:1,000, ab216876, Abcam, USA),
and rabbit anti-GAPDH (1:1,000, #2118, Cell Signaling,
USA), with GAPDH used as the loading control. After
washing with PBST at room temperature, the membrane
was incubated with HRP-conjugated goat anti-rabbit
IgG secondary antibody (1:10,000, BA1056, BoDuo,
Wuhan, China) at room temperature for 1 h. The mem-
brane was washed six times with PBST for 5 min each.
Finally, the membrane was treated with ECL substrate
(AR1172, BoDuo, Wuhan, China) and exposed using an
imaging system (Amersham Imager 600, GE, USA) for
signal detection [62, 63]. Image] 1.48 software (National
Institutes of Health) was used for protein quantification
analysis. The quantification was based on the ratio of the
grayscale values of each protein to the reference protein
GAPDH, with the experiment repeated three times.

Mouse subcutaneous xenograft experiment

Male BALB/c mice (4-5 weeks old, weighing 18-22 g)
were purchased from Beijing Vitonlihua Experimental
Animal Technology Co., Ltd. (213, Beijing, China). They
were housed in a specific pathogen-free (SPF) facility
with constant humidity (45-50%) and temperature (25—
27°C) for one week, with a 12-hour light-dark cycle each
day, to acclimatize to the experimental environment. The
mice were fasted for 12 h prior to drug administration
and were allowed ad libitum access to food and water
at all other times [60, 64]. All experiments involving
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mice were approved by the Animal Ethics Committee
of The First Hospital of China Medical University (No.
CMUXN2021734).

A total of 36 mice were randomly divided into
6 groups: PBS, PBS+X-ray, HFPN, HFPN+X-ray,
HFPN+X-ray+oe-NC, and HFPN +X-ray+oe-
AURKA, with 6 mice in each group. The mice in the
PBS, PBS+X-ray, HFPN, HFPN+X-ray+oe-NC, and
HFPN+X-ray+oe-AURKA groups were injected daily
with the same dosage of PBS and HFPN. The mice in the
PBS+X-ray, HFPN+X-ray, HFPN+X-ray+oe-NC, and
HEPN+X-ray+oe-AURKA groups received a radiation
dose of 4 Gy 6 hours after each injection. The mice in the
HEPN+X-ray+oe-NC and HFPN+X-ray+oe-AURKA
groups were further subcutaneously injected with the
same dosage of oe-NC and oe-AURKA lentivirus. 4T1
cells (5x10°/0.2 mL) were injected subcutaneously into
the back of BALB/c mice. The width (W) and length (L)
of the tumors in each group were measured weekly using
a caliper to monitor tumor growth, and the tumor vol-
ume (V) was calculated using the formula V = (W?xL)/2.
When the tumor volume reached approximately 50 mm?,
the mice were euthanized after receiving a tail intra-
venous injection of either PBS or HFPN. The dosage of
HEPN was 30.0 mg(kg™'), administered once every three
days for a total of 21 days (https://doi.org/10.1002/adfm.2
02303899) [54, 57]. The tumor tissues from each group of
mice were collected, embedded, and sectioned, followed
by hematoxylin and eosin staining. Immunohistochemis-
try staining and analysis were performed using the pri-
mary rabbit anti-ki67 antibody (1:100, ab197547, Abcam,
USA).

In vivo distribution experiment of HFPN

The tissue distribution of HFPN was evaluated through
in vitro fluorescence imaging of major visceral organs.
Six male BALB/c mice were selected and injected with
HEPN at a dose of 30.0 mg/kg™! via the tail vein. The time
points following injection were 0, 2, 4, 8, 12, and 24 h. The
distribution of HFPN was observed using the Maestro in
vivo fluorescence imaging system (Cambridge Research
& Instrumentation Inc., Woburn, USA) [54].

Statistical analysis

All data were processed using GraphPad Prism 9.0 soft-
ware. Quantitative data were presented as meanzstan-
dard deviation (Mean=£SD). Non-paired t-tests were used
for comparisons between two groups, while one-way
analysis of variance (ANOVA) was employed for compar-
isons among multiple groups. Variances were tested for
homogeneity using Levene’s test, and if homogeneity was
achieved, Dunnett’s t-test and LSD-t test were employed
for pairwise comparisons. If heterogeneity was observed,
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Dunnett’s T3 test was used. P<0.05 indicated statistical
significance for between-group comparisons [54].
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GSH Glutathione

GSSG Oxidized Glutathione

GPX Glutathione Peroxidase
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