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Abstract: In recent years, more and more researches on cell death mode in breast cancer, including apoptosis, ferroptosis, etc.
Ferroptosisis a regulated form of cell death characterized by iron-dependent accumulation of lipid peroxidation to lethal levels, and
numerous studies have shown that ferroptosis is closely associated with tumor cells. Breast cancer is one of the malignant tumors with
the highest incidence in women, and TNBC accounts for about 15-20% of all types of breast cancer. Due to the poor prognosis, strong
aggressiveness, high drug resistance and lack of molecular targeting characteristics of TNBC, the treatment of TNBC faces many
difficulties and great challenges. A large number of studies have shown that ferroptosis plays an important role in the occurrence and
development of TNBC, tumor diagnosis, treatment and prognosis, among which the main mechanisms inducing ferroptosis include
oxidative stress pathway, iron metabolism pathway and lipid metabolism pathway. Since TNBC is highly sensitive to oxidative stress
pathways, intracellular GSH reduces reactive oxygen species under the action of GSH peroxidase (GPX), and when intracellular lipid
peroxidase (LPO) accumulates to a certain level, ferroptosis will be induced, thus achieving the purpose of killing TNBC cells. In
addition, lipid metabolism is highly consistent with the high lipid level of TNBC tumor cells. As a new therapeutic method,
nanotechnology has added security to the treatment of cancer with its high safety and excellent biocompatibility. Therefore, the
combination of nanotechnology with iron-based radiotherapy, chemotherapy, targeting and immunization has great research value for
the treatment of TNBC In addition, the novel idea of treating TNBC with ethnopharmacology combined with ferroptosis is also
involved. This article reviews the mechanism of ferroptosis and the recent research on the treatment prospects of TNBC based on
ferroptosis and nanotechnology, hoping to provide references for the treatment of diseases based on ferroptosis.
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Background Introduction

Breast cancer is a heterogeneous disease and the most common malignant tumor among women in the world. According
to US breast cancer statistics, 1 in 8 women will develop invasive breast cancer during their lifetime.'* In China, with the
intensification of population aging and diversification of lifestyles, especially changes in reproductive habits, the
incidence and death toll of female breast cancer in China are expected to continue to rise, increasing by 36.27 and
54.01% respectively by 2030.° Triple-negative breast cancer (TNBC) is a subtype of breast cancer that lacks the
expression of estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth factor receptor-2
(HER-2), it accounting for approximately 15 and 20% of all types of breast cancer.* Currently, the treatment of triple-
negative breast cancer has many difficulties and faces huge challenges due to the disease’s poor prognosis, strong
invasiveness, resistance to chemotherapy, and lack of molecular targeting. In recent years, many reports have suggested
that ferroptosis, a form of regulated cell death characterized by the iron-dependent accumulation of lipid peroxidation to
lethal levels, is inexorably linked to cancer. It is different from apoptosis, and the mechanism of apoptosis is mainly as
follows: 1. Oxygen free radicals activate P53 gene; 2. Activated poly (ADP-ribose) transferase; 3, attack the unsaturated
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fatty acids on the cell membrane, directly causing damage to the cell membrane; 4. Activation of Ca2+/Mg2+ -dependent
endonucleases; 5, cause the destruction of cell membrane structure, increase Ca2+ permeability; 6. Activate nuclear
transcription factors such as NF-kB and AP-1, accelerate the expression of apoptosis related genes. It has been reported
that TNBC cells are highly sensitive to oxidative stress and ferroptosis,’ and the expression of TNBC glutathione (GSH)
synthase is relatively low and more dependent on cystine/glutamate antitransport protein, it is more dependent on cystine/
glutamate antitransporter protein (SLC7A11) -mediated amino acid metabolism. The combination of nanotechnology and
traditional treatment methods has made the treatment of TNBC more diversified, and the curative effect has been
significantly improved. In addition, the ultra-high safety and excellent biocompatibility of nanotechnology add
a guarantee for the treatment of cancer with new nanotechnology. Therefore, this article reviews the research progress
and treatment of ferroptosis and nanotechnology in triple negative breast cancer.

Overview and Mechanism of Ferroptosis

Ferroptosis is an iron-dependent programmed cell death that is different from apoptosis, necrosis, and autophagy. It is
caused by the reaction of cytotoxic lipid free radicals ferrous iron with lipid peroxides. It was first introduced in It was
first proposed by Dixon in 2012.%” According to current research progress, the mechanisms of ferroptosis mainly include
oxidative stress pathways, iron metabolism pathways, etc.”

Intracellular LPO Accumulation

Reduced glutathione (GSH) is an essential intracellular antioxidant produced from glutamate, cysteine, and glycine via
the ATP-dependent cytosolic enzyme glutamate-cysteine ligase (GCL) It is synthesized in two steps with glutathione
synthetase (GSS).” Some studies believe that the synthesis rate of glutathione is limited by the availability of cysteine. '’
The cystine-glutamate antiporter (System-Xc) is an intracellular antioxidant system composed of the transmembrane
transport protein SLC7A11l and the transmembrane regulatory protein SLC3A2, which can reduce Cys (cystine) to
cysteine acid, and participates in the synthesis of glutathione (GSH). GSH can reduce reactive oxygen species and
reactive nitrogen species under the action of GSH peroxidase (GPX), and has antioxidant effects. When intracellular lipid
peroxide (LPO) Accumulation to a certain level will induce ferroptosis. Therefore, when the activity or quantity of the
cystine-glutamate antiporter (System-Xc) is affected, intracellular reactive oxygen species or lipid peroxides accumulate
to a certain level, which will trigger ferroptosis.® TNBC is more dependent on amino acid metabolism mediated by the
cystine/glutamate antiporter (SLC7A11), and the expression of glutathione (GSH) synthase is relatively low.

There are many members of the GPXs family, among which GPX4 is a key antioxidant enzyme in cells. It can reduce
toxic LPO to non-toxic lipid alcohols and avoid oxidative damage to cells. Erastin is an inducer of ferroptosis, it can be
divided into two categories: the first category of inducers acts by acting on the cystine- glutamate antiporter (system-Xc),
such as: Erastin, etc.; the second category acts directly Inhibit the activity of glutathione peroxidase 4 (GPX4), such as
RSL3, DP17, etc.”!" Yang et al'? found that erastin inhibited the import of cystine, leading to glutathione depletion and
glutathione peroxidase 4 (GPX4) inactivation. Erastin inactivated cellular GPXs, resulting in cytoplasmic and lipid The
production of mass ROS. Other antioxidant inhibitors will not consume GSH, which is an important cofactor for GPX
enzyme activity, so they will not inhibit GPX activity or cause the accumulation of peroxide. Depleting GSH by using
erastin or directly using the GPX4 inhibitor (1S,3R)-RSL3 inactivates GPX4, ultimately leading to overwhelming lipid
peroxidation’ ie, massive accumulation of LPO, leading to cell death. Therefore, the oxidative stress pathway is an
important step in the ferroptosis process.

Iron Metabolism is Involved in Ferroptosis

Iron is an essential trace element for humans. It mainly exists in the body in the form of divalent or trivalent iron ions. Of
course, iron metabolism also plays an important role in ferroptosis. Studies have found'? that when the amount of iron
ions in the body is overloaded, excess ferrous iron ions generate hydroxyl radicals through the Fenton reaction to cause
oxidative stress, producing a large amount of reactive oxygen species (ROS) to induce iron die. Feng et al'* by
immunizing mice with lymphoma cell membranes treated with ferroptosis inducer erastin, selective ferroptosis cells
were detected. One of the ferroptosis antibody (3F3-FMA) was found to be an effective selective ferroptosis staining
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reagent. Antibodies to 3F3-FMA were tested in several cancer cells and the 3F3-FMA antigen was identified as the
membrane protein transferrin receptor 1 (TFR1). TFR1 imports ferrous iron ions from the extracellular environment into
cells via ferritin light chain (FTL) and ferritin heavy chain 1(ferritin heavy chain 1, FTH1) regulates the storage of iron
ions'” and induces ferroptosis under the iron metabolism pathway. Some studies have found'® that HSPB1 can change
the concentration of iron ions in the body by regulating TFR1, thereby affecting the process of ferroptosis. In summary,
the iron metabolism pathway is different from the oxidative stress pathway, but they are interrelated and jointly regulate
ferroptosis.

Other Related Ways

As a tumor suppressor gene, P53 is crucial for tumor suppression.'” It mainly exerts its tumor suppressor function by
inducing cell senescence, apoptosis, cell cycle arrest, DNA damage repair, and autophagy.'® In addition, P53 is an
important regulator of multiple pathways, including metabolism and ferroptosis, which is critical for tumor development
and progression. Studies have shown'? that p53 can inhibit the expression of SLC7A11 through a transcription-dependent
mechanism and reduce the uptake of cystine, thus reducing the synthesis of GSH, causing the accumulation of
intracellular LPO synthesis and inducing ferroptosis of cancer cells.

It has been reported that long-chain polyunsaturated fatty acids (PUFAs) in lipid molecules are more easily oxidized
through free radicals or non-enzymatic reactions of enzymatic lipoxygenase, promoting the generation of LPO in the
presence of iron ions, which is harmful to Tumor cells produce significant cytotoxicity.’?' Recent studies have also
found that other phospholipid peroxides can also induce ferroptosis in cells, such as phosphatidylethanolamine (PE) and
phosphatidylcholine (PC).?* Therefore, lipid reactive oxygen species-mediated cell damage is required for ferroptosis.

Ferroptosis suppressor protein 1 (FSP1) produces ubiquinone and is an enzyme that captures antioxidants (RTA).>**
A recent study found” that the reduced form of vitamin K is another potent anti-ferroptosis RTA, and FSP1 mediates the
reduction of vitamin K to inhibit ferroptosis. Reduction of vitamin K is typically mediated by vitamin K epoxide
reductase complex subunit 1 (VKORCI) and VKORC]1-like 1 (VKORCILI). Yang et al*® not only verified several
known ferroptosis regulators (such as FSP1), but also identified VKORCIL1 as a new ferroptosis suppressor gene. Yang
et al also revealed a new connection between VKORCIL1 and the tumor suppressor protein p53, confirming that p53
directly regulates the expression of VKORCIL1 by binding to its promoter region, establishing VKORCIL1 as a direct
transcription target of p53. Activation of p53 results in VKORCIL1 transcriptional repression, and p53-deficient cancer
cells exhibit elevated VKORCILI1 levels. This study further highlights the critical role of VKORCIL1 in mediating
ferroptosis resistance in p53-deficient cells, as its absence sensitizes these cells to ferroptosis. These findings provide
valuable mechanistic insights into the regulation of ferroptosis by p53.2” In addition, another report pointed out that
Voltage-dependent anion channels (VDACs) are transmembrane channels that transport ions and metabolites.

128

Yagoda et al“® believe that erastin acts on VDACsS, causing mitochondrial dysfunction, release of oxidative substances,

and ultimately causing ferroptosis.

Research Progress of Ferroptosis in the Treatment of TNBC
Due to its heterogeneity, poor prognosis and lack of clear molecular targets for triple-negative breast cancer, in addition
to surgical treatment and radiotherapy, chemotherapy such as anthracyclines and paclitaxel are currently the main clinical
methods for the treatment of TNBC.? Furthermore, immunotherapy, targeted therapy, and combined nanotechnology
also play an important role in the treatment of TNBC.

TNBC can accumulate acyl-coenzyme A (CoA) synthetase long-chain family member 4 (ACSL4) of polyunsaturated
fatty acids (PUFAs) in the cancer cell membrane and transferrin receptor protein 1 (TfR1) responsible for iron

import,!43°

which is closely related to iron death. One of the most important amino acids in TNBC cell development
is Cys. Studies have shown that cystine deficiency can cause necrosis and ptosis of TNBC cells and ferroptosis.*’ Some
researchers have found that treatment with the double tyrosine kinase inhibitor lapatinib and the solopromoter syracine
can increase the expression of transferrin receptor (TFRC), reduce the expression of Ferroportin (FPN), promote

intracellular iron accumulation and ROS levels, and ultimately induce ferroptosis in TNBC.*
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Chemotherapy and Ferroptosis Combined with Nanotechnology to Treat TBNC

The current clinical chemotherapy regimen for triple-negative breast cancer may show a certain degree of drug resistance
during treatment, and is accompanied by a series of adverse reactions, making the treatment effect unsatisfactory.
Therefore, there is a need to find a new treatment option to address the challenge of chemoresistance. There are reports
that artemisinin (ART) and its derivatives, as first-line anti-malarial drugs widely used in clinical practice, can produce
H202 in cells and can be used to supplement the lack of H202 in cells, thereby inducing ferroptosis.*® Zhang et al**
loaded chemotherapy drugs (DOX) and Dihydroartemisinin (DHA), one of the semi-synthetic derivatives of ART, into
polyglutamic acid-stabilized Fe304 magnetic nanoparticles (Fe304-PGA) respectively. Fe304-PGA-DHA nanoparticles
were obtained, and Fe304-PASPX-DOX nanoparticles were obtained by using Fe304 magnetic nanoparticles stabilized
by loading polyaspartic acid. Under the conditions of the tumor microenvironment (TME), Fe2+ is released, catalyzes the
Fenton reaction, and accelerates the accumulation of ROS and LPO. Transcriptomic analysis showed that Fe304-PGA-
DHA + Fe3o04 - PASPX - DOX induced ferroptosis by inhibiting the phosphatidyl muscle 3-kinase (PL3K)/AKT/
mammalian target of rapamycin (mTOR)/GPX4 pathway, and enhance the enrichment of apoptotic pathways (Figure 1).
The researchers randomly divided MDA-MB-231 tumor-bearing female mice into seven groups to evaluate the antitumor
effects of the nanoparticles. The results showed that the Fe304-PGA-DHA group significantly inhibited tumor growth by
66%, indicating that Fe304-PGA was highly enriched at the tumor site and enhanced the anti-tumor effect of free DHA.
Fe304-PASP-DOX group inhibited tumor growth by 48%. Most impressively, the Fe304-PGA-DHA + Fe304-PASP-
DOX group had the most significant inhibitory effect on tumor growth (88%). Notably, there was no significant weight
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Figure | Fe3o4-pga-dha nanoparticles were obtained by loading dihydroartemisinin (DHA) onto polyglutamate-stabilized Fe;O,4 magnetic nanoparticles (Fe3O4-PGA). Fezo4-
paspx-dox was obtained by combining DOX with Fe3O4-paspx magnetic nanoparticles (Fe304-paspx) loaded with polyaspartic acid. Two kinds of nano-drugs were injected
into TME to release Fe?" and DHA, Fe?" and DHA induced ferroptosis through PL3K/AKT/mTOR/GPX4 pathway, and DOX promoted apoptosis of tumor cells, thereby
jointly treating TNBC.
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loss in any of these groups, suggesting that the nanoparticles had little cytotoxicity in the mice. Biological information
analysis showed that inducing ferroptosis by inhibiting the expression of GPX4 can enhance the therapeutic effect of
DOX on TNBC. This new type of nanoparticle not only has good biocompatibility and safety, but also has obvious
effects on the treatment of TNBC. It also provides new ideas and methods for future research.

Radiotherapy and Ferroptosis Combined with Nanotechnology to Treat TNBC
Radiotherapy (RT) is one of the important clinical treatments for local control of triple-negative breast cancer (TNBC),
such as X-ray, but the problem of radiotherapy resistance has always existed, seriously affecting the therapeutic effect of
TNBC.** Therefore, improving radiotherapy resistance is urgent. Studies have found”® that RT upregulates the expression
of acyl-CoA synthetase long chain family member 4 (ACSL4), and RT also induces the expression of solute carrier
family 7 member 11 (SLC7A11) and GPX4. L-Buthionine-sulfoximine (BSO) is an inhibitor of y glutamylcysteine
synthetase (y-GCS) and has been found to induce GSH depletion, thereby indirectly inactivating GPX4.>” Since both
radiotherapy and ferroptosis depend on ROS, Zeng et al*® developed a multifunctional nanomedicine (BZAMH) based on
metal-organic frameworks (MOFs). BSO is encapsulated in a ZIF-8 matrix, and then radiation-sensitive gold nanopar-
ticles (Au NPs) are loaded in situ on the surface to give it a radiation-sensitizing effect. After loading, it is used as
a template to form an iron-based metal polyphenol network (MPN), and finally modified with hyaluronic acid (HA) to
obtain BSO/ZIF-8@Au@MPN@HA (BZAMH) nanohybrid. BZAMH nanohybrid combines ferroptosis induction and
Sensitivity to radiotherapy in the TME and is used synergistically for RT treatment of TNBC (Figure 2). The researchers
gave X-ray irradiation to 4T1 tumour-bearing mice 6 h after the injection of the drug. It can be seen from the tumor
volume curve of each mouse in each group that BZAMH+ X-ray treatment can effectively delay the growth of the tumor.
During the treatment, the weight of mice in all groups showed the same trend of increase, indicating that this nanomide
has good biocompatibility and no obvious toxicity to mice. The combination of nanomaterials and radiotherapy not only
solves the problem of radiotherapy resistance, but also significantly improves the therapeutic effect of TNBC, opening up
a new way for TNBC treatment.

HA
BSO ZIF8

ﬁ\ + O _ié ¢ szawm

Au NPS

Figure 2 BSO is an inhibitor of gamma-glutamylcysteine synthetase (gamma-GCs), which can induce GSH depletion and thus inactivate GPX4 to promote ferroptosis. Gold
nanoparticles (Au NPs) have the effect of sensitizing radiation. BSO/ZIF-8@Au@MPN@HA (BZAMH) nanomaterials were obtained by modifying BSO, Au NPs and ZIF-8
matrix with hyaluronic acid (HA) and injected into tumor microenvironment to decompose and release BSO to promote ferroptosis of tumor cells. Au NPs enhances the
sensitivity of radiotherapy, thereby combining TNBC treatment.
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Targeted Ferroptosis Combined with Nanotechnology to Treat TNBC

Sorafenib (SRF), as a ferroptosis inducer, can limit the synthesis of GSH by inhibiting the cystine/glutamate antiporter
(System XcY)), thereby inhibiting the expression of GPX4 and inducing ferroptosis.®® Atovaquone (ATO) is the only clinical
drug targeting mitochondria.* It can hinder cellular respiration by targeting and inhibiting the mitochondrial oxidative
phosphorylation (OXPHOS) process and preserve the production of reactive oxygen species (ROS). Studies have reported”’
that ATO can inhibit the reduction of CoQ to CoQH2 catalyzed by DHODH. This process is crucial for mitochondria to resist
the generation of lipid peroxides. Due to SRF’s selective killing effect on TNBC cells and its good self-assembly ability and
the importance of ATO in ferroptosis, as well as the hydrophilicity and high binding of BSA, Zhou et al** used Bovine serum
albumin (BSA) self-assembled to co-load ATO and SRF to prepare nanomedicine, named ATO/SRF@BSA. The drug
releases SRF in the TME to consume GSH and induce ferroptosis. ATO targets mitochondria by occupying the DHODH
catalytic site, inhibits the production of CoQH2, and downregulates the detoxification effect of CoQH2 produced in
mitochondria on lipid peroxides, thereby increasing lipid peroxides. The accumulation of oxides more efficiently plays the
role of ferroptosis in the treatment of TNBC (Figure 3). We evaluated the antitumor effect of ATO/SRF@BSA on 4T1 tumors
after 24 hours of administration in tumor-bearing mice, where ATO and SRF accumulated in tumor tissues. When the tumor
volume reached about 100 mm3, the tumor-bearing mice were randomly divided into 4 groups and given ATO@BSA,
SRF@BSA, ATO/ SRF@BSA every 3 days for 5 times in total. Serum CREA, BUN, ALT, ALP and AST were all within the
normal range, which verified that all albumin nanoparticles had no obvious cytotoxicity and adverse effects on liver and
kidney function. Compared with the untreated group, SRF@BSA inhibited the growth of tumor volume, while ATO@BSA
had no significant anticancer effect. ATO/SRF@BSA can significantly slow down tumor proliferation, showing good anti-
cancer effects. Bsa-based nanomedical drugs hold great promise in terms of their simplicity and substantial enhancement in
the anti-cancer system, producing remarkable anti-cancer effects and providing a new perspective for the treatment of TNBC.

Immunotherapy and Ferroptosis Combined with Nanotechnology to Treat TNBC
Immunotherapy relies on the body’s own immune function to kill cancer cells or tumor tissue by activating the human
immune system. However, due to the low tumor immunogenicity and limitations of the immunosuppressive tumor

5 ATO/SEF@BAS

Figure 3 Sorafenib (SRF) and atovaquone (ATO) were loaded into bovine serum albumin (BSA) to prepare nanomaterials (ATO/SRF@BSA). ATO/SRF@BSA was injected
into TME, and the ferroptosis inducer SRF was released to induce iron death of tumor cells. The release of targeted mitochondrial drug ATO down-regulates the defense
mechanism of DHODH-Coenzyme Q (CoQH2), promotes the accumulation of lipid peroxides in mitochondria, triggers the explosion of lipid peroxides, and thus promotes
ferroptosis of tumor cells.
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microenvironment (TME) in TNBC, the response to immunotherapy has been poor so far.** Therefore, a dual immuno-
modulatory strategy that effectively induces immunogenic death of tumor cells and reverses the immunosuppressive
TME is needed to provide new treatment options for TNBC patients. Based on manganese (Mn)’s powerful ability to
disrupt redox homeostasis and Ca2+’s excellent ability to induce ferroptosis through the Fenton reaction,**** and Mn2+’s
enhanced sensitivity of the STING pathway to stimulate interferon (IFN-I) and the secretion of other pro-inflammatory
cytokines enhances the function of immune cells.*® Deng et al*’ constructed a Ca & Mn Dual ionic hybrid nanostimu-
lants (CMS) that simultaneously acts as a ferroptosis agent for TNBC. Inducers and immune adjuvants. CMS catalyzes
the decomposition of H202 to generate O2, Relief of intra-tumoral hypoxia, awakens the innate immune system, further
reduces the expression of HIF-1a, and promotes the polarization of anti-inflammatory M2 tumor-associated macrophages
(TAMs) from the M2 phenotype to the M1 phenotype. Mn2+-induced activation of the STING signaling pathway
facilitates the efficient activation of dendritic cells (DCs) for antigen presentation and subsequent cytotoxic
T lymphocytes (CTL) infiltration into tumor tissues (Figure 4). The researchers established a tumor model. When the
primary tumor size reached about 80 mm?®, the 4t1 tumor-bearing mice were randomly divided into four groups. During
14 days of treatment, the weight of tumor-bearing mice in each group did not show abnormal changes. Histological
observation of the main organs (heart, liver, spleen, lung, kidney) during treatment in the control group and the treatment
group showed that the acute pathological toxicity and adverse reactions were negligible, indicating that there were no
obvious side effects of treatment in each group. The tumor growth in CMS group was significantly slowed down. Among
them, the tumor weight of the distal tumor in the CMS (20 mg/kg) group was also significantly lower than that in the
other groups. These results suggest that CMS can also inhibit the growth of distant tumors, which may be related to the
activation of anti-tumor immune responses. Nanomaterials can induce iron death and awaken innate immunity, enhance
tumor immunogenicity, reverse immunosuppressive TME, and thus enhance anti-tumor immunity, so as to achieve the

purpose of effective tumor immunotherapy by TNBC.

: — o0
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Figure 4 A kind of Ca & Mn dual-ion mixed nanomaterial (CMS) was constructed. In TME, the mixed valence of Mn in CMS leads to the consumption of GSH and the
production of ROS to induce iron death, and Ca2+ induces iron death through Fenton reaction. CMS awakens innate immunity by alleviating intratumor hypoxia and
activation of STING signaling pathway induced by Mn2+, promotes the polarization of macrophages (tam) from M2 phenotype to M| phenotype, and effectively activates
dendritic cells (dc) for antigen presentation and tumor cytotoxic T lymphocytes (ctl) infiltration into tumor tissues. Thus combined treatment of TNBC.
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Chemical Kinetics and Ferroptosis Combined with Nanotechnology to Treat TNBC
Chemodynamic therapy (CDT) was first proposed by Bu et al*® in 2016. CDT uses the weak acidity of the tumor
microenvironment as the reaction condition, excess H202 as the reaction substance, and divalent Fe ions as the catalyst
to trigger the Fenton reaction in tumor cells, catalyze H,O, to generate *OH, and induce ferroptosis of tumor cells,
thereby achieving The purpose of treating cancer.”” Wang et al’® prepared CT/CDT nanoparticles using functional
materials and drugs such as hyaluronic acid (HA), maleimidocaproic acid (Mal), Ferrocene carboxylic acid (Fc), and
DOX. Targeted drug delivery of nanoparticles is achieved based on HA, Mal consumes GSH and improves ferroptosis
efficiency, and Fc can generate ROS under high H,O, conditions and induce ferroptosis and apoptosis after loading
DOX. The researchers established a 4 T1 tumor-bearing mouse model. When the tumor volume reached about 85 mm3,
the tumor-bearing mice were randomly divided into 4 groups and given IV injection once every 2 days for a total of 4
times. The experiment lasted for 20 days. (DOX-HCI) group and CDT group (HCM) had moderate tumor inhibition.
However, tumor volume and weight in the HCM@DOX group were significantly lower than those in the DOX-HCI and
HCM groups. The tumor inhibition rate of HCM@DOX group was 81.87%, indicating that HCM@DOX has excellent
anti-tumor efficiency. After 20 days of treatment, the tumor was resected and systematic pathologic analysis was
performed by H&E, TUNEL, Ki67, GPX4 staining. The degree of apoptosis detected by H&E and TUNEL in
HCM@DO group was higher than that in other groups. The mean body weight of mice in the DOX-HCI group began
to decrease after the first dose and began to increase after withdrawal. In contrast, the average body weight of mice in the
HCM@DOX group was relatively stable during treatment, suggesting that HCM@DOX was least toxic in vivo. The
levels of ALT, AST, BUN and CRE in HCM@DOX group were all within the normal range after treatment, and there
was no obvious damage in HE staining. Compared with the PBS group, the small animal ultrasound imager showed no
cardiotoxicity HCM@DOX, confirming the safety of nanomaterials (Figure 5).

Combined Ethnopharmacology and Ferroptosis in the Treatment of TNBC

After introducing the treatment of TNBC by iron death combined with nanotechnology, the ethnopharmacology should
attract our attention. Danggui Buxue Decoction (DBT) has been used in traditional Chinese medicine to nourish blood,
enhance the immune system, and improve overall health.’' The nuclear factor erythroid-related factor 2 (Nrf2) pathway,

HA DOX

+ ﬁ HCM@DOX

Figure 5 CT/CDT nanoparticles were prepared using functional materials and drugs such as hyaluronic acid (HA), maleimide caproic acid (Mal), ferrocene carboxylic acid
(Fc) and DOX. They were released in TME, Mal consumed GSH and improved the efficiency of ferroptosis. Fc is a stable organometallic complex, and the oxidation state of
iron atom in the center of Fc is Fe?*. Under high H,0, conditions, ROS can induce ferroptosis of tumor cells, and DOX can induce ferroptosis and apoptosis, so as to
combine TNBC treatment.
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like heme oxygenase 1 (HO-1), plays a crucial role in regulating cellular antioxidant responses and protecting cells from
oxidative stress.’>>* Inhibiting the activation of antioxidant pathways such as Nrf2/HO-1 leads to the accumulation of
intracellular iron and induces ferroptosis.”* Gong et al’> found that DBT alone or combined with DOX could inhibit
TNBC cell proliferation, and combined administration of DBT further enhanced the cell death and ROS production of
TNBC cells. In vitro experiments also demonstrated that DOX and DBT combined to treat TNBC by inducing ferroptosis
and destroying the Nrf2/HO-1/GPX4 axis. Polygala saponin is a traditional Chinese medicine, from which Polygala
saponin can be extracted, which has anti-inflammatory and analgesic effects,”® and some studies have found®’ that
Polygala saponin is also of some significance in the treatment of cancer. Li et al’® found that Polygala saponin may
promote the expression of p53, inhibit the expression of SLC7A11, which leads to the occurrence of cellular ferroptosis.
Through this mechanism, Polygala saponin can inhibit the proliferation of MDA-MB-231 cells in triple-negative breast
cancer, thus achieving the effect of TNBC treatment.

Conclusion and Outlook

In recent years, research on ferroptosis in TNBC has shown that ferroptosis plays an increasingly important role in the
development, treatment, and prognosis of TNBC. Ferroptosis-inducing agents and classic anti-TNBC drugs are combined
into nanoparticles, providing a promising approach for the treatment of TNBC. However, the current research on
ferroptosis in TNBC is still in the basic research stage. In the future, we will further integrate ferroptosis and TNBC
treatment more efficiently and closely, find specific drugs to target TNBC cells, or combine classic TNBC drugs to
accurately promote Ferroptosis of TNBC cells is expected to provide new treatment strategies for TNBC. Inducing
ferroptosis is a promising anti-cancer strategy, and we need more research to explore the role of ferroptosis-related
factors in TNBC and provide new therapeutic targets for TNBC. In addition, the study of ethnopharmacology in
conjunction with ferroptosis has opened new avenues in the treatment of TNBC and laid the foundation for solving
the difficult problem of cancer.
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