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Abstract: Triple-negative breast cancer (TNBC) is characterized by aggressive behavior, high metastatic potential, and frequent 
relapses, presenting significant treatment challenges. Ferroptosis, a unique form of programmed cell death marked by iron-dependent 
lipid peroxidation, has emerged as a crucial factor in cancer biology. Recent studies indicate that TNBC cells possess a distinct 
metabolic profile linked to iron and glutathione, which may render them more susceptible to ferroptosis than other breast cancer 
subtypes. Moreover, ferroptosis plays a role in the interactions between immune cells and tumor cells, suggesting its potential to 
modulate the tumor microenvironment and influence the immune response against TNBC.Evidence reveals that ferroptosis not only 
affects TNBC cell viability but also alters the tumor microenvironment by promoting the release of damage-associated molecular 
patterns (DAMPs), which can recruit immune cells to the tumor site. Specific ferroptosis-related genes and biomarkers, such as 
ACSL4 and GPX4, demonstrate altered expression patterns in TNBC tissues, offering promising avenues for diagnostic and prognostic 
applications. Furthermore, in preclinical models, the induction of ferroptosis has been shown to enhance the efficacy of existing 
therapies, indicating a synergistic effect that could be harnessed for therapeutic benefit. The compelling link between ferroptosis and 
TNBC underscores its potential as a novel therapeutic target. Future research should focus on developing strategies that exploit 
ferroptosis in conjunction with traditional therapies, including the identification of natural compounds and efficacious ferroptosis 
inducers for personalized treatment regimens. This review elucidates the multifaceted implications of ferroptosis in TNBC, providing 
valuable insights for improving both diagnosis and treatment of this formidable breast cancer subtype. 
Keywords: triple-negative breast cancer, ferroptosis, programmed cell death, immune response, therapeutic strategies

Introduction
Triple-negative breast cancer (TNBC) is a complex subtype of breast cancer characterised by the absence of estrogen receptors 
(ER), progesterone receptors (PR), and human epidermal growth factor receptor 2 (HER2).1 This classification sets TNBC apart 
from other breast cancer types, as it exhibits poor responses to hormonal and targeted therapies. Known for its aggressive nature, 
TNBC tumours often grow rapidly and tend to metastasise early, resulting in poor clinical outcomes and high recurrence rates. 
Notably, the survival rate of TNBC patients is significantly lower than that of patients with other breast cancer subtypes within the 
first five years following diagnosis.2 Among available treatments, chemotherapy remains the primary approach for TNBC; 
however, its side effects and varying efficacy underscore the urgent need for new strategies to improve patient prognosis.3

In recent years, ferroptosis has emerged as a newly recognised form of programmed cell death that has garnered 
considerable interest in the scientific community.4 Characterised by unique molecular mechanisms and pathological 
features, ferroptosis plays a significant role in tumour biology. Specifically, it is induced through iron-dependent lipid 
peroxidation, leading to cell death that differs from conventional forms like apoptosis and necrosis.5 The hallmark of 
ferroptosis includes plasma membrane rupture and excessive reactive oxygen species (ROS) production, underscoring its 
unique mechanism operating through cellular iron regulation, with profound implications for cancer research.6

Cancer Management and Research 2025:17 625–637                                                         625
© 2025 Tan et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php 
and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work 

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

Cancer Management and Research

Open Access Full Text Article

Received: 2 November 2024
Accepted: 25 January 2025
Published: 19 March 2025

http://orcid.org/0009-0002-2575-1647
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php


Studies indicate that TNBC cells typically exhibit distinct iron metabolism traits, presenting relatively high iron levels 
and low antioxidant capacity.7 This characteristic makes TNBC cells particularly sensitive to ferroptosis, with research 
showing that inducing ferroptosis can significantly enhance the lethality of TNBC cells and inhibit tumour growth.8 

Furthermore, ferroptosis may also regulate the tumour microenvironment, influencing immune cell function and tumour 
evasion mechanisms.9 Within the realm of TNBC, it is important to recognize that this subtype is not a singular entity but 
rather consists of distinct molecular subtypes, including basal-like, mesenchymal, and luminal androgen receptor (LAR) 
subtypes, each possessing unique features and susceptibilities.10 For instance, basal-like TNBC is generally characterized 
by the expression of epidermal growth factor receptor (EGFR) and a high proliferation index, making it particularly 
aggressive and more likely to benefit from therapies aimed at exploiting ferroptosis pathways. In contrast, the mesench
ymal subtype exhibits enhanced epithelial-mesenchymal transition (EMT) markers and a greater capacity for metastasis; 
this metabolic flexibility may render them more sensitive to iron deprivation strategies that induce ferroptosis.11 The 
LAR subtype, which often presents with hormone receptor expression, indicates that different therapeutic approaches 
may be necessary to target these unique molecular profiles effectively.12 Therefore, delving deeper into the mechanisms 
of ferroptosis not only provides new treatment opportunities but may also open fresh avenues for managing TNBC.

This review aims to explore the potential and application of ferroptosis in TNBC management. We will synthesise 
current research advancements regarding ferroptosis and its biological roles in TNBC, analyse its potential as 
a diagnostic biomarker, and outline treatment strategies based on ferroptosis, ultimately offering new insights and 
directions for TNBC management. Through a comprehensive understanding of ferroptosis, we hope to advance research 
in TNBC, ultimately improving patient survival rates and quality of life.

The Mechanisms of Ferroptosis
Ferroptosis is a form of regulated cell death distinct from apoptosis, necrosis, and other death forms.5 It is characterised 
by the accumulation of lipid peroxides to lethal levels in an iron-dependent manner. Unlike conventional cell death 
pathways, ferroptosis does not exhibit the morphological changes typical of apoptosis or necrosis; instead, it presents 
unique cellular and molecular features. The distinctive hallmark of ferroptosis is the excessive production of reactive 
oxygen species (ROS) due to lipid peroxidation, affecting polyunsaturated fatty acids in cellular membranes and 
ultimately leading to cell rupture and death13 (Figure 1).

At the molecular level, ferroptosis is closely linked to iron metabolism and oxidative stress. Intracellular iron levels 
are pivotal; an excess of ferrous iron enhances ROS generation through Fenton reactions, where hydrogen peroxide is 
converted to hydroxyl radicals.14 This process initiates a cascade of lipid peroxidation, wherein lipids rich in poly
unsaturated fatty acids undergo oxidative degradation, forming toxic lipid peroxides.15 Elevated levels of these perox
idised lipids can disrupt cell membrane integrity, leading to ferroptotic cell death.

A critical regulatory factor in ferroptosis is glutathione (GSH), a potent antioxidant protecting cells from oxidative 
stress.16 GSH is synthesised from precursors, including cysteine, glycine, and glutamate. In ferroptosis, GSH depletion is 
significant as it disrupts the function of glutathione peroxidase 4 (GPX4), an enzyme detoxifying lipid peroxides.17 

Without sufficient GPX4 activity, lipid peroxides accumulate, promoting ferroptosis. This dependency on GSH highlights 
the interplay between cellular redox balance and ferroptotic signalling. Furthermore, the amino acid cysteine, a limiting 
factor for GSH synthesis, emphasises the nutritional aspects influencing ferroptosis susceptibility.18

In addition to iron and GSH, other critical regulators associated with ferroptosis include acyl-CoA synthetase long- 
chain family member 4 (ACSL4) and ferritin. ACSL4 facilitates the incorporation of polyunsaturated fatty acids into 
membranes, increasing these lipids’ susceptibility to peroxidation.19 Higher expression levels of ACSL4 are often 
observed in various cancer cells undergoing ferroptosis, suggesting a potential role for its modulation in cancer therapy. 
Ferritin, which sequesters free iron within cells, serves as a protective mechanism against ferroptosis.20 When ferritin 
levels are low or dysfunctional, free iron accumulates, promoting oxidative stress and ferroptotic cell death.

The intricate balance between these factors dictates a cell’s fate in the context of ferroptosis. Cells that maintain 
robust antioxidant defences, high GSH levels, and functional ferritin are more resilient to ferroptotic stimuli.21 

Conversely, cancer cells often exhibit altered iron metabolism and reduced antioxidant capacities, rendering them 
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particularly susceptible to ferroptosis. This vulnerability opens new avenues for therapeutic interventions, especially in 
treating malignancies like TNBC, where conventional therapies may be ineffective.22

The Role of Ferroptosis in Triple-Negative Breast Cancer
Sensitivity of TNBC Cells to Ferroptosis
Recent studies have revealed a unique sensitivity of triple-negative breast cancer (TNBC) cells to ferroptosis, a regulated 
form of cell death driven by iron-dependent lipid peroxidation. This sensitivity is linked to the elevated intracellular iron 
levels and the altered lipid metabolism inherent in TNBC cells.23 Research indicates that TNBC cells respond distinctly 
to ferroptosis inducers, such as Erastin and RSL3, which inhibit the activity of glutathione peroxidase 4 (GPX4), 
resulting in the accumulation of lethal lipid peroxides. Unlike other breast cancer subtypes, the oxidative stress induced 
by these compounds leads to a pronounced decrease in cell viability specific to TNBC.24 This diminished ability of 
TNBC cells to tolerate oxidative stress renders them particularly vulnerable to ferroptosis. Understanding this vulner
ability presents a promising opportunity for developing novel therapeutic strategies that target ferroptosis in TNBC.

Impact of Ferroptosis on the Tumor Microenvironment in TNBC
The tumour microenvironment (TME) of TNBC is complex, consisting of various cellular components, including cancer- 
associated fibroblasts (CAFs), the extracellular matrix, and immune cells. Recent evidence suggests that ferroptosis 
significantly influences the TME, particularly through its interactions with immune cells. The death of tumour cells via 
ferroptosis can lead to the release of damage-associated molecular patterns (DAMPs) that modulate immune responses.25

On one hand, ferroptosis may foster an immunosuppressive environment, as byproducts of lipid peroxidation can 
activate regulatory T cells (Tregs) and myeloid-derived suppressor cells (MDSCs). These immune cells can inhibit the 
function of effector T cells, thereby dampening the anti-tumour immune response.26 On the other hand, the release of 
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Figure 1 The mechanisms of ferroptosis. (A) Lipid peroxidation pathways. ACSL4 facilitates the conjugation of long-chain polyunsaturated fatty acids (PUFAs) with CoA, 
while LPCAT3 enhances the esterification and incorporation of these products into membrane phospholipids (PL). The PUFA-containing PL is then subjected to oxidation by 
iron-dependent enzymes such as lipoxygenase (LOX) or porphyrin oxidase (POR), leading to lipid peroxidation, membrane damage, and ultimately, ferroptosis. (B) 
Antioxidant pathways. Cysteine is transported into the cell via the SLC7A11/SLC3A2 complex to support the synthesis of glutathione (GSH). GPX4 utilizes GSH as 
a substrate to convert membrane phospholipid hydroperoxides into non-toxic lipid alcohols, thereby preventing the buildup of harmful lipid reactive oxygen species (ROS) 
and inhibiting ferroptosis. Additionally, cells may engage the FSP1 pathway to mitigate lipid peroxidation and avert ferroptosis.
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certain DAMPs may activate dendritic cells and enhance the presentation of tumour antigens, potentially leading to 
a more robust anti-tumour immune response.27

This dual role of ferroptosis in shaping the TNBC TME highlights the need to carefully consider how ferroptosis- 
inducing therapies might influence not only cancer cell viability but also the dynamics of immune responses within the 
TME. Ultimately, harnessing the immune modulatory effects of ferroptosis could enhance the efficacy of existing 
immunotherapies and lead to novel treatment paradigms for TNBC.

Ferroptosis-Related Targets and Biomarkers
Ferroptosis is a complex form of regulated cell death that plays a crucial role in various pathological contexts, including 
cancer. Exploring ferroptosis has unveiled potential therapeutic targets and biomarkers, especially in aggressive cancer 
types like TNBC. This section delves into the expression patterns of genes and molecules associated with ferroptosis, 
identifying potential biomarkers for diagnosis and prognosis in TNBC.

Zhang et al discovered that the overexpression of IDH2 in TNBC inhibits ferroptosis, promoting the proliferation and 
other malignant characteristics of TNBC cells.28 Studies have shown that the knockout of TFR2 enhances ferroptosis in 
TNBC cells.29 Thrombin, through the activation of cytosolic phospholipase A2α (cPLA2α), increases the release of 
arachidonic acid (AA), thereby inducing ferroptosis in TNBC cells.30 Research by Wang et al elucidated that low 
expression levels of PTGER3 protect TNBC cells from ferroptosis, consequently facilitating disease progression.31 

Additionally, studies indicate that the knockout of TYMS provides new insights into inhibitory effects in TNBC.32 

Evidence shows that WTAP upregulates LCN2 by modulating NUPR1 m(6)A methylation, thereby inhibiting ferroptosis 
and accelerating the progression of TNBC.33 Findings by Paris et al pave the way for further investigation of PROM2 as 
a potential biological target for metastatic TNBC.34 Mechanistically, PTPRG-AS1 targets miR-376c-3p to upregulate 
SLC7A11, suppressing ferroptosis and promoting TNBC progression, suggesting that PTPRG-AS1 could serve as 
a therapeutic target for TNBC.35 Additionally, research indicates that LncFASA plays a critical role in cancer develop
ment mediated by ferroptosis, providing new insights for treatment strategies in TNBC.36 Single-cell transcriptomic 
analyses reveal that mutant p53 can protect TNBC cells from ferroptosis.37 Furthermore, PGRMC1, by binding to 
intracellular iron, inhibits ferroptosis and increases the likelihood of TNBC occurrence, serving as a molecular basis for 
combination therapies in TNBC management38 (Table 1).

Table 1 Mechanisms of Regulation of Ferroptosis by Various Gene/Biomarkers in TNBC

Gene/ 
Biomarkers

Expression in Triple 
Negative Breast Cancer

Brief Mechanism Regulation Effect on 
Ferroptosis in TNBC

Reference

IDH2 ↑ Promoting the proliferation and other malignant 
characteristics of TNBC cells.

↓ [25]

TFR2 ↓ Enhance ferroptosis in TNBC cells ↑ [26]

Thrombin ↑ The activation of cytosolic phospholipase A2α 
(cPLA2α)

↑ [27]

PTGER3 ↓ Increase GPX4 expression and activate PI3K- 
AKT pathway

↓ [28]

TYMS ↑ Activation of PI3K/Akt/mTOR signal path ↓ [29]

WTAP ↑ Regulating NUPR1 m(6)A Modification Up- 

regulates LCN2

↓ [30]

PROM2 ↑ Epithelial-mesenchymal transition and iron death 

resistance

↓ [31]

(Continued)
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MTHFD2 is a significant molecular biomarker for predicting the prognosis of patients with triple-negative breast 
cancer (TNBC) and serves as a promising therapeutic target for its treatment.39 Yuan et al found that STEAP3 is highly 
expressed in TNBC patients and is correlated with overall survival, establishing a foundation for targeted therapies in this 
patient population.40 Mechanistically, studies have shown that neutrophil extracellular traps (NETs) can interact with 
TLR9 to reduce Merlin phosphorylation, thereby helping TNBC cells resist ferroptosis.41 The overexpression of lncRNA 
HCP5, which encodes a protein, represents a crucial oncogenic event in TNBC as it regulates ferroptosis, suggesting new 
therapeutic avenues.42 Furthermore, TNBC cells can evade ferroptosis through the gankyrin/p53/SLC7A11/GPX4 
signaling pathway, indicating that gankyrin may serve as a valuable biomarker for predicting TNBC prognosis or as 
a potential therapeutic target.43 Yang et al systematically described the heterogeneity of ferroptosis in TNBC and 
proposed innovative immunotherapeutic combination strategies for the luminal androgen receptor (LAR) subtype of 
TNBC.44 A prognostic model composed of 12 ferroptosis-related genes can predict the prognosis of TNBC patients, with 
seven of these genes—ASN, LAMP2, CAV1, DPP4, HELLS, TF, and ZFP69B—identified as potential new targets for 
therapy.45 Additionally, PGM5P3-AS1 promotes cellular ferroptosis by regulating MAP1LC3C, thereby inhibiting the 
malignant progression of TNBC.46 The signaling pathways involving ferroptosis-related metabolic and immune factors 
(IMRGs) may assist in the prognosis assessment of TNBC, providing insights into its molecular characteristics and 
guiding treatment strategies.7 Lastly, HLF enhances the resistance of TNBC cells to ferroptosis through GGT1, ultimately 
contributing to disease progression47 (Figure 2).

Targeting Ferroptosis: Therapeutic Strategies
Inducing Ferroptosis: Molecular Drugs and Mechanisms
The ability of UA to induce ferroptosis by inhibiting the NRF2 pathway presents a promising strategy for treating breast 
cancer stem cells (BCSCs), potentially addressing metastasis and drug resistance in TNBC.8 Research indicates that 
Na2SeO₄-induced ferroptosis is mediated by the ATM protein in MDA-MB-231 cells.48 Uridine-modified Ru(II) 
complexes have been developed as potential LIMP-2-targeting agents for TNBC treatment by promoting the generation 
of reactive oxygen species (ROS) and inducing ferroptosis.49 Tang et al discovered that pitavastatin can trigger 
autophagy-dependent ferroptosis in TNBC cells via the mevalonate pathway, suggesting a potential adjunctive treatment 
option for these patients.50 The senescence-associated secretory phenotype (SASP) effectively induces autophagy-related 
ferroptosis; understanding the mechanisms by which SASP regulates cell death may offer new strategies for TNBC 
therapy and drug repositioning.51 G-4 inhibits the malignant phenotype of TNBC by inducing apoptosis through the 
suppression of the EGFR pathway, subsequently promoting LCN2-dependent ferroptosis.52 Additionally, senescent cells 
catalyze specific redox reactions that drive membrane peroxidation and disrupt the cellular detoxification of lipid 
hydroperoxides, including those found in treatment-resistant cancer cells.53 A chloride nitrilated compound has been 
shown to decrease intracellular glutathione levels in TNBC cells, inhibiting cell proliferation, downregulating GPX4 
expression, and increasing lipid peroxidation, ultimately inducing ferroptosis.54 Compound 4d induces both apoptosis 
and ferroptosis by reducing mitochondrial membrane potential and downregulating GPX4 expression.55 Studies suggest 
that hTERT G4-targeting ligands can disrupt mitochondrial function in cancer cells, impairing iron metabolism and 
activating ferroptosis.56 HTB50-2 exerts its antitumor effects through the FOSL2/FOXC1 signaling pathway, 

Table 1 (Continued). 

Gene/ 
Biomarkers

Expression in Triple 
Negative Breast Cancer

Brief Mechanism Regulation Effect on 
Ferroptosis in TNBC

Reference

PTPRG-AS1 ↑ Targeting miR-376c-3p up-regulates SLC7A11 ↓ [32]

LncFASA ↑ Destroy intracellular ROS homeostasis ↑ [33]

Mutant p53 ↑ Adjusting Mgst3 and Prdx6 by NRF2 dependence ↓ [34]

PGRMC1 ↑ Binding to intracellular ↓ [35]
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highlighting its significant therapeutic potential in TNBC treatment.57 Furthermore, research indicates that compound 9o 
is an effective and selective CA IX inhibitor and a ferroptosis inducer for TNBC.58 SBFI26 leads to the accumulation of 
intracellular fatty acids, resulting in an excess of ferrous ions and subsequent lipid peroxidation, thereby triggering 
ferroptosis59 (Table 2).

Figure 2 Regulatory mechanisms of ferroptosis in TNBC progression. CB1 is capable of enhancing the synthesis of monounsaturated fatty acids in an SCD1/FADS2- 
dependent manner, which in turn inhibits erastin/RSL3-induced ferroptosis. Conversely, the CB1 antagonist Rimonabant can impede this process. PGRMC1 interacts with 
intracellular free iron, thereby reducing its concentration and inhibiting ferroptosis. Additionally, the knockdown of MTHFD2 triggers ferroptosis in triple-negative breast 
cancer (TNBC) cells and suppresses TNBC progression. WTAP facilitates the upregulation of LCN2 through NUPR1-mediated m6A modification, contributing to the 
advancement of TNBC. The long non-coding RNA HCP5 can inhibit ferroptosis in TNBC cells by encoding the protein HCP5-132aa, whereas PGM5P3-AS1 promotes 
ferroptosis through the regulation of MAP1LC3C. 
Abbreviations: TNBC, triple-negative breast cancer; RSL3, ras-selective lethal 3; PGRMC1, progesterone receptor membrane component 1; MTHFD2, methylenete
trahydrofolate dehydrogenase 2; LCN2, lipocalin 2.

Table 2 The Mechanisms of Emerging Ferroptosis Inducers in TNBC Treatment

Molecule Resource Mechanism Effect Reference

UA Pentacyclic triterpenoids Inhibited the NRF2 pathway Trigger ferroptosis [8]

Na2SeO₄ Pro-oxidant Mediated by ATM protein in MDA-MB 

-231 cells

Induced ferroptosis [45]

Uridine-modified 
Ru(II) complexes

LIMP-2-targeting agents Promoting the generation of ROS Induced ferroptosis. [46]

Pitavastatin Drugs Through the mevalonate pathway Induced autophagy-dependent 
ferroptosis in TNBC cells

[47]

SASP xCT Significantly reduced the oxidative 
stress resistance of TNBC model cell 

MDA-MB-231.

Induced autophagy-related 
ferroptosis

[48]

(Continued)
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Research indicates that ononin may represent a promising strategy for treating TNBC by inducing ferroptosis, which 
disrupts the Nrf2/SLC7A11 axis.60 BA-Fe(III) activates ferroptosis in tumor cells by downregulating the enzymatic 
activity of ferritin heavy chain 1 and glutathione peroxidase.61 HCL-23 promotes TNBC cell death by mediating 
apoptosis through caspase activation and HO-1-dependent ferroptosis.62 Hinokitiol-chelated Fe(hino)(3), exhibiting 
redox activity, enhances the generation of free radicals via Fenton reactions, thus acting as a ferroptosis inducer with 
demonstrated anti-TNBC efficacy.63 So-2 induces ferroptosis in TNBC by downregulating E2F7 expression, demonstrat
ing inhibitory effects on TNBC both in vitro and in vivo. Isolated from traditional Chinese medicine, the natural 
compound So-2 shows promise as a candidate drug for TNBC treatment.64 Hu et al discovered that the natural product 
Til exerts antitumor activity against TNBC by promoting ferroptosis, with the HO-1/SLC7A11 pathway playing a critical 
role in Til-induced cell death.65 Moreover, researchers have proposed a therapeutic ferroptosis inducer, IR780-SPhF, 
which enables simultaneous imaging and treatment of TNBC through mitochondrial targeting.66 DSF/Cu enhances lipid 
peroxidation in TNBC cells, significantly increasing HMOX1 activity and thereby inducing ferroptosis to promote TNBC 
cell death.67 Additionally, AC induces autophagy-dependent ferroptosis by ubiquitinating GPX4, thereby inhibiting the 
progression and metastasis of TNBC and presenting AC as a novel candidate for therapy.68 The natural compound Eup 
shows potential as a TNBC treatment by inducing apoptosis and ferroptosis through the ubiquitination of mutant p53.69 

Furthermore, a reported small molecule photosensitizer induces ferroptosis through a self-amplifying process, enhancing 
the immunotherapeutic profile of tumors.70 SIM suppresses HMGCR expression, downregulates the mevalonate (MVA) 
pathway and GPX4, facilitating ferroptosis in cancer cells.71 GA promotes the generation of reactive oxygen species 
(ROS) and reactive nitrogen species (RNS) by activating NADPH oxidase and iNOS, leading to reduced GSH and GPX 
activity, exacerbating lipid peroxidation, and ultimately triggering ferroptosis in TNBC cells.72

Combining Ferroptosis with Existing Treatment Modalities
Research conducted by Wang et al has demonstrated that Pt-3 is a promising candidate drug, serving as an exemplary 
model for the development of cancer therapeutics.73 Additionally, Yu et al discovered that exosome-based erastin 
formulations offer both targeted delivery and biocompatibility, providing an innovative and robust platform for antic
ancer therapy.74

Recent studies have confirmed the occurrence of ferroptosis in TNBC and revealed a novel combination immu
notherapy strategy for treating refractory LAR tumors.75 The activation of PRMT5 plays a critical role in regulating iron 
metabolism, promoting resistance to ferroptosis inducers and immunotherapy, thereby positioning PRMT5 as a potential 
target for overcoming immune resistance in TNBC.76

Table 2 (Continued). 

Molecule Resource Mechanism Effect Reference

G-4 Cyclin-dependent kinase 

inhibitor rocovetin 
derivatives

Induced apoptosis via the suppression of 

the EGFR pathway

Promoted LCN2-dependent 

ferroptosis

[49]

Chloride nitrilated 
compound

Antiparasitic By blocking the function and expression 
of SLC38A5 and SLC7A11

Induced oxidative stress and iron 
death in triple negative breast 

cancer cells

[51]

4d Compound Decrease mitochondrial membrane 

potential and GPX4 expression.

Induced apoptosis and ferroptosis [52]

hTERT G4-targeting 

ligands

Target spot Disrupt mitochondrial function in 

cancer cells

Impaired iron metabolism and 

activating ferroptosis

[53]

SBFI26 Inhibitor of FABP5 Accumulation of intracellular fatty acids Triggered ferroptosis [56]
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Zhu et al designed a multifunctional nanoplatform (MP-FA@R-FNPs) that represents a potential synergistic strategy 
for iron/chemical/immunotherapy, enhanced by MRI-guided tumor treatment.77 Anti-cancer results demonstrated that 
ATO/SRF@BSA exhibited tumor-specific cytotoxic efficacy, significantly improving the tumor hypoxic microenviron
ment while alleviating the side effects of SRF.78 High-intensity focused ultrasound (HIFU)-driven nanomotors have 
shown great potential for inducing ferroptosis in immunotherapy for TNBC.79 Studies have highlighted the substantial 
potential of iron-based ternary sulfides as a new therapeutic platform for a combination of photothermal therapy, iron 
therapy, and immunotherapy aimed at suppressing TNBC.80 Near-infrared (NIR)-enhanced ferroptosis synergistic 
treatment strategies bring hope for TNBC therapy.22 Wang et al discovered a novel strategy utilizing CT/CDT 
nanoparticles to induce ferroptosis for treating TNBC.81 Cancer nanomedicines targeting ferroptosis typically rely on 
the direct delivery of Fenton catalysts to drive lipid peroxidation in cancer cells.82

Furthermore, T-LMD-induced ferroptosis was shown to be accompanied by the release of the immunogenic cell death 
marker HMGB1, suggesting its potential to enhance antitumor immune activation in TNBC.83 Nanoparticles that 
synergize ferroptosis and cuproptosis have been found to enhance tumor immunotherapy.84 Intracellular GSH reduction 
of Fe(3+)/Cu(2+) can further amplify the production of hydroxyl radicals (·OH). The depletion of GSH may inhibit 
GPX-4-mediated antioxidant responses, thereby inducing ferroptosis. This modulation within the tumor microenviron
ment enhances the efficacy of ferroptosis/cuproptosis/CDT as an effective therapeutic approach.85 The intelligent 
nanodrug GOx-IA@HMON@IO exhibits good biocompatibility and safety, making it suitable for MRI-guided tumor 
therapies.86 Deng et al identified a new strategy combining a closed-loop enhanced treatment pathway (CCLT@FT) to 
induce ferroptosis, regulate lactate metabolism, and facilitate immune checkpoint blockade (ICB) therapy, providing 
a vital alternative for effective immunotherapy in TNBC.87 Calcium-manganese dual-ion hybrid nanosensors (CMS) 
enhance antitumor immunity by inducing ferroptosis and stimulating intrinsic immune awakening, serving simulta
neously as ferroptosis inducers and immune adjuvants for TNBC.88 Further analysis indicated that nFeAPG improved the 
suppressed immune microenvironment by enhancing the responses of dendritic cells (DCs) and T cells.89 The FTM@AM 
nanoplatform demonstrated efficient cytotoxic effects and invasion suppression against ultrasound-mediated aggressive 
TNBC, showcasing significant potential for clinical translation.90 Nanocrystals, through integrated image-guided inter
ventions, aim to streamline the tumor treatment process, addressing challenges posed by the lack of therapeutic targets 
and the tendency for multidirectional metastasis in TNBC.91

The novel magnetic-targeting nanotherapy platform developed by Zhang et al shows promise as a new paradigm for 
treating TNBC.92 The shRNA@Fe(3)O(4) MNPs exhibit both magnetic hyperthermia and gene therapy functionality, 
demonstrating satisfactory therapeutic effects against TNBC with no significant toxic side effects.93 Moreover, the 
activation of tumor immune responses through self-sustaining nanoreactors in conjunction with ferroptosis presents 
a potential strategy for clinical application.94 N-S Alb nanoparticles (NPs) possess the ability to promote a “mixed” type 
of cell death and show promising prospects in enhancing delivery capacity and targeting efficacy for TNBC treatment.95 

Y(2)O(3)-NPs have been shown to be safe for normal REP1 and HDF cells while inducing DNA damage and apoptosis 
in TNBC MDA-MB-231 cells by increasing the production of reactive oxygen species (ROS), exhibiting potent selective 
cytotoxicity.96 Chen et al developed a small-molecule self-assembling nano precursor drug for the combined delivery of 
the chemotherapeutic agent camptothecin (CPT), ferrocene (Fc), and ferroptosis inhibitors (RSL3). This approach 
leverages the synergistic effects of ferroptosis and apoptosis to overcome drug resistance in chemotherapy and enhance 
therapeutic efficacy.97 The CPT/Fe@PDA-FA10plus formulation can significantly kill resistant tumor cells while 
inhibiting the growth of in situ resistant TNBC through apoptosis, ferroptosis, and photothermal therapy, with no 
noticeable toxic side effects on major organs.98 Additionally, this research provides the first report on RSL-3 as 
a mitochondrial-targeted sonodynamic therapy (SDT) activator for ferroptosis induction.99 AGuIX nanoparticles may 
modulate the anti-ferroptotic system by inhibiting the NRF2-GSH-GPX4 signaling pathway.100 In a 4T1 tumor-bearing 
mouse model, HMTBF exhibited good in vivo antitumor effects, indicating that the nanodevice could serve as an 
effective inducer of ferroptosis and apoptosis for the combined treatment of TNBC.101

Research conducted by Song et al elucidated the molecular mechanisms by which serine/arginine-rich splicing factor 
1 (SRSF1) influences cisplatin sensitivity in TNBC cells.102 Treatment with THP alone exhibits significant anti-TNBC 
effects, and its combination with doxorubicin (DOX) effectively enhances the sensitivity of TNBC cells to DOX.103 
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Furthermore, the combination of DOX and DBT may promote ferroptosis through the Nrf2/HO-1/GPX4 signaling 
axis.104 The composition of the tumor microenvironment significantly impacts patients’ responses to immunotherapy, 
suggesting that DUSP1 could be a potential target for overcoming drug resistance.105

Conclusions and Perspectives
Ferroptosis has emerged as a promising strategy for managing TNBC, a subtype known for its resistance to conventional 
therapies. The unique mechanistic pathways of ferroptosis, defined by iron-dependent lipid peroxidation leading to cell 
death, provide a novel therapeutic angle to exploit the vulnerabilities of TNBC cells. This form of regulated cell death not 
only provides insights into the metabolic adaptations of cancer cells but also presents opportunities for novel therapeutic 
interventions, particularly through the development of ferroptosis inducers and the exploration of natural compounds 
with ferroptotic properties.106 As our understanding of ferroptosis expands, future research should focus on elucidating 
the specific molecular mechanisms regulating this process in TNBC. This will facilitate the identification of potential 
biomarkers for patient stratification and response prediction. Moreover, combining ferroptosis inducers with established 
treatment modalities, such as chemotherapy and immunotherapy, may enhance therapeutic efficacy and patient 
outcomes.107

The data presented in the tables highlight various molecules and their mechanisms related to ferroptosis in TNBC. 
Notably, several compounds—including UA, Na2SeO₄, and pitavastatin—demonstrate potential for inducing ferroptosis, 
with mechanisms ranging from oxidative stress to autophagy activation. The prospect of utilizing these molecules in 
conjunction with conventional therapies could pave the way for more effective treatment regimens. These findings 
underscore the importance of continued exploration of ferroptosis in the context of TNBC, as they may lead to the 
development of novel therapeutic strategies that significantly impact patient care and survival outcomes.Thus, the 
integration of ferroptosis into the therapeutic landscape for TNBC holds significant promise, with the potential to 
revolutionize our approach to treating this aggressive form of breast cancer and ultimately improve survival rates.108 

As we delve into this promising area of research, interdisciplinary efforts will be essential to translate these findings into 
clinical applications, paving the way for innovative treatment strategies that could substantially impact patient care in 
TNBC.
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