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Abstract. Breast cancer has the highest incidence among 
malignant tumors in women worldwide. Although targeted 
therapy, chemotherapy, and endocrine therapy have achieved 
significant efficacy, acquired resistance remains a major 
challenge affecting patient prognosis. The present review 
systematically outlines five core mechanisms of resistance 
to breast cancer treatment, including overexpression of 
ATP‑binding cassette transporters that reduce intracellular 
drug accumulation; a hypoxic and immunosuppressive tumor 
microenvironment, together with breast cancer stem cells, 
that sustains stemness and impairs treatment response; DNA 
methylation, histone modifications, and non‑coding RNAs 
that mediate epigenetic reprogramming, leading to silencing 
of tumor suppressors or activation of resistance pathways; 
compensatory activation of multiple DNA damage repair 

pathways, including homologous recombination, non‑homol‑
ogous end joining, base excision repair, nucleotide excision 
repair, and mismatch repair, which compromises the efficacy 
of chemotherapy and poly (ADP‑ribose) polymerase inhibi‑
tors; and metabolic reprogramming involving glycolysis, 
amino acid, nucleotide, and lipid metabolism that supplies 
tumor cells with energy, reducing equivalents, and biomass 
for proliferation, while simultaneously promoting immune 
evasion. Corresponding to these mechanisms, this review 
also summarizes potential therapeutic strategies, including 
combined targeted therapy, immunotherapy, and novel drug 
delivery systems. Therefore, a comprehensive dissection of 
the multidimensional networks mediating therapy resistance 
in breast cancer will provide both theoretical foundations 
and practical pathways for discovering novel biomarkers, 
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optimizing precision combination therapies, and ultimately 
prolonging patient survival.
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1. Introduction

Breast cancer is a malignancy originating from the 
epithelial cells of the breast and has become one of the 
most commonly diagnosed cancers worldwide, ranking 
first among all cancers in women. According to the 2025 
Cancer Statistics report, breast cancer is the most common 
cancer among women, accounting for 32% of all new cancer 
cases in females, and ranks as the second leading cause 
of cancer‑related mortality in women. The lifetime risk 
of developing breast cancer for women is 13.1% (approxi‑
mately one in eight). Since 2012, the incidence rate has been 
increasing slowly at an annual rate of ~1%, with the fastest 
rise observed among younger women (1.4% per year)  (1). 
Current clinical management of breast cancer includes 
surgical resection, radiotherapy, chemotherapy, endocrine 
therapy, immunotherapy, and targeted therapy. These 
modalities are applied in combination based on molecular 
subtype, clinical stage, and individual patient differences (2). 
Despite advances in modern medicine and the continuous 
development of targeted and chemotherapeutic regimens, 
treatment resistance remains a major obstacle, leading to 
disease progression and reduced survival (3).

The complexity of drug resistance stems largely from the 
high heterogeneity and adaptability of tumor cells, involving 
multiple interrelated biological processes such as upregulation 
of drug efflux pumps, influences of the tumor microenviron‑
ment (TME), aberrant epigenetic regulation, enhanced DNA 
damage repair (DDR) capacity, and cellular metabolic 
reprogramming. Unlike prior reviews that typically examine 
resistance mechanisms in isolation, the present review provides 
a systematically interconnected framework integrating five 
core axes and directly links each to corresponding therapeutic 
solutions. Critically, the emerging dual role of the microbiome 
in resistance modulation is incorporated and an artificial 
intelligence‑driven adaptive therapy model for real‑time 
monitoring and intervention is proposed.

Therefore, a systematic understanding of the core molec‑
ular mechanisms and regulatory networks underlying drug 
resistance in breast cancer will facilitate the identification of 
novel biomarkers and therapeutic targets. This will provide 
a theoretical foundation for the design of effective treatment 
strategies aimed at improving patient prognosis and quality 
of life.

2. Molecular subtypes of breast cancer and targeted 
therapies

Breast cancer can be classified into several major molecular 
subtypes based on gene expression profiles, including Luminal 
A, Luminal B, human epidermal growth factor receptor 
2‑positive (HER2)‑positive, and triple‑negative breast cancer 
(TNBC) (2). The Luminal A subtype is defined as hormone 
receptor (HR)‑positive [estrogen receptor (ER)‑positive 
and/or progesterone receptor‑positive], HER2‑negative, and 
accompanied by a low Ki‑67 index. Luminal B shares simi‑
larities with Luminal A but exhibits higher Ki‑67 expression 
and may have HER2 overexpression, conferring a relatively 
poorer prognosis (4). HER2‑positive breast cancer is defined 
by HER2 gene overexpression or amplification, is typically 
HR‑negative, and is associated with high aggressiveness and 
an unfavorable prognosis (5). TNBC is characterized by the 
lack of both HR and HER2 expression, often shows high Ki‑67 
expression, and represents the most aggressive subtype with 
the worst prognosis (6). As a result of substantial differences in 
biological behavior, treatment response, and clinical outcomes 
among subtypes, the development of personalized treatment 
strategies tailored to specific molecular profiles is required.

HR‑positive breast cancer is commonly treated with endo‑
crine therapy, including selective ER modulators (SERMs), 
selective ER degraders (SERDs), and aromatase inhibitors 
(AIs). The U.S. Food and Drug Administration (FDA)‑approved 
SERMs include tamoxifen, raloxifene, and toremifene; SERDs 
include fulvestrant and the oral agent elacestrant; and AIs 
include anastrozole, exemestane, and letrozole (7). Resistance 
to long‑term endocrine therapy primarily stems from ER 1 
(ESR1) mutations and aberrant activation of signaling path‑
ways such as phosphatidylinositol 3‑kinase/protein kinase 
B/mammalian target of rapamycin (PI3K/AKT/mTOR) and 
cyclin‑dependent kinases 4 and 6 (CDK4/6), which reduces 
treatment efficacy (8). Elacestrant, the first oral SERD approved 
by the FDA, is indicated for postmenopausal women with 
ER‑positive/HER2‑negative advanced breast cancer harboring 
ESR1 mutations who have experienced disease progression 
on prior endocrine therapy (9). Additionally, targeted agents 
such as CDK4/6 inhibitors (including palbociclib, ribociclib, 
and abemaciclib) and PI3K inhibitors (including alpelisib and 
inavolisib) can precisely inhibit these pathways, significantly 
prolonging survival in patients with advanced HR‑positive 
breast cancer (10).

HER2‑positive breast cancer accounts for 15‑30% of all 
breast cancer cases. Therapeutic agents for this subtype are 
primarily classified into the following categories: Monoclonal 
antibodies, including trastuzumab, pertuzumab, and margetux‑
imab, which inhibit tumor cell proliferation by targeting the 
HER2 receptor; tyrosine kinase inhibitors, including lapa‑
tinib, tucatinib, neratinib, and pyrotinib; and antibody‑drug 
conjugates (ADCs), which deliver cytotoxic drugs specifically 
to tumor sites by coupling tumor antigen‑specific antibodies 
with potent chemotherapeutic agents. Three ADCs have been 
approved by the FDA: Trastuzumab emtansine, trastuzumab 
deruxtecan, and sacituzumab govitecan (11,12).

TNBC is frequently treated with cytotoxic chemotherapeutic 
agents such as doxorubicin, cyclophosphamide, paclitaxel, 
cisplatin, carboplatin, and capecitabine. However, the efficacy 
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of chemotherapy is limited by tumor heterogeneity and drug 
resistance, and is accompanied by significant toxicity (13). 
Additionally, patients with breast cancer susceptibility genes 
1 and 2 (BRCA1/2; involved in DNA repair) mutations may 
benefit from poly(ADP‑ribose) polymerase inhibitors (PARPi). 
Olaparib and talazoparib are FDA‑approved for breast cancer 
treatment, while rucaparib and niraparib are approved for 
ovarian and prostate cancer (14). Immune checkpoint inhibitors 
(ICIs), such as pembrolizumab, atezolizumab, durvalumab, 
and camrelizumab, enhance anti‑tumor immune responses by 
blocking the programmed cell death protein 1 and programmed 
death ligand 1 (PD‑1/PD‑L1) pathway. Bevacizumab inhibits 
tumor angiogenesis by targeting vascular endothelial growth 
factor (VEGF). The combination of ICIs with chemotherapy, 
PARPi, and ADCs has demonstrated considerable clinical 
potential (15). In conclusion, elucidating the molecular mecha‑
nisms of drug resistance in breast cancer is of paramount 
scientific and clinical significance, facilitating drug discovery, 
optimization of therapeutic strategies, overcoming resistance, 
and improving patient prognosis. The therapeutic drugs for 
each molecular subtype are detailed in Table I.

3. Aberrant expression of drug efflux proteins

ATP‑binding cassette (ABC) transporters are a family of 
transmembrane proteins that mediate the transport of various 
molecules, immune recognition, and drug efflux, with their 
aberrant expression being closely associated with the devel‑
opment of tumor multidrug resistance (MDR) (16). In breast 
cancer, the overexpression of three major ABC transporters, 
ABC subfamily C member 1 (ABCC1; also known as multi‑
drug resistance protein 1), P‑glycoprotein (P‑gp; also known as 
ABC subfamily B member 1), and ABC subfamily G member 
2 (ABCG2; also known as breast cancer resistance protein), 
mediates chemoresistance by actively pumping out chemother‑
apeutic drugs, reducing intracellular drug concentrations (17). 
The drug efflux function of ABCC1 relies on the synergistic 

effect of glutathione (GSH). Modulators targeting the ABCC1 
and GSH axis that inhibit ABCC1 function and facilitate GSH 
efflux have been suggested as potential therapeutic interven‑
tions (18,19). Furthermore, the expression and activity of ABC 
transporters are regulated by multiple signaling pathways, 
including PI3K/AKT/mTOR, mitogen‑activated protein 
kinase/extracellular signal‑regulated kinase (MAPK/ERK), 
nuclear factor‑κB (NF‑κB), and hypoxia‑inducible factor 
(HIF‑1α). Activation of these pathways promotes ABC 
transporter expression and the development of drug‑resistant 
phenotypes, making them potential targets for reversing 
MDR (20,21).

Currently, ABC transporter inhibitors have advanced 
to the third generation. Tariquidar (XR‑9576), one of these 
inhibitors, has entered clinical trials due to its high efficacy 
and favorable pharmacokinetic properties  (22). However, 
nonspecific targeting and cytotoxicity remain major chal‑
lenges for the clinical application of ABC inhibitors. To further 
improve therapeutic specificity and reduce toxicity, strategies 
have been explored that target upstream signaling pathways 
regulating ABC transporter expression. For example, the use 
of PI3K inhibitors (such as alpelisib) or mTOR inhibitors (such 
as everolimus) can downregulate the expression of P‑gp and 
ABCG2, thereby restoring chemosensitivity in resistant cancer 
cells (23). Furthermore, novel nanomaterials such as liposomes, 
polymeric micelles, and mesoporous silica nanoparticles 
exploit the enhanced permeability and retention effect or 
targeting ligands to achieve tumor‑specific enrichment. These 
systems can enter cells via endocytosis to bypass efflux pump 
recognition while co‑delivering inhibitors, thereby synergisti‑
cally increasing the intracellular retention concentration of 
chemotherapeutic drugs and effectively reversing drug resis‑
tance (24,25). Therefore, by downregulating ABC transporter 
expression using upstream signaling pathway inhibitors and 
employing nano‑based co‑delivery systems to bypass efflux 
pumps, a synergistic dual‑level strategy can overcome the 
off‑target toxicity associated with traditional ABC transporter 

Table I. Therapeutic agents for various molecular subtypes of breast cancer.

Molecular subtype	 Drug category	 Representative drugs

HR+ breast cancer	 Selective estrogen receptor modulators 	 Tamoxifen, raloxifene, and toremifene
	 Selective estrogen receptor degraders 	 Fulvestrant and elacestrant
	 Aromatase inhibitors 	 Anastrozole, exemestane and letrozole
	 CDK4/6 inhibitors	 Palbociclib, ribociclib and abemaciclib
	 PI3K inhibitors	 Alpelisib and inavolisib
HER2‑positive	 Tyrosine kinase inhibitors 	 Lapatinib, tucatinib, neratinib and pyrotinib
breast cancer	 Antibody‑drug conjugates 	 Trastuzumab emtansine, trastuzumab
		  deruxtecan and sacituzumab govitecan 
Triple‑negative	 Cytotoxic chemotherapeutic agents	 Doxorubicin, cyclophosphamide, 
breast cancer 	 Poly(ADP‑ribose) polymerase inhibitors	 paclitaxel, cisplatin, carboplatin and
	 Immune checkpoint inhibitors	 capecitabine
	  	 Olaparib and talazoparib
	  	 Pembrolizumab, atezolizumab, durvalumab
		  and camrelizumab
	 Anti‑angiogenic drugs	 Bevacizumab
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inhibitors, offering a more promising combination treatment 
approach for patients with advanced chemotherapy‑resistant 
breast cancer (Fig. 1).

4. Tumor microenvironment reprogramming

Hypoxic microenvironment and abnormal angiogenesis. The 
hypoxic nature of the TME is a critical pathological feature 
that drives angiogenesis and the development of drug resis‑
tance. As tumors proliferate rapidly, the local oxygen partial 
pressure decreases significantly, leading to the stabilization 
and activation of HIF‑1α (26). As a master regulator of the 
hypoxic response, HIF‑1α promotes the formation of disor‑
ganized and dysfunctional tumor vasculature by upregulating 
pro‑angiogenic factors such as VEGF  (27). This aberrant 
vascular network not only impedes effective drug delivery but 
also supports the survival and stemness of cancer stem cells 
(CSCs), thereby enhancing chemoresistance (28). Meanwhile, 
hypoxia facilitates the infiltration of immunosuppressive cells, 
including myeloid‑derived suppressor cells (MDSCs) and regu‑
latory T cells, while impairing the function of cytotoxic T cells, 
which compromises the response to immunotherapy  (29). 

Moreover, the hypoxia‑HIF‑α axis reprograms cellular metab‑
olism and induces epigenetic remodeling, further conferring 
tolerance to chemotherapy and radiotherapy in breast cancer 
cells (30). It is noteworthy that the expression and activity of 
HIF‑1α are regulated by multiple signaling pathways, including 
PI3K/AKT/mTOR and MAPK/ERK (31). Therefore, targeting 
these upstream pathways or directly inhibiting HIF‑1α, in 
combination with anti‑angiogenic and immunomodulatory 
strategies, may represent a promising therapeutic approach to 
overcome hypoxia‑associated treatment resistance (Fig. 2).

Immune microenvironment remodeling. The TME in breast 
cancer constitutes a complex ecosystem composed of tumor 
cells, immune cells, cancer‑associated fibroblasts (CAFs), and 
the extracellular matrix (ECM), among other components. 
Through their interactions, these elements suppress immune 
responses, thereby promoting tumor progression and confer‑
ring drug resistance  (32). For instance, the infiltration of 
immunosuppressive cells, such as CAFs, tumor‑associated 
macrophages, and MDSCs, can secrete inhibitory cytokines 
that impair the activity of cytotoxic T cells, leading to resis‑
tance to immunotherapy  (33,34). Furthermore, metabolic 

Figure 1. ABC transporter‑mediated multidrug resistance in breast cancer. ABCB1 (P‑gp), ABCC1 (MRP1), and ABCG2 (BCRP) actively efflux chemothera‑
peutic drugs, such as paclitaxel, with ABCC1 function assisted by GSH. Hypoxia/HIF‑α and growth factor‑activated PI3K/AKT/mTOR, MAPK/ERK, and 
NF‑κB pathways upregulate these transporters. Nanocarrier systems co‑delivering ABC inhibitors and drugs bypass efflux to enhance intracellular retention 
and therapeutic efficacy. ABC, ATP binding cassette; ABCB1, ABC subfamily B member 1; P‑gp P‑glycoprotein; ABCC1, ABC subfamily C member 1; MRP1, 
multidrug resistance protein 1; ABCG2, ABC subfamily G member 2; BCRP, breast cancer resistance protein; GSH, glutathione; HIF‑1α, hypoxia‑inducible 
factor; PI3K, phosphatidylinositol 3‑kinase; AKT, protein kinase B; mTOR, mammalian target of rapamycin; MAPK, mitogen‑activated protein kinase; ERK, 
extracellular signal‑regulated kinase; NF‑κB, nuclear factor‑κB; p‑, phosphorylated.
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competition and immunosuppression contribute to therapeutic 
resistance. Due to metabolic reprogramming, breast cancer 
cells compete with T cells for nutrients such as glucose, 
amino acids, and lipids. This process results in the accumu‑
lation of metabolites including lactic acid and kynurenine, 
which suppress T‑cell activity. The combined effects of 
metabolic stress and metabolite‑induced immunosuppres‑
sion significantly enhance immunotherapy resistance in 
breast cancer (35). Abnormal immune checkpoint activation 
further promotes tumor evasion. The binding of PD‑L1 on 
tumor cells to PD‑1 on T cells inhibits T‑cell activation and 
facilitates immune escape. Clinical studies show that blocking 
the PD‑1/PD‑L1 interaction can restore T‑cell function (36). 
ECM‑mediated physical barrier also contributes to resistance. 
Excessive ECM deposition not only impedes drug penetra‑
tion but also promotes tumor cell survival by activating the 
PI3K/AKT pathway via integrin signaling. Targeting ECM 
remodeling can improve drug delivery and restore immune 
cell infiltration (37). Therefore, developing combination strate‑
gies targeting the immunosuppressive microenvironment, 
such as ICIs combined with metabolic modulators or ECM 
targeting agents, may provide a novel approach to overcome 

drug resistance in breast cancer. A comprehensive analysis of 
the dynamic interaction network among various components 
within the tumor microenvironment will establish a theoretical 
foundation for developing more effective therapeutic strategies 
(Fig. 2).

Acquisition of stemness. Breast CSCs (BCSCs), a subpopula‑
tion within tumors endowed with self‑renewal and multilineage 
differentiation potential, are a major driver of chemotherapy 
and targeted therapy resistance due to their enrichment and 
expansion (38). The maintenance of BCSC stemness is medi‑
ated by aberrant activation of multiple signaling pathways. For 
example, activation of the PI3K/AKT/mTOR axis enhances 
BCSC stemness, thereby conferring therapy resistance (39). 
Activation of the Wnt/β‑catenin signaling pathway induces 
epithelial‑mesenchymal transition (EMT) to promote metas‑
tasis and confers resistance to endocrine therapy. Notably, 
studies have shown that inhibiting this pathway, in combi‑
nation with CDK4/6 inhibitors, can partially reverse this 
resistance (40,41). The stemness of BCSCs is also regulated 
by epigenetic mechanisms. For instance, aberrant expression 
of long non‑coding RNAs (lncRNAs) and alterations in DNA 

Figure 2. Schematic of tumor microenvironment‑mediated drug resistance in breast cancer. (A) Hypoxia‑induced HIF‑1α/VEGF signaling promotes abnormal 
angiogenesis and drug barrier formation. (B) Immunosuppressive cells (TAMs, MDSCs, Tregs and CAFs), metabolic competition, PD‑1/PD‑L1 axis and ECM 
barrier suppress antitumor immunity. (C) PI3K/AKT/mTOR and Wnt/β‑catenin pathways drive BCSC stemness and EMT, conferring therapeutic resistance. 
HIF‑1α, hypoxia‑inducible factor; VEGF, vascular endothelial growth factor; TAMs, tumor‑associated macrophages; MDSCs, myeloid‑derived suppressor 
cells; Tregs, regulatory T cells; CAFs, cancer‑associated fibroblasts; PD‑1, programmed cell death protein 1; PD‑L1, programmed death ligand 1; ECM, 
extracellular matrix; PI3K, phosphatidylinositol 3‑kinase; AKT, protein kinase B; mTOR, mammalian target of rapamycin; BCSC, breast cancer stem cell; 
EMT, epithelial‑mesenchymal transition; MAPK, mitogen‑activated protein kinase; ERK, extracellular signal‑regulated kinase; CAR‑T, chimeric antigen 
receptor T cell; ICIs, Immune checkpoint inhibitors; CDK4/6, cyclin‑dependent kinases 4 and 6.
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methylation patterns promote the stem cell‑like phenotype, 
thereby reducing treatment efficacy (42). Moreover, inflamma‑
tory factors in the TME contribute to stemness maintenance 
by inhibiting apoptosis, promoting drug efflux protein expres‑
sion, and enhancing inherent stem‑like properties, thereby 
reinforcing therapy resistance (43). Several therapeutic strate‑
gies targeting BCSCs have been developed, including chimeric 
antigen receptor T‑cell (CAR‑T) therapy, ICIs, and approaches 
using BCSCs as drug delivery vehicles. However, these 
treatments still face challenges such as insufficient targeting 
specificity, acquired resistance, and safety concerns. Future 
efforts should focus on in‑depth characterization of BCSCs, 
optimization of treatment strategies, and enhanced clinical 
validation to improve therapeutic outcomes (44) (Fig. 2).

5. Dysregulation of epigenetics

Aberrant DNA methylation. DNA methylation plays a pivotal 
role in breast cancer drug resistance. Aberrant DNA meth‑
ylation patterns can lead to the silencing of tumor suppressor 
genes or activation of drug resistance‑associated genes, 
thereby altering cellular response to therapy (45). Research 
has demonstrated a significant correlation between the 
mRNA expression of drug resistance genes and their DNA 
methylation status, with variations observed across different 
molecular subtypes (46). In ER‑positive breast cancer, aber‑
rant DNA methylation was shown to be closely associated 
with resistance to endocrine therapy (47). The DNA meth‑
yltransferase inhibitor decitabine has been shown to reverse 
epigenetic alterations in drug‑resistant cells, restoring their 
sensitivity to chemotherapeutic agents (48). Protein arginine 
methyltransferases (PRMTs) are fundamental epigenetic 
enzymes; pharmacological inhibition of PRMTs has been 
shown to markedly sensitize tumors to diverse anticancer 
therapies, supporting the potential of combination strate‑
gies with conventional agents to circumvent treatment 
resistance  (49). In addition, dysregulation of m6A RNA 
methylation regulators may contribute to tumor progres‑
sion. Although their precise role in DNA repair remains 
incompletely elucidated, preliminary evidence suggests a 
potential influence on cancer drug resistance  (50). DNA 
methylation‑based biomarkers have the potential to identify 
patients who respond to platinum‑based chemotherapy and 
may offer novel therapeutic targets to combat tumor resis‑
tance. However, research in this field continues to face several 
challenges. The heterogeneity of DNA methylation patterns 
across distinct breast cancer subtypes, the complexity of the 
DNA methylation regulatory network, and the limited selec‑
tivity of current epigenetic drugs pose significant challenges. 
The development of liquid biopsy technology has provided 
new opportunities for the clinical translation of DNA meth‑
ylation biomarkers by enabling the simultaneous assessment 
of tumor gene mutations, resistance genes, and DNA meth‑
ylation status through detection of circulating tumor DNA in 
blood, thereby offering multidimensional evidence for preci‑
sion breast cancer therapy (51). Future studies should focus 
on elucidating the crosstalk between DNA methylation and 
other epigenetic mechanisms, such as histone modifications, 
to facilitate the development of more effective combination 
treatment regimens (Fig. 3).

Histone modifications. Histone modifications refer to various 
chemical changes, such as methylation, acetylation, phos‑
phorylation, and ubiquitination, that occur on histone proteins. 
These modifications regulate gene transcription by altering 
chromatin structure or recruiting modifier proteins, and they 
play a critical role in epigenetic regulation. Dysregulation of 
histone modifications is a core epigenetic mechanism under‑
lying acquired drug resistance in breast cancer. In ER‑positive 
breast cancer, aberrant histone H3 modifications, such as 
H3K27 acetylation, are associated with resistance to endo‑
crine therapy (52). The combination of histone deacetylase 
inhibitors (HDACi; such as vorinostat) with conventional 
chemotherapeutic drugs significantly enhances treatment 
sensitivity in resistant cells  (53). Furthermore, following 
chemotherapy for breast cancer, OTULIN (a deubiquitinating 
enzyme) stabilizes β‑catenin via deubiquitination, activating 
the Wnt/β‑catenin pathway. This activation promotes DDR 
and metastasis, suggesting that inhibition of this pathway may 
enhance chemosensitivity (54). The FDA has approved several 
HDACi, including romidepsin, belinostat, panobinostat, and 
vorinostat, for clinical use. In addition, small‑molecule inhibi‑
tors targeting histone acetyltransferases are under clinical 
investigation (45). In summary, histone modifications drive 
drug resistance by regulating gene expression, chromatin 
architecture, and signaling pathway activity. Developing 
small‑molecule inhibitors against specific histone‑modifying 
enzymes, either alone or in combination with other epigenetic 
drugs, may provide novel therapeutic strategies to overcome 
drug resistance in breast cancer (Fig. 3).

Non‑coding RNA (ncRNA)‑mediated regulation. ncRNAs, 
as crucial players in epigenetic regulation, play key roles in 
mediating treatment resistance in breast cancer. Diverse 
ncRNAs, including microRNAs, lncRNAs, and circular 
RNAs (circRNAs) contribute to resistance by regulating gene 
expression, modulating the activation of signaling pathways, 
and remodeling the TME (55,56). For example, in ER‑positive 
breast cancer, ~40% of patients relapse due to acquired tamox‑
ifen resistance, a process involving ncRN‑mediated regulation 
of resistance‑related genes  (57). HOX transcript antisense 
intergenic RNA, a well‑characterized oncogenic lncRNA, 
promotes breast cancer metastasis and chemoresistance 
through epigenetic modifications, regulation of target genes, 
and activation of signaling pathways (58). Certain lncRNAs 
enhance chemoresistance by upregulating ABC transporter 
expression, which reduces intracellular drug accumulation 
and impairs the efficacy of agents such as gemcitabine (59). 
Moreover, aberrant expression of circRNAs has been shown 
to promote tumor cell invasiveness and drug resistance by 
regulating EMT‑related genes (60). Thus, ncRNA expression 
patterns show promise as biomarkers for predicting the risk 
of resistance and as potential therapeutic targets. Although 
antisense oligonucleotide‑based interventions have demon‑
strated efficacy in restoring chemosensitivity, challenges such 
as a lack of assay standardization and off‑target effects have 
impeded their translation into routine clinical use (61). Future 
research should focus on elucidating ncRNA‑mediated cross‑
talk within the immune microenvironment, developing highly 
specific ncRNA antagonists to overcome endocrine resistance 
through personalized therapeutic approaches, and integrating 
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multi‑omics data to accelerate translational applications (62) 
(Fig. 3).

6. Enhanced DNA damage repair mechanisms

Homologous recombination repair (HRR) restoration. HRR 
deficiency is closely associated with drug resistance mecha‑
nisms in breast cancer, primarily involving restoration of 
homologous recombination function, alterations in DNA 
replication fork stability, aberrant epigenetic regulation, and 
compensatory activation of alternative DNA repair pathways. 
As core components of the HRR pathway, loss‑of‑function 
mutations in BRCA1/2 sensitize tumor cells to PARPi and 
platinum‑based agents. However, clinical observations indi‑
cate that restoration of HRR function may lead to acquired 
resistance (63). Specific mechanisms of resistance include 
epigenetic regulation‑mediated restoration of HRR, exem‑
plified by demethylation of BRCA gene promoters, which 
restores BRCA protein expression and reactivates the HRR 
pathway (64) and compensatory upregulation of key DNA repair 
proteins. For instance, loss of BRCA1/2 induces compensatory 
activation of RAD51 recombinase (RAD51), which bypasses 
HRR defects to restore double‑strand break (DSB) repair 
capacity, thereby conferring chemotherapy resistance (65). 
Loss of 53BP1 partially restores HRR in BRCA‑deficient cells 
by modulating DNA end resection, thereby enabling escape 
from PARPi‑induced synthetic lethality (66,67). Dysfunction 
of HRR‑associated proteins such as partner and localizer of 

BRCA2 (PALB2), which works together with BRCA1/2 and 
RAD51 to mediate HRR, may also lead to HRR deficiency 
and sensitize tumors to PARPi. For example, loss of PALB2 
similarly disrupts HRR and increases sensitivity to PARPi. 
However, certain PALB2 mutations may impair its binding to 
BRCA1/2, resulting in partially retained HRR function and 
subsequent drug resistance. Targeting the PALB2 recruitment 
machinery may thus represent a promising therapeutic strategy 
for BRCA1‑mutated tumors (68‑70). Clinical data have demon‑
strated that combining PARPi with chemotherapeutic agents, 
such as paclitaxel and gemcitabine, or immunotherapeutic 
agents, such as pembrolizumab, shows potential in overcoming 
drug resistance (71). Future precision therapies targeting HRR 
deficiency are expected to expand the eligible patient popula‑
tion in breast cancer. Further investigation of pathways that 
crosstalk with the HRR network may reveal novel targets for 
overcoming PARPi resistance. In clinical practice, molecular 
profiling of HRR gene alterations could enable early identifi‑
cation of patients at high risk of treatment resistance and guide 
personalized therapeutic strategies (Fig. 4).

Non‑homologous end joining (NHEJ) pathway activation. 
NHEJ is a primary pathway for repairing DSBs in mammalian 
cells. Upon the occurrence of DSBs, the Ku70/80 heterodimer 
is rapidly recruited to the broken ends and binds to them in 
a sequence‑nonspecific manner. This recruitment is followed 
by the assembly and activation of the DNA‑dependent protein 
kinase catalytic subunit, facilitating synapsis of the broken 

Figure 3. Epigenetic regulation of MDR in breast cancer. (A) DNA methylation by DNMTs silences tumor suppressors, such as BRCA1, and activates resistance 
genes, such as ABCB1, reversed by DNMTi/PRMTi. (B) Histone modifications (acetylation, phosphorylation, ubiquitination) regulate oncogene expression 
and Wnt/β‑catenin‑mediated DNA repair and metastasis. (C) Non‑coding RNAs (lncRNAs, circRNAs, miRNAs) modulate ABC transporter expression, EMT 
and mRNA stability. MDR, multidrug resistance; DNMTs, DNA methyltransferases; BRCA1, breast cancer susceptibility gene 1; ABCB1, ABC subfamily B 
member 1; DNMTi, DNA methyltransferase inhibitors; PRMTi, protein arginine methyltransferase inhibitors; lncRNAs, long non‑coding RNAs; miRNAs, 
microRNAs; circRNAs, circular RNAs; ABC, ATP binding cassette; EMT, epithelial‑mesenchymal transition; HATi, histone acetyltransferase inhibitors; 
HAT, histone acetyltransferase; HDAC, histone deacetylase; HDACi, histone deacetylase inhibitors.
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DNA ends. Subsequently, end‑processing factors, including 
the Artemis nuclease, are engaged to prepare the termini for 
ligation. Ultimately, the X‑ray repair cross‑complementing 
(XRCC) 4‑like factor complex, in conjunction with DNA 
ligase IV, catalyzes the final ligation step to complete the repair 
process (72‑74). The repair process frequently introduces base 
deletion or insertion mutations, leading to reduced sequence 
fidelity. In breast cancer, core NHEJ components are frequently 
upregulated. This elevation is regarded as a compensatory 
adaptation to genomic instability or impairments in other DSB 
repair pathways, thereby conferring resistance to radiotherapy 
and numerous chemotherapeutic agents (75,76). Additionally, 
the alternative non‑homologous end joining (Alt‑NHEJ) 
pathway is mediated by key factors such as DNA ligase III, 
DNA polymerase θ, and PARP1. Their upregulation is closely 
associated with tumor progression and drug resistance. When 
canonical NHEJ is impaired, Alt‑NHEJ is activated as a 
backup pathway to maintain genome integrity, paradoxically 
promoting drug resistance (77). The aforementioned evidence 
indicates that NHEJ and its alternative pathways contribute to 
drug resistance in breast cancer via a multi‑molecular interac‑
tion network. Targeting key factors in the NHEJ pathway may 
represent a promising strategy to overcome NHEJ‑mediated 
resistance (Fig. 4).

Base excision repair (BER) pathway activation. The BER 
pathway serves as a primary cellular defense mechanism 
against DNA single‑base lesions and single‑strand breaks, 

primarily repairing damage caused by both endogenous and 
exogenous factors such as reactive oxygen species (ROS), 
alkylating agents, and ionizing radiation  (78‑80). First, 
chemotherapy‑induced DDR is considered. The BER pathway 
effectively reverses DNA lesions induced by chemotherapeutic 
agents such as cisplatin, significantly reducing the cytotoxic 
efficacy of these drugs against cancer cells (81). Flap endonu‑
clease 1 (FEN1), a key enzyme in BER, is often overexpressed 
in TNBC and confers resistance to chemotherapeutic agents. 
Inhibition of FEN1 has been shown to sensitize tumor cells to 
treatment (82). Second, the influence of genetic variation, such 
as single‑nucleotide polymorphisms in BER‑related genes, 
including XRCC1, may alter BER efficiency and consequently 
affect treatment response and prognosis in patients with breast 
cancer (83). Currently, no specific therapeutic agents targeting 
the BER pathway are available beyond PARPi. Therefore, 
systematic identification of key biomarkers in the BER 
pathway, such as the expression level of DNA polymerase β, 
XRCC1 mutation status, and FEN1 activity, will contribute to 
the precise screening of patients likely to benefit, and provide 
a theoretical basis for developing novel targeted strategies 
(Fig. 4).

Hyperactivation of nucleotide excision repair (NER). NER 
is an essential DNA repair mechanism in mammalian cells, 
dedicated to removing bulky DNA lesions that distort the 
helical structure, such as UV‑induced cyclobutane pyrimidine 
dimers and DNA damage generated by chemotherapeutic 

Figure 4. DNA damage repair pathways in breast cancer. The schematic depicts BER, HRR, NHEJ, NER, and MMR mechanisms. PARPi selectively induce 
cell death via synthetic lethality in BRCA1/2‑deficient tumors. Compensatory upregulation of these pathways mediates resistance to chemotherapy and PARPi. 
BER, base excision repair; HRR, homologous recombination repair; NHEJ, non‑homologous end joining; NER, nucleotide excision repair; MMR, mismatch 
repair; PARP, poly(ADP‑ribose) polymerase inhibitors; BRCA1/2, breast cancer susceptibility genes 1/2; APE1, apurinic/apyrimidinic endonuclease 1; CtIP, 
CtBP‑interacting protein; RPA, replication protein A; MRN, MRE11‑RAD50‑NBS1 complex; HR, homologous recombination; FEN1, flap endonuclease 1; 
POLβ, DNA polymerase β; LigaseIII, DNA ligase III; XRCC1, X‑ray repair cross‑complementing 1; PALB2, partner and localizer of BRCA2; BRCA1, breast 
cancer susceptibility gene 1; BRCA2, breast cancer susceptibility gene 2; RAD51, RAD51 recombinase; DNA‑PKcs, DNA‑dependent protein kinase catalytic 
subunit; Ligase‑IV, DNA ligase IV; XRCC4, X‑ray repair cross‑complementing protein 4‑like factor; TFIIH, transcription factorⅡH; XPA, xeroderma pigmen‑
tosum complementation group A protein; ERCC1, excision repair cross‑complementation group 1; XPF, xeroderma pigmentosum group F‑complementing 
protein; XPG, xeroderma pigmentosum complementation group G protein; MutL, mismatch repair protein complex; MutS, mismatch recognition protein 
complex; Exo1, exonuclease 1; RFC, replication factor C.
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agents. In breast cancer, aberrantly elevated NER activity effi‑
ciently removes cisplatin‑induced DNA adducts and impedes 
damage accumulation, thereby mediating both intrinsic and 
acquired resistance to this chemotherapeutic agent (84,85). 
Excision repair cross‑complementation (ERCC) group 1, a 
rate‑limiting enzyme in the NER pathway, confers cellular 
resistance to platinum‑based drugs when highly expressed 
due to enhanced DNA repair capacity (86). Further studies 
revealed that methylation of the ERCC4 gene promoter 
results in loss of its encoded product, xeroderma pigmen‑
tosum group F‑complementing protein (XPF), thereby 
suppressing NER function and increasing cisplatin sensi‑
tivity. Conversely, restoring XPF expression reactivates NER 
and reduces cisplatin efficacy, suggesting that epigenetic 
modulation of ERCC4 to target NER activity holds thera‑
peutic potential (87,88). Moreover, under specific contexts, 
BRCA1 facilitates the clearance of chemotherapy‑induced 
DNA lesions and promotes genomic stability through co‑acti‑
vation of NER (89). However, the functional landscape of 
NER activity in breast cancer remains incompletely defined. 
Precise identification of NER deficiencies or hyperactiva‑
tion is expected to guide the development of NER‑targeting 
agents, thereby increasing chemosensitivity and overcoming 
drug resistance (Fig. 4).

Mismatch repair (MMR) deficiency. The MMR system 
maintains genomic stability by recognizing and correcting 
base‑base mismatches during DNA replication. In breast 
cancer chemoresistance, it mediates context‑dependent resis‑
tance through bidirectional epigenetic reprogramming. On 
one hand, loss of MMR function, such as that induced by 
MutL Homolog 1 (MLH1) or MutS Homolog 2 (MSH2) gene 
silencing, causes microsatellite instability‑high and may 
initially increase tumor sensitivity to DNA‑damaging agents. 
However, sustained MMR deficiency ultimately promotes 
genomic instability. For example, in doxorubicin resistance, 
hypermethylation of the MSH2 promoter compromises MMR 
function, facilitates the accumulation of acquired mutations, 
and leads to secondary resistance  (90‑92). On the other 
hand, anthracycline‑induced hypomethylation of MLH1 or 
MSH2 promoters can enhance MMR gene expression and 
repair activity. This enables cancer cells to excessively clear 
DNA damage, resulting in pan‑chemoresistance (93). The 
MutL complex genes (MLH1, PMS1, PMS2, and MLH3) 
are core components of the MMR pathway. Defects in 
these genes disrupt MMR function, preventing ER‑positive 
breast cancers from effectively suppressing CDK4 activity 
during endocrine therapy, thereby conferring treatment 
resistance. Consequently, MMR deficiency may serve as a 
predictive biomarker for response to CDK4/6 inhibitors (94). 
Furthermore, it has been shown that the HR and MMR path‑
ways are functionally interconnected in DNA repair‑deficient 
tumors and share key protein components. Although the 
precise mechanisms remain incompletely elucidated, this 
crosstalk offers novel insights and potential therapeutic 
targets for precision oncology (95). In summary, co‑targeting 
complementary DNA damage response pathways, such as 
combining PARPi with MMR targeting strategies, repre‑
sents a promising therapeutic approach to overcome drug 
resistance in breast cancer (Fig. 4).

7. Alterations in metabolic reprogramming

Enhanced glycolysis. Metabolic reprogramming in breast 
cancer cells is characterized by markedly enhanced glycolysis 
(the Warburg effect), which operates synergistically with the 
tricarboxylic acid cycle and the hexosamine biosynthesis 
pathway to supply energy and biosynthetic precursors that 
promote tumor cell survival, invasion, and maintenance 
of stemness under chemotherapy‑induced stress  (96). For 
instance, Pim‑2 proto‑oncogene, serine/threonine kinase was 
shown to bind to and promote phosphorylation of 6‑phospho‑
fructo‑2‑kinase at Ser478, thereby enhancing glycolytic activity 
and conferring paclitaxel resistance in breast cancer cells (97). 
Moreover, pyruvate kinase M2 was demonstrated to activate 
autophagy, supplying tumor cells with energy and metabolic 
intermediates that bolster survival advantage under drug pres‑
sure. Thus, the ‘glycolysis‑autophagy axis’ represents a core 
mechanism underlying chemoresistance (98). Hexokinase 2 
(HK2) also activates the NF‑κB pathway, leading to upregula‑
tion of PD‑L1 expression, which drives immune escape and 
influences tumor immune infiltration and patient prognosis. 
These findings suggest that combining PD‑L1 blockade with 
HK2‑targeted therapy may offer a novel therapeutic strategy 
for breast cancer (99). The end product of glycolysis, lactate, 
contributes to tumor progression by acidifying the tumor micro‑
environment, suppressing immune responses, and modulating 
oncogene expression  (100). Therefore, developing specific 
inhibitors targeting key glycolytic enzymes and using them 
in combination with existing anticancer drugs may overcome 
therapy resistance by inhibiting tumor glycolytic metabolism 
and enhancing immune responses, thereby providing a novel 
strategy for breast cancer treatment (96) (Fig. 5).

Dysregulation of lipid metabolism. Disorders in lipid metabo‑
lism contribute to treatment evasion in breast cancer cells 
by regulating fatty acid synthesis, cholesterol metabolism, 
and phospholipid remodeling, thereby providing a sustained 
energy supply and maintaining TME homeostasis (101,102). 
Key lipid metabolic enzymes are tightly regulated by transcrip‑
tion factors that drive aberrant synthesis and accumulation 
of fatty acids and cholesterol, thereby enhancing resistance 
to chemotherapy, endocrine therapy, and targeted therapy. 
Sterol regulatory element‑binding protein 1 promotes fatty 
acid synthesis via Akt/mTOR activation, thereby increasing 
cell membrane fluidity and reducing drug influx, leading 
to doxorubicin resistance  (103). Dysregulated cholesterol 
metabolism enhances chemoresistance by upregulating ABC 
transporter expression and facilitating lipid raft‑mediated 
signaling  (104). The ketone body‑producing rate‑limiting 
enzyme 3‑hydroxy‑3‑methylglutaryl‑CoA synthase 2 is 
highly expressed in tamoxifen‑resistant breast cancer, and 
developing inhibitors against it represents a promising 
strategy for reversing endocrine resistance  (105). Notably, 
lipid metabolic reprogramming also modulates EMT and 
stemness, remodels the immune microenvironment, and alters 
chemotherapeutic metabolism, collectively exacerbating drug 
resistance (106‑108). This multi‑layered and multi‑targeted 
metabolic network highlights targeting key nodes of lipid 
metabolism as a potential therapeutic strategy to overcome 
drug resistance in breast cancer (Fig. 5).
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Aberrant amino acid metabolism. Amino acids serve as 
essential nutrients for sustaining cellular life. Metabolic 
reprogramming of amino acids has been demonstrated to 
significantly promote the proliferation, metastasis, and therapy 
resistance of breast cancer cells, a process closely associated 
with dysregulated expression of amino acid transporters and 
altered activity of key enzymes. Research has revealed that 
solute carrier family 7 member 5 (SLC7A5), an amino acid 
transporter, is highly expressed across different breast cancer 
subtypes, particularly in Luminal B breast cancer, where 
its elevated expression is associated with poor patient prog‑
nosis, suggesting its potential as a therapeutic target in this 
subtype (109). In TNBC, chemotherapy‑induced reactive ROS 
stress prompts cancer cells to enhance glutamine metabolism 
by upregulating glutaminase (GLS) and glutamate trans‑
porters, leading to massive glutamate efflux. This facilitates 
GSH synthesis to scavenge ROS and maintain redox homeo‑
stasis, thereby driving chemoresistance. Targeting glutamate 
depletion or inhibiting GLS and the cystine/glutamate 
transporter SLC7A11 (xCT) disrupts this antioxidant system, 
resulting in ROS accumulation and resensitization to treat‑
ment (110,111). Amino acid metabolism also interfaces with 
the TME: Tumor cells compete with immune cells, such as 
T cells, for key amino acids such as tryptophan and arginine, 
supporting tumor survival and proliferation. Meanwhile, accu‑
mulation of the tryptophan metabolite kynurenine suppresses 
T‑cell function and fosters an immunosuppressive TME, ulti‑
mately compromising immunotherapy efficacy and indirectly 

contributing drug resistance in breast cancer  (112,113). In 
summary, targeting amino acid transporters, such as with 
SLC7A5 inhibitors, in combination with metabolic inhibitors 
and immunotherapy, along with metabolism‑based preci‑
sion therapy, represents a promising strategy for overcoming 
drug‑resistant breast cancer (Fig. 5).

Alterations in nucleotide metabolism. Nucleotides function as 
the fundamental building blocks for DNA/RNA synthesis and 
participate in cellular energy metabolism, signaling transduc‑
tion, and proliferation regulation. In breast cancer, upregulation 
of rate‑limiting enzymes in the de novo nucleotide synthesis 
pathway promotes excessive purine and pyrimidine accumula‑
tion, which activates downstream signaling cascades, enhances 
tumor stemness and metastatic potential, and facilitates DDR, 
ultimately leading to chemoresistance (114,115). For instance, 
elevated expression of the purine metabolic enzyme phos‑
phoribosylaminoimidazole succinocarboxamide synthetase 
enhances ERα activity through the cyclic adenosine mono‑
phosphate‑protein kinase A‑mTOR signaling axis, resulting 
in tamoxifen resistance in breast cancer (116). Furthermore, 
nucleotide metabolic reprogramming contributes to therapy 
resistance by modulating the TME. Tumor cells consume 
nucleotide precursors and release immunosuppressive metabo‑
lites, leading to T‑cell dysfunction through nutrient competition 
and subsequent immune escape (117,118). Therefore, targeting 
nucleotide metabolism in combination with conventional thera‑
pies may offer a novel multi‑target strategy to overcome drug 

Figure 5. Metabolic reprogramming in breast cancer and its therapeutic targets. Upregulated glycolysis, glutamine metabolism and nucleotide synthesis sustain 
tumor bioenergetics, redox balance (GSH/ROS) and DDR. Lipid metabolism and the TCA cycle provide additional energetic support. These adaptations drive 
PD‑L1‑mediated immune evasion and EMT, promoting drug resistance. GSH, glutathione; ROS, reactive oxygen species; DDR, DNA damage repair; TCA, 
tricarboxylic acid; PD‑L1, programmed death ligand 1; EMT, epithelial‑mesenchymal transition; SLC7A11, solute carrier family 7 member 11; ABC, ATP 
binding cassette; HK2, hexokinase 2; G‑6‑P, glucose‑6‑phosphate; F‑6‑P, fructose‑6‑phosphate; PFKFB3, 6‑phosphofructo‑2‑kinase/fructose‑2,6‑biphos‑
phatase 3; F‑2,6‑BP, fructose‑2,6‑bisphosphate; PKM2, pyruvate kinase M2; PEP, phosphoenolpyruvate; Ribose‑5‑P, ribose‑5‑phosphate; GLS, glutaminase; 
PD‑1, programmed cell death protein 1.
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resistance in breast cancer by synergizing metabolic intervention 
with immune modulation (Fig. 5).

8. Conclusions and future perspectives

Breast cancer is one of the most common malignancies in 
women. Standard treatment regimens include chemotherapy, 
as well as endocrine and targeted therapies; however, acquired 
drug resistance significantly shortens patient survival and 
remains a major clinical challenge. Drug resistance in breast 
cancer arises from a multifactorial, interconnected network 
encompassing ABC transporter‑mediated drug eff lux, 
hypoxic and immunosuppressive TME remodeling, aberrant 
epigenetic reprogramming via DNA methylation, histone 
modifications and ncRNAs, compensatory activation of DDR 
pathways including HRR and NHEJ, and adaptive metabolic 
rewiring involving glycolysis, lipid, amino acid, and nucleo‑
tide metabolism. These mechanisms are co‑regulated by key 
signaling axes such as PI3K/AKT/mTOR, Wnt/β‑catenin, 
and HIF‑1α. Correspondingly, effective therapeutic solutions 
include combination regimens integrating targeted inhibitors, 
such as PI3K/mTOR inhibitors and HDACi, immune‑based 
modalities such as CAR‑T, CAR‑natural killer cells, bispe‑
cific T‑cell engagers, oncolytic viruses, and ADCs, alongside 
stimuli‑responsive nanocarriers and proteolysis‑targeting 
chimeras that enhance delivery precision and reduce off‑target 
toxicity.

Additionally, it is worth noting that the microbiome can 
regulate estrogen metabolism and host immune responses, 
directly promoting breast cancer development and the 
emergence of chemotherapy resistance. Conversely, certain 
probiotic Lactobacillus species can enhance antitumor immu‑
nity, thereby playing a bidirectional regulatory role in disease 
progression and treatment (119). This duality is well exempli‑
fied by previous studies. Pro‑tumorigenic effects were observed 
in the findings of Ma et al (120), who reported that entero‑
toxigenic Bacteroides  fragilis activates nucleotide‑binding 
oligomerization domain‑containing 1‑Notch receptor 1 
signaling via Bacteroides fragilis toxin‑1, enriching BCSCs 
and driving chemoresistance; similarly, Fu et al (121) showed 
that intratumoral bacteria remodel the cytoskeleton of circu‑
lating tumor cells, facilitating metastatic colonization (121). 
Conversely, anti‑tumorigenic effects were demonstrated by 
Wu et al (122), who found that flaxseed lignans, converted by 
the gut microbiota into enterolactone, downregulate CD38 and 
enrich Akkermansia, synergizing with PD‑1/PD‑L1 inhibitors 
to suppress tumor growth (122). Therefore, through the inte‑
gration of prospective interventional trials with multi‑omics 
and artificial intelligence, the clinical value of gut and breast 
microbiota as predictive biomarkers for therapeutic response 
and as druggable targets for reversing drug resistance in breast 
cancer can be systematically validated.

In summary, future efforts should focus on developing 
switch‑controlled immunotherapies and local prodrug strate‑
gies to improve treatment safety, constructing smart‑responsive 
nanocarriers and exosome‑based platforms to overcome drug 
delivery challenges, and adopting staged combination regi‑
mens along with microenvironmental synergistic modulation 
to reduce drug toxicity. Artificial intelligence should assist 
in designing highly potent, low‑toxicity candidate molecules, 

recommending personalized regimens based on dynamic 
changes in drug resistance, and forming a closed‑loop feed‑
back with intelligent delivery systems to establish a precision 
framework that transitions from real‑time monitoring to 
adaptive therapy. Ultimately, this would transform breast 
cancer resistance into a long‑term controllable paradigm char‑
acterized by predictability, real‑time monitoring, and timely 
intervention, thereby delaying or even reversing resistance.
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