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Abstract

Breast cancer continues to be a predominant source of morbidity and mortality globally, with oxidative stress
identified as a key factor in its onset, advancement, and resistance to treatment. Reactive oxygen species (ROS)
drive genomic instability, induce DNA damage, and activate oncogenic signaling pathways that promote malignant
transformation and tumor progression. At the same time, problems with both enzymatic and non-enzymatic
antioxidant defenses speed up the disease and make treatment less effective. This review elucidates the dual
role of oxidative stress in breast cancer, focusing on its influence on tumor biology and therapeutic response
by analyzing key antioxidant systems-including superoxide dismutases, catalase, and glutathione peroxidases
and emphasizing their adaptive upregulation during early carcinogenesis and subsequent decline as the disease
progresses. Nanotechnology-based delivery systems are discussed for their ability to enhance tumor selectivity,
overcome drug resistance, and minimize systemic toxicity while restoring redox balance. However, finding the
best way to use these methods to get the most therapeutic benefit while causing the least amount of systemic
toxicity is still a big problem. Future perspectives emphasize the necessity of identifying and clinically validating
oxidative stress biomarkers to facilitate early detection, prognostication, and personalized therapeutic strategies.
Additionally, a more profound comprehension of redox biology and its interaction with immune modulation is
essential for the advancement of innovative and effective redox-based interventions in breast cancer management.
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1. Introduction

Breast cancer, marked by significant genetic ~ environment [3, 4].

heterogeneity and complex etiology, remains a considerable
global health challenge despite significant progress in
carly diagnosis and treatment strategies. An increasing
body of evidence underscores oxidative stress and
dysregulated redox signaling as pivotal factors in essential
oncogenic processes, such as tumor initiation, clonal
development, metastasis, and therapeutic resistance [1, 2].
The introduction of hormone treatments, HER2-targeted
medicines, and immunotherapy has markedly enhanced
clinical outcomes; yet, treatment failure and discase
recurrence continue to be predominantly influenced
by enduring redox imbalances within the tumor micro

The dynamic interplay between reactive oxygen
species (ROS) production and antioxidant defense
mechanisms drives breast cancer progression by inducing
genomic instability, perpetuating chronic inflammation,
promoting angiogenesis, facilitating immune evasion,
and triggering epithelial-mesenchymal transition (EMT)
[5, 6]. Oxidative stress significantly influences the tumor
microenvironment by altering stromal and immune cell
activities, collectively promoting a more aggressive and
treatment-resistant phenotype. Notably, current treatment
paradigms aim to exploit this redox vulnerability, either by
reinstating natural antioxidant capacity or by enhancing
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oxidative stress to selectively induce cancer cell death
[7, 8].

In this review, we present a thorough synthesis
of molecular and clinical perspectives regarding
the involvement of oxidative stress in breast cancer
development. We also talk about the possible uses of
redox-based biomarkers for predicting disease and treating
it, as well as new ways to change redox levels. A more
thorough understanding of the oxidative environment
in breast cancer could lead to more targeted treatments,
which would be a new source of hope for better patient
outcomes.

1.1 Oxidative Stress and Reactive Oxygen Species (ROS):
General Concepts

Reactive oxygen species (ROS) are very reactive
molecules that come from oxygen. They include free
radicals like superoxide anion (O2*") and hydroxyl radical
(*OH), in addition to non-radical species like hydrogen
peroxide (H20:) and singlet oxygen (*O2) [9]. Primarily
produced as by-products of mitochondrial oxidative
phosphorylation, reactive oxygen species (ROS) play
crucial roles in regulating several cellular processes, which
include proliferation, differentiation, and immunological
responses under physiological settings [10].

An intricate antioxidant defense system strictly
controls ROS levels to keep cellular redox equilibrium.
This system includes both enzymatic antioxidants,
including superoxide dismutase (SOD), catalase (CAT),
and glutathione peroxidase (GPx), and non-enzymatic
antioxidants, like glutathione (GSH), vitamins C and E,
and thioredoxin [11]. Maintaining proper cellular function
and preventing oxidative damage depends on the right
balance between the production of ROS and the activity
of antioxidants.

Oxidative stress occurs when this redox balance is
upset, causing too much ROS to build up and overwhelm
the body’s own antioxidant defenses [12]. The oxidative
damage that follows to DNA, lipids, and proteins harms
the integrity of the genome, messes with cellular signaling
networks, and starts pro-inflammatory cascades, all of
which are important for oncogenic transformation and
tumor growth [13, 14].

Historically, reactive oxygen species (ROS) were
perceived merely as harmful metabolic by-products;
however, recent research reveals a more complex
perspective, acknowledging their dual function as
essential signaling mediators and pathogenic instigators.
At regulated levels, reactive oxygen species (ROS)
function as secondary messengers in vital signaling
pathways needed for cellular adaptability and survival;
nonetheless, prolonged or excessive ROS exposure
can trigger cellular senescence, apoptosis, or malignant
transformation, contingent upon the cellular environment
[15, 16]. In breast cancer, chronic oxidative stress not
only induces mutagenesis and genomic instability but also
facilitates tumor cell proliferation, apoptotic resistance,
angiogenesis, immunological evasion, and metastatic
spread [17, 18].

Consequently, a detailed understanding of ROS
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biogenesis and redox regulatory networks is critical
to elucidate their contribution to breast carcinogenesis
[19]. These processes do not occur in isolation; they
are influenced by intrinsic factors such as chronic
inflammation, hormonal dysregulation, and metabolic
disturbances. Together, these elements create a tumor-
promoting redox environment that highlights the urgent
need for innovative redox-targeted therapeutic strategies
[20].

2. ROS in Breast Carcinogenesis

2.1 Initiation Stage: Oxidative Stress, DNA Damage, and
Genomic Instability

Breast carcinogenesis commences with the gradual
accumulation of genetic and epigenetic modifications,
wherein oxidative stress acts as a primary catalyst. Several
risk factors including chronic inflammation, hormonal
imbalances, environmental exposures, and metabolic
dysregulation converge on mitochondrial dysfunction and
aberrant activation of NADPH oxidases, thereby driving
excessive ROS production in mammary epithelial cells
[21, 22]. Mitochondrial dysfunction, coupled with the
aberrant activation of ROS-producing enzymes such as
NADPH oxidases, exacerbates intracellular oxidative
stress, leading to a range of DNA lesions, including
8-0x0-2’-deoxyguanosine (8-oxo-dG) adducts, single-
and double-strand breaks, and chromosomal instability
[23,24].

Importantly, oxidative DNA damage leads to the
build-up of mutations in important oncogenes and tumor
suppressor genes, such as TP53 and BRCA1/2, which
are often changed in breast cancer [25]. Moreover,
ROS-induced telomere attrition and malfunction
promote replicative senescence evasion and cellular
immortalization, creating conditions conducive to
premature malignant transformation [26]. In summary,
long-term oxidative stress creates a base of genetic
instability that leads to the start of breast cancer.

2.2 Promotion Stage: Chronic Inflammation, Redox
Imbalance, and Neoplastic Progression

During the promotion phase, chronic oxidative stress
and persistent inflammation work together to make
preneoplastic cells grow in number. Pro-inflammatory
cytokines, including TNF-a, IL-1p, and IL-6, primarily
released by invading immune cells such as macrophages
and neutrophils, further enhance ROS generation inside
the tumor microenvironment [27]. Increased ROS levels
not only cause more damage to DNA, but they also make
important cancer-causing signaling pathways stronger[28]:

The activation of NF-xB encourages the transcription
of genes linked to proliferation, angiogenesis, and immune
evasion [29].

The activation of STAT3, which is commonly done
through IL-6 signaling, increases inflammation, growth,
and survival that help tumors grow [30].

The inactivation of PTEN by ROS-mediated oxidation
leads to the hyperactivation of the PI3K/Akt/mTOR
pathway, which causes metabolic reprogramming and

908 Asian Pacific Journal of Cancer Biology* Vol 11+ Issue 3



apjcb.waocp.com

Rusul Saad, et al: Redox Imbalance in Breast Cancer: From Mechanisms to Targeted Therapeutic Strategies

Initiation Phase
+ Induce DNA damage

Schematic Summary

Reactive oxygen species (ROS)

Promotion Phase

« Drive inflammatory
signaling cascades

= Activate survival

« Telomere
disfunction pathways =» . Facilitating metastatic
« Genomic instabilitiy = Reprogramm cellular disseminination
= metabolism = Contributing to
« Ecicilitate— @ therapeutic —)&
cmitr EMT resistance O

Progression Phase
» Enhance angiogenesis

+ Promote immune
evasion

Figure 1. Schematic Overview of ROS Involvement in Cancer Development and Progression.

resistance to apoptosis [31].

Oxidative stress also causes epigenetic reprogramming
by changing how DNA methyltransferases (DNMTs) and
histone-modifying enzymes work. This turns off tumor
suppressor genes and turns on oncogenic circuits [32].
ROS-induced epithelial-mesenchymal transition (EMT),
marked by the upregulation of transcription factors
including Snail, Slug, and Twist, confers increased
motility, invasiveness, and stem cell-like characteristics to
cells, thereby contributing to breast cancer heterogeneity
and therapeutic resistance [33, 34].

2.3 Progression Stage: Malignant Transformation,
Angiogenesis, and Metastasis

During the progression phase, oxidative stress
regulates critical molecular processes that enhance
tumor aggressiveness and facilitate systemic dispersion.
Increased levels of reactive oxygen species (ROS)
stabilize hypoxia-inducible factor-1 alpha (HIF-1a)
in normal oxygen conditions, a process known as
“pseudohypoxia.” This leads to the upregulation of
angiogenic mediators such vascular endothelial growth
factor (VEGF) and encourages the formation of new
blood vessels [35].

At the same time, ROS-mediated activation of matrix
metalloproteinases (MMP-2, MMP-9) breaks down the
extracellular matrix (ECM), which makes it easier for
tumor cells to invade and spread [36, 37]. Oxidative
stress that lasts a long time also weakens the cytotoxic
capabilities of tumor-infiltrating lymphocytes (TILs) and
natural killer (NK) cells, which helps the tumor escape
the immune system and proliferate [38].

Importantly, long-term exposure to ROS makes tumor
cells better at repairing DNA and turns on mechanisms
that stop cells from dying, such as increasing the levels of
Bcl-2 family proteins and keeping NF-«B signaling going.
This makes tumor cells more resistant to chemotherapy
and radiotherapy. So, oxidative stress not only speeds up
the growth of breast cancer, but it also makes it very hard
to treat effectively [39, 40].

Schematic Summary

Reactive oxygen species (ROS) are essential at all
phases of breast carcinogenesis:

1-Initiation Phase: ROS cause DNA damage, telomere
malfunction, and genomic instability, which are all things

that can lead to cancer [41].

2-Promotion Phase: ROS start inflammatory signaling
cascades, turn on survival pathways, change how cells use
energy, and make it easier for epithelial-mesenchymal
transition (EMT) to happen. All of these things help tumors
grow and adapt [42].

3-Progression Phase: ROS boost angiogenesis,
promote immune evasion, facilitate metastatic dispersion,
and contribute to treatment resistance, promoting tumor
aggressiveness and poor prognosis [43].

A comprehensive understanding of ROS-mediated
mechanisms presents intriguing pathways for the
identification of novel biomarkers and therapeutic
targets, ultimately aimed at enhancing tailored tactics and
improving clinical outcomes for breast cancer patients

(Figure 1).
3. Antioxidant Systems in Breast Tissue

3.1 Overview of Cellular Antioxidant Defense Mechanisms

Like other tissues that grow quickly, breast tissue is
always subjected to a lot of oxidative stress from both
inside and outside the body. To mitigate the harmful
effects of reactive oxygen species (ROS), a complex
and meticulously regulated antioxidant defense network
has developed, consisting of both enzymatic and non-
enzymatic elements [44].

Superoxide dismutases (SODs), catalase (CAT), and
glutathione peroxidases (GPx) are the main enzymatic
antioxidants that protect cells. SODs turn superoxide
anions (Oz¢") into hydrogen peroxide (H20:), which is then
broken down into water and molecular oxygen by catalase.
This stops the formation of highly reactive hydroxyl
radicals (*OH). GPx enzymes also use glutathione (GSH)
as an electron donor to break down hydrogen peroxide
and lipid hydroperoxides, which helps minimize oxidative
damage even more [45].

Simultaneously, non-enzymatic antioxidants such
as glutathione, vitamins C and E, thioredoxin, and
peroxiredoxins function as vital free radical scavengers,
neutralizing reactive oxygen species (ROS) prior to their
potential damage to crucial cellular components, including
DNA, lipids, and proteins. These tiny molecules serve
as an important extra layer of defense that works with
enzymatic systems to keep cells stable [46].

The dynamic interaction between antioxidant enzymes
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Figure 2. Overview of Cellular and Antioxidant Defense Mechanisms.

and redox-sensitive transcription factors, particularly
Nuclear Factor Erythroid 2-Related Factor 2 (Nrf2),
guarantees a rapid and flexible cellular response to
oxidative disturbances. The activation of the Nrf2
pathway results in the transcriptional upregulation of
numerous cytoprotective genes that play roles in redox
control, detoxification, and cellular repair mechanisms.
Consequently, preserving the fragile equilibrium between
reactive oxygen species (ROS) production and antioxidant
defenses is crucial for protecting breast tissue integrity
and averting the emergence of oxidative stress-related
diseases, including malignant transformation (Figure 2)
[47, 48].

3.2 Antioxidant Responses in Early-Stage Breast Lesions

During the initial stages of breast carcinogenesis,
especially in precursor lesions like ductal carcinoma
in situ (DCIS), there is often an increase in antioxidant
defense systems. Continuous exposure to oxidative stress,
influenced by hormonal variations, chronic inflammation,
and environmental carcinogens, triggers an adaptive
antioxidant response to reduce ROS-induced cellular
damage [1, 49].

The Nuclear Factor Erythroid 2-Related Factor 2
(Nrf2) signaling pathway is a key part of this reaction. In
oxidative stress, Nrf2 breaks away from its cytoplasmic
inhibitor, Keap1, and moves to the nucleus, where it binds
to antioxidant response elements (ARE) in the promoter
regions of target genes [50]. This transcriptional activation
causes a lot of cytoprotective genes to be turned on,
such as heme oxygenase-1 (HO-1), NAD (P) H quinone
dehydrogenase 1 (NQO1), and glutamate-cysteine ligase
catalytic subunit (GCLC). It also strengthens classical
antioxidant enzymes like SOD, catalase, and GPx [47].

This increased ability to fight oxidative damage helps
protect cells and keep them in balance, but it could also
help tumors grow by helping cells with cancer-causing
mutations survive and multiply. In early breast tumors, this
redox adaption creates an environment that supports the
clonal growth of genetically abnormal cells, which helps
the transition from pre-invasive to invasive cancer [51].

3.3 Collapse of Antioxidant Defenses During Cancer
Progression

As breast lesions proceed from ductal carcinoma in situ
(DCIS) to invasive breast carcinoma, natural antioxidant

defenses are increasingly undermined. Oxidative stress
that doesn’t go away, caused by changes in the tumor
microenvironment and changes in metabolism, causes
important enzymatic antioxidant systems to stop working.
Assignificant decrease in the activity of essential enzymes,
such as superoxide dismutase (SOD), catalase, and
glutathione peroxidase (GPx), hinders the cell’s capacity
to neutralize excessive reactive oxygen species (ROS),
hence aggravating genomic instability and promoting
tumor progression [1, 52].

Epigenetic dysregulation exacerbates this decline;
promoter hypermethylation of antioxidant genes
including SOD2 and GPX3 has been observed in breast
cancer tissues, leading to transcriptional suppression
and a subsequent reduction in antioxidant capacity. The
downregulation of these protective genes allows oxidative
damages to build up, which leads to mutagenesis and the
clonal spread of aggressive tumor phenotypes [53, 54].

Nuclear Factor Erythroid 2-Related Factor 2 (Nrf2)
has a more complicated role as the disease gets worse.
While temporary activation of Nrf2 acts as a defense
against oxidative damage, long-term and persistent
activation may unintentionally increase the survival of
tumor cells by upregulating gene networks that protect
cells and promote survival, which can lead to resistance
to treatment [48, 55].

Mitochondrial dysfunction, marked by the depletion of
manganese-dependent superoxide dismutase (Mn-SOD)
and diminished glutathione (GSH) levels, exacerbates
oxidative stress in tumor cells. As redox homeostasis
declines, breast cancers become increasingly aggressive,
have enhanced metastatic potential, and develop resistance
to standard medicines, presenting significant obstacles for
effective therapeutic management (Figure 3) [56, 57].

4. Therapeutic Implications: Targeting Oxidative Stress

4.1 Antioxidants as Preventive and Therapeutic Agents

Since oxidative stress is a key factor in the development
of breast cancer, a lot of research has focused on
using antioxidants as both preventive and therapeutic
treatments. Antioxidants are thought to restore redox
balance, reduce DNA damage caused by ROS, and stop
chronic inflammation. This could slow the growth of
premalignant lesions and make traditional treatments
work better [58, 59].
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Figure 3. Role of Chronic Oxidative Stress and Nrf2 Dysregulation in Breast Cancer Progression

Epidemiological data indicate that diets abundant in
natural antioxidants such as vitamins C and E, B-carotene,
and polyphenolic compounds may correlate with a reduced
risk of breast cancer development. Vitamin C is a powerful
water-soluble antioxidant that removes a wide range of
ROS, restores damaged vitamin E, and strengthens the
body’s immunological surveillance systems. On the other
hand, vitamin E is an important lipid-soluble antioxidant
that protects cell membranes from lipid peroxidation and
keeps them strong while they are under oxidative stress
[60-62].

Natural polyphenols, such as curcumin, resveratrol,
and epigallocatechin gallate (EGCG), have attracted
significant attention due to their multifaceted anti-cancer
activities. These substances not only show strong
antioxidant and anti-inflammatory properties, but they
have also been shown to stop breast cancer cells from
growing, moving, and spreading in preclinical models
[63, 64].

In addition to dietary modifications, pharmacological
supplementation with antioxidant chemicals has been
explored as a chemopreventive approach, especially
among groups with a heightened risk of breast cancer.
Nevertheless, randomized clinical trials have produced
inconsistent results, with variations arising from
differences in study designs, antioxidant formulations,
dose regimes, and patient characteristics. Even with these
inconsistencies, antioxidant-based therapies still show
promise, especially for people who have a family history
of breast cancer or molecular markers that show they are
still under oxidative stress [65, 66].

4.2 Pro-oxidant Therapies: Inducing ROS Overload in
Cancer Cells

Unlike antioxidant treatments that aim to neutralize
reactive oxygen species (ROS), a new therapeutic
approach seeks to exploit the inherent susceptibility
of cancer cells to oxidative stress by intentionally
creating ROS overload. Breast cancer cells, akin to other
malignancies, frequently function near a critical threshold
of oxidative stress, attributable to heightened metabolic
activity, mitochondrial malfunction, and oncogene-
induced ROS generation. Therapeutic elevation of ROS
levels over this threshold can specifically induce death in
cancer cells while preserving normal cells that possess
more resilient antioxidant mechanisms [39, 51].

Numerous standard chemotherapeutic drugs, including
as cisplatin and paclitaxel, partially exert their cytotoxic
effects by inducing the production of excessive reactive
oxygen species (ROS), resulting in oxidative damage and
the activation of intrinsic apoptotic pathways [67]. Based
on this idea, new drugs that target redox homeostasis are
being actively researched. These encompass inhibitors of
thioredoxin reductase and glutathione synthase, both of
which impair the antioxidant buffering ability of cancer
cells and enhance ROS-induced cytotoxicity [68].

Photodynamic therapy (PDT) has also become a viable
pro-oxidant treatment for breast cancer. PDT entails the
application of a photosensitizing chemical succeeded by
localized light activation, leading to site-specific reactive
oxygen species (ROS) production and targeted tumor cell
destruction [69]. PDT has a big advantage over traditional
methods like surgery or radiation therapy since it causes
less damage to nearby healthy tissues, which lowers
systemic toxicity. Early-phase clinical trials have yielded
promising outcomes, highlighting the potential of PDT
and other pro-oxidant strategies as supplementary or
alternative therapies to standard breast cancer treatments
[70].

4.3 Challenges and Controversies in Redox-Targeted
Therapies

Even though changing oxidative stress in breast cancer
could lead to new treatments, there are still many problems
and disagreements that make it hard to put redox-targeted
therapies into practice. A fundamental challenge is in the
dualistic characteristics of reactive oxygen species (ROS)
and antioxidants in cancer biology [71]. Antioxidants
can protect normal cells and possibly stop them from
becoming cancerous, but taking too many or the wrong
kind of antioxidants can actually protect breast cancer
cells from the oxidative damage that chemotherapy or
radiotherapy can cause, which can make the treatment
less effective [72].

The timing, dosage, and molecular context of
antioxidant intervention are crucial factors influencing
therapeutic outcomes. Antioxidant therapy during
the initial phases of carcinogenesis may provide
chemopreventive advantages; conversely, in existing
tumors, improper application could unintentionally
enhance tumor cell survival and resistance [73]. Moreover,
the inherent variability of redox homeostasis among
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Table 1. Summary of Selected Redox-Targeting Agents and Their Therapeutic Characteristics in Breast Cancer

Therapy/Agent Mechanism of Action Stage Targeted Benefits Limitations

N-Acetylcysteine Replenishes glutathione, Early stages, Reduces oxidative DNA damage; Poor tumor

(NAC) scavenges ROS chemoprevention enhances antioxidant defenses ~ penetration; requires sustained
delivery

Vitamin E

Curcumin

Resveratrol

Doxorubicin
(at low doses)

Photodynamic
Therapy (PDT)

Redox-sensitive

Nanoparticles

Lipid-soluble antioxidant;
inhibits lipid peroxidation
Antioxidant,
antiinflammatory, modulates
NF«B and ROS
levels

Scavenges ROS, activates
antioxidant pathways (Nrf2)

Induces ROSmediated
apoptosis selectively in tumor
cells

Generates local ROS bursts
upon activation

Deliver

antioxidants or pro-oxidants
selectively to tumor sites

Early-stage breast lesions

Early to intermediate stages

Early invasive stages

Advanced breast cancer

Early and localized tumors

Experimental/preclinical

stages

Protects cell membranes;
synergizes with chemotherapy

Multifunctional;
low systemic toxicity

Inhibits proliferation;
induces apoptosis

Effective cytotoxic agent

Tumor-selective cytotoxicity;
minimal systemic side effects

High
selectivity; reduced offtarget
toxicity

Risk of highdose toxicity

Poor
bioavailability; rapid
metabolism

Low
bioavailability; high metabolic
clearance

Cardiotoxicity; therapy
resistance

Requires precise light
delivery; limited penetration
depth

Need for

clinical validation; potential
toxicity concerns

various breast cancer subtypes and individual patients
poses considerable challenges to the formulation of
universally effective antioxidant-based treatments [48].

Pro-oxidant methodologies encounter significant
constraints. While raising ROS levels above a lethal
threshold is an effective way to kill cancer cells,
uncontrolled oxidative damage can harm nearby normal
tissues, making inflammation worse, hurting organ
function, and raising the risk of secondary cancers.
Consequently, meticulous regulation of oxidative stress
levels is crucial to optimize treatment efficacy while
reducing unintended toxicities [49, 74].

It is imperative to identify and validate robust
biomarkers that indicate oxidative stress levels, antioxidant
capacity, and redox vulnerabilities to facilitate patient
stratification, enhance therapeutic strategies, and promote
the customization of redox-targeted therapies in breast
cancer treatment [75].

4.4 Future Perspectives: Redox Modulation as a
Therapeutic Strategy

Future treatment improvements in breast cancer should
focus on enhancing the comprehension of the molecular
regulators that control redox homeostasis in tumor cells.
Understanding these regulatory networks will be very
important for creating targeted therapies that change
oxidative stress pathways in a specific way [76, 77].The
combination of redox-targeting drugs with recognized
therapeutic modalities, such as chemotherapy, radiation,
and immunotherapy, constitutes a promising approach
to overcome therapeutic resistance and improve clinical
efficacy.

New technologies, especially in nanomedicine, provide
new ways to precisely control redox. Nanoparticle-
based delivery methods that may selectively transport
antioxidants or pro-oxidant chemicals to tumor tissues
have a lot of potential to make treatments more effective
while reducing side effects [69]. Furthermore, the clinical

incorporation of redox biomarkers may facilitate the
dynamic monitoring of oxidative stress levels, hence
enabling the early identification of treatment resistance
and permitting individualized therapy modifications [78].

In conclusion, while addressing oxidative stress
holds significant potential for enhancing breast cancer
outcomes, its clinical efficacy necessitates a sophisticated
and context-sensitive strategy. A thorough comprehension
of the interactions among oxidative stress, antioxidant
responses, and tumor biology will be essential for the
successful translation of redox-targeted therapeutics into
clinical practice [79] (Table 1).

5. Future Directions

The expanding recognition of oxidative stress as
a central driver of breast carcinogenesis has opened
promising avenues for translational research and
therapeutic innovation. A comprehensive understanding
of the intricate interplay between reactive oxygen species
(ROS), antioxidant defense systems, oncogenic signaling
pathways, and immune modulation is essential for the
development of next-generation redox-based interventions
[80].

A critical priority for future research is the identification
and rigorous clinical validation of oxidative stress—related
biomarkers. Quantitative assessment of oxidative DNA
damage products (such as 8-0x0-dQG), lipid peroxidation
markers, and antioxidant enzyme activity profiles may
provide valuable prognostic and predictive information.
Beyond their diagnostic utility, these biomarkers could
serve as dynamic indicators of tumor redox status,
enabling real-time monitoring of treatment response and
early detection of therapeutic resistance. Integrating redox
biomarkers into clinical workflows may therefore facilitate
risk stratification, personalized treatment selection, and
adaptive therapeutic decision-making [81, 82].

Importantly, emerging evidence highlights a profound
connection between oxidative stress and immune
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regulation within the tumor microenvironment. Persistent
ROS elevation can impair the cytotoxic activity of
tumor-infiltrating lymphocytes (TILs) and natural killer
(NK) cells, promote immune evasion [83], and modulate
cytokine signaling networks that shape antitumor
immunity. Future investigations should aim to clarify
how redox imbalances influence immune checkpoint
pathways and the responsiveness to immunotherapeutic
strategies. The incorporation of redox biomarkers to
predict immunotherapy outcomes represents a particularly
compelling direction, as oxidative stress signatures may
help identify patients most likely to benefit from immune
checkpoint inhibitors or combination regimens [17].
Therapeutically, the rational integration of redox-
modulating agents with chemotherapy, radiotherapy, and
immunotherapy offers significant potential to overcome
resistance mechanisms. Tailored modulation of oxidative
stress either by restoring antioxidant capacity in normal
tissues or selectively inducing ROS overload in malignant
cells-must be guided by precise molecular profiling.
Advances in nanotechnology-based delivery systems
further support this precision approach by enhancing
tumor selectivity, improving drug bioavailability, and
minimizing systemic toxicity, thereby optimizing the
therapeutic index of redox-active compounds [84].
Ultimately, progress in this field will require
interdisciplinary collaboration bridging molecular
oncology, immunology, redox biology, and bioengineering
[85]. By coupling mechanistic insight with biomarker-
driven patient stratification, redox modulation may evolve
from a theoretical concept into a clinically actionable
strategy, contributing to more precise, immune-informed,
and personalized management of breast cancer [86, 87].
In conclusion, oxidative stress is a key factor in
the genesis and progression of breast cancer because
it causes genomic instability and weakens antioxidant
defenses. Redox-targeted therapy, encompassing
both antioxidant and pro-oxidant approaches, present
significant opportunities but necessitate meticulous,
context-dependent implementation to prevent inadvertent
tumor protection or damage. Future endeavors should
concentrate on the incorporation of oxidative stress
biomarkers into clinical practice to facilitate tailored
therapy, alongside the integration of redox modulation
with conventional treatments to augment efficacy and
surmount resistance. To make breast cancer care better,
more accurate, and more focused on the needs of the
patient, we need to learn more about redox dynamics.

Clinical trial
Not applicable.

Clinical trial number
Not applicable.
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