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Context dependent effects imply that clinical recommendations should remain tentative, and further investigation into redox 
modulation appears advisable before revising health policies.
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Oxidative stress and antioxidant systems are complex components of human physiology and 
pathology. Reactive oxygen species (ROS), previously viewed as undesirable byproducts of 
cellular metabolism, have now been identified as critical signaling agents that participate in 
cell proliferation, differentiation, and immune responses. Both endogenous and exogenous 
antioxidants play a critical role in redox homeostasis by countering surplus ROS and 
preventing oxidative injury. Nevertheless, growing evidence points to the paradoxical dual 
nature of antioxidants, casting doubt on their universally positive effects. This paradox is 
particularly pronounced in cancer. Although high levels of ROS promote tumor development 
and progression by causing genomic instability and activating oncogenic signaling, high 
levels of ROS can also cause cancer cell death and represent a major mechanism of action 
of anticancer therapies. Tumor cells respond by increasing their antioxidant capacity, 
which enables them to maintain ROS at levels that promote survival without causing 
cytotoxicity. Exogenous antioxidant supplementation can therefore disrupt this balance, 
potentially stimulating tumor growth, enabling metastasis, and diminishing the efficacy 
of ROS-dependent therapies like chemotherapy and radiotherapy. Moreover, plant-derived 
antioxidants, such as polyphenols and flavonoids, exhibit both antioxidant and pro-oxidant 
effects, highlighting the context-specificity of redox modulation in cancer. Although these 
compounds may have chemopreventive advantages, their impact on established malignancies 
is complex and requires additional research. This review provides a broad description of the 
duality of oxidative stress and antioxidants, specifically regarding their implications in cancer 
treatment and resistance. A better comprehension of redox biology is needed to develop more 
effective and personalized therapeutic interventions based on the specific regulation of 
oxidative stress.
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A B S T R A C T

Introduction
Oxidative stress, understood as a condition in which 
reactive oxygen species (ROS) production tips the balance 
beyond what endogenous antioxidant systems can 
neutralize, is a fundamental biological process involved 
in the pathogenesis of many diseases (1,2). According to 

the GLOBOCAN report, close to 20 million diagnoses of 
cancer and roughly 9.7 million deaths attributed to the 
disease are recorded each year across the globe, with over 
30% linked to modifiable factors including redox imbalance 
(1). ROS comprise a wide spectrum of chemically reactive 
molecules, encompassing free‑radical members such as 
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the superoxide anion (O2
•−) and hydroxyl radical (•OH), 

in addition to non‑radical counterparts like hydrogen 
peroxide (H₂O₂). Under physiological conditions, ROS 
are crucial signaling molecules that coordinate cellular 
proliferation, differentiation, immune responses, and 
adaptation to environmental factors. However, excessive 
ROS accumulation leads to oxidative stress, damaging 
DNA, proteins, and lipids, which contributes to genomic 
instability and cellular dysfunction (3,4). 

Considering the pivotal role of oxidative stress in 
disease pathogenesis, antioxidants have long been 
considered protective factors that could prevent or 
reduce oxidative damage (5,6). Endogenous antioxidant 
systems, including glutathione (GSH), superoxide 
dismutase (SOD), catalase, and thioredoxin, as well as 
exogenous antioxidants, including vitamins C and E, 
carotenoids, and polyphenols, collaborate to achieve redox 
homeostasis (6,7). Epidemiological research has long 
suggested that diets rich in antioxidant-containing foods 
are linked with a decreased risk of chronic illnesses, such 
as cardiovascular diseases, neurodegeneration, and cancer 
(8,9). Nevertheless, over the past decade, a growing body of 
evidence has challenged this paradigm and demonstrated 
paradoxical or two-sided effects of antioxidants on 
human health and disease (10,11). Although antioxidants 
can inhibit oxidative damage and disease onset, in some 
circumstances, they can disrupt physiological ROS 
signaling or even promote disease progression. For 
instance, antioxidant supplementation has been shown 
to suppress beneficial ROS-mediated adaptive responses 
in metabolic and cardiovascular systems, and in certain 
settings can be detrimental or increase disease risk (11,12). 
Likewise, in neurodegenerative diseases, both excessive 
ROS and excessive antioxidant activity can destabilize 
redox signaling, indicating that a delicate balance is 
needed rather than total elimination of ROS (13).

This contradiction is especially acute in cancer biology, 
where ROS have a strongly context-dependent dual role 
(14,15). On one hand, high ROS concentrations can cause 
DNA damage, mutagenesis, and oncogenic conversion, 
thus contributing to tumor initiation and progression. 
On the other hand, ROS concentrations beyond a critical 
threshold can trigger cell death pathways including 
apoptosis, ferroptosis, and senescence, which are exploited 
by numerous anticancer therapies (14,16). Consequently, 
cancer cells tend to evolve adaptive antioxidant responses 
to keep ROS at sublethal levels, allowing survival while 
maintaining pro-tumorigenic signaling (17-19).

This review aimed to answer the following specific 
question: why can a single antioxidant be beneficial 
during cancer prevention yet harmful during treatment of 
the same tumor, and how can this duality be managed? 
To address this, we critically analyze the mechanistic 
foundations of the antioxidant paradox, distinguish 
between different classes of antioxidants, and synthesize 
evidence from preclinical and clinical studies to propose 

a framework for context-specific redox modulation in 
cancer therapy.

Reactive oxygen species: Sources, types, and physiological 
roles
ROS originate from molecular oxygen and exhibit high 
reactivity, encompassing radical forms such as O2

•− and 
•OH, along with non‑radical counterparts like H₂O₂ 
(2,7,18-20). These species are continuously generated 
in cells through endogenous pathways, primarily the 
mitochondrial electron transport chain (ETC), where 
electron leakage from complexes I and III reduces O₂ 
to O2

•−, accounting for approximately 90% of cellular 
ROS production (18,21-24). Other major endogenous 
sources include NADPH oxidases (NOX1–5, DUOX1–2) 
(25), xanthine oxidase (XO) (26), lipoxygenases (LOXs) 
(27), cytochrome P450 enzymes (28), peroxisomes (29), 
and the endoplasmic reticulum (ER) (30), with NOX 
enzymes directly producing O2

•− or H₂O₂ (25), and 
XO generating both during purine metabolism (26). 
Peroxisomes contribute H₂O₂ during fatty acid oxidation, 
while ER generates ROS during protein folding and 
disulfide bond formation, and uncoupled nitric oxide 
synthase (NOS) produces O2

•− instead of NO• (29,31). 
Exogenous sources, including ionizing radiation (32), 
environmental pollutants (6), chemotherapeutic agents 
(18,33), and cigarette smoke (34), further elevate ROS 
levels through direct or indirect mechanisms. Ionizing 
radiation energizes oxygen electrons to produce ROS (32), 
while cigarette smoke chemicals (e.g., benzo[a]pyrene, 
formaldehyde) generate ROS directly or indirectly (35,36).

At physiological levels, ROS serve as essential secondary 
messengers in redox signaling, regulating processes such 
as cell proliferation, differentiation, immune responses, 
and adaptation to hypoxia by modulating pathways like 
MAPK, PI3K/Akt, and transcription factors, including 
Nrf2 and NF-κB (37-39). However, excessive ROS lead 
to oxidative stress, damaging DNA, proteins, and lipids, 
thereby contributing to mutagenesis, genomic instability, 
and the pathogenesis of various chronic diseases, including 
cancer as a prominent example (5,13,21,39,40).

ROS in cancer: Double-edged role
ROS are known to have an intricate role in cancer, which 
can act both as an initiator and an inhibitor of cancer 
formation, depending on their concentration and location 
in cancer cells (41,42). ROS can act as signaling molecules 
in cancer cells at moderate concentrations, activating 
oncogenic pathways such as NF-κB, MAPK, and PI3K/
AKT, which are known to promote cell growth, survival, 
angiogenesis, and metabolic reprogramming (43,44). 
These signaling cascades contribute to tumor initiation 
and progression by enhancing cell cycle progression 
and inhibiting apoptosis. However, an accumulation of 
ROS beyond a certain threshold can cause irreversible 
oxidative damage to cellular macromolecules such as 
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DNA, lipids, and proteins, resulting in DNA strand 
breaks, lipid peroxidation, and protein oxidation (45). 
Once ROS buildup passes a certain threshold in malignant 
cells, several distinct pathways of regulated cell death 
become triggered — among them, apoptosis, ferroptosis, 
and necroptosis (46,47). This cytotoxic effect of ROS is 
therapeutically exploited by many conventional anticancer 
strategies, such as chemotherapy and radiotherapy, which 
rely on increasing oxidative stress to eliminate malignant 
cells (48). However, cancer cells are known to be highly 
adaptable in coping with oxidative stress. They can 
activate antioxidant defenses to counteract elevated ROS 
concentrations resulting from oncogenic signaling and 
metabolic reprogramming (49). Key regulators such as 
nuclear factor erythroid 2-related factor 2 (NRF2) are 
known to coordinate the expression of antioxidant and 
detoxifying enzymes in cancer cells, which can survive 
under conditions of oxidative stress (50). This adaptive 
redox reprogramming allows tumor cells to sustain 
proliferative signaling while avoiding ROS-induced 
cytotoxicity.

Endogenous and exogenous elements of antioxidant 
systems
Intracellular ROS levels are regulated by a highly 
coordinated network of enzymatic and non-enzymatic 
components that make up the cellular antioxidant 
defense system (51). The thioredoxin system, which 
preserves protein redox balance, catalase and glutathione 
peroxidase (GPx) and SODs are examples of endogenous 
antioxidant enzymes (52,53). Under physiological 
circumstances, these systems are crucial for maintaining 
cellular integrity and avoiding oxidative damage. In 
addition, exogenous antioxidants from food sources play 
a major role in redox regulation alongside endogenous 
defenses (54). These consist of a variety of polyphenolic 
compounds, carotenoids, and vitamins (such as C and 
E). Dietary antioxidants have the ability to scavenge free 
radicals, chelate metal ions, and alter oxidative stress-
related signaling pathways (55). However, their role 
in disease prevention and treatment is complicated by 
their metabolism, bioavailability, and context-dependent 
effects.

Crucially, the overall redox state of the cell is determined 
by the interaction between endogenous and exogenous 
antioxidant systems. Pathological outcomes, especially 
in cancer, can result from upsetting this balance, either 
through excessive ROS production or excessive ROS 
suppression via antioxidant supplementation (56,57).

Distinguishing endogenous, dietary, and pharmacological 
antioxidants
It is essential to distinguish between three categories 
of antioxidants, which differ fundamentally in 
pharmacokinetics, tissue concentration, and mechanism 
of action. Endogenous antioxidants (e.g., SOD, catalase, 

GSH, thioredoxin), synthesized by the body, are under 
tight transcriptional control (primarily by NRF2), and 
function in a compartment-specific manner (51-53). 
Dietary antioxidants (e.g., vitamins C and E, polyphenols 
from fruits and vegetables), consumed through food, 
have variable bioavailability (often low for polyphenols), 
and undergo extensive first-pass metabolism, limiting 
their tissue concentrations. Pharmacological antioxidants 
(e.g., N-acetylcysteine, high-dose vitamin E supplements) 
are administered at supraphysiological doses, achieving 
systemic concentrations that can profoundly alter redox 
balance. This distinction is maintained throughout the 
revised manuscript (54-57). For example, endogenous 
GSH upregulation by tumors promotes resistance, while 
dietary flavonoids at physiological doses may have 
negligible direct scavenging effects but significant signaling 
modulation, and pharmacological N-acetylcysteine has 
been shown to promote metastasis in preclinical models 
(19,52,53,55).

Mechanistic crosstalk: NRF2, MAPK, and NF-κB in 
redox-driven therapy resistance
The transcription factor NRF2 serves as the primary 
orchestrator of cellular antioxidant defenses. Under 
normal, unstressed conditions, KEAP1 sequesters NRF2 
in the cytosol, thereby routing it toward breakdown by 
the proteasome. Oxidative stress or electrophilic signals 
modify KEAP1 cysteine residues, stabilizing NRF2, which 
then translocates to the nucleus and upregulates over 200 
genes, including GCLC, GCLM (glutathione synthesis), 
SOD1, CAT, NQO1, and HO-1. In many cancers, 
constitutive NRF2 activation (via KEAP1 or NRF2 
mutations) confers broad chemoresistance by neutralizing 
ROS generated by chemotherapy and radiotherapy (42-
45,48,50).

MAPK signaling (particularly JNK and p38) is redox-
sensitive. Moderate ROS activate MAPK pathways to 
promote proliferation, whereas excessive ROS causes 
sustained JNK/p38 activation leading to apoptosis (42-
45). Antioxidants can blunt this pro-apoptotic signal. NF-
κB, a pro-inflammatory and survival transcription factor, 
is also redox-regulated: ROS promote IκB kinase (IKK) 
activation and NF-κB nuclear translocation, inducing 
anti-apoptotic genes (e.g., BCL-XL, XIAP, survivin). 
Paradoxically, high ROS can inhibit NF-κB by oxidizing 
critical cysteine residues in the DNA-binding domain. 
Thus, antioxidants may either suppress or enhance NF-κB 
depending on the cellular context (42-45,48). This complex 
crosstalk explains why indiscriminate antioxidant use can 
unintentionally protect tumors (42,44,45).

Paradoxical effects of antioxidants in cancer progression
Although antioxidants have long been thought to protect 
against cancer, new research suggests that, in some 
circumstances, they may actually promote tumor growth 
(19,58). The reduction of ROS below levels necessary 
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for initiating tumor-suppressive pathways, such as p53-
mediated apoptosis and senescence, is one of the primary 
mechanisms underlying this paradox (59). Antioxidants 
may unintentionally help damaged or altered cells survive 
by reducing oxidative stress.

In certain cancer models, preclinical research has shown 
that antioxidant supplementation can hasten tumor 
growth and metastasis (60). For instance, antioxidants 
have been shown to enhance the metastatic potential 
of cancer cells by reducing oxidative stress during 
detachment, circulation, and colonization at distant sites 
(61). Because circulating tumor cells undergo high levels 
of oxidative stress and rely on antioxidant defenses to 
survive, this effect is especially significant.

Antioxidants may also obstruct immune responses 
against tumors that are mediated by ROS. Cytotoxic T 
lymphocytes and natural killer (NK) cells are among 
the immune cells that are activated by ROS (62,63). 
Overproduction of antioxidants may suppress these 
immune reactions, which would lessen immune-mediated 
tumor removal and facilitate immune evasion.

Antioxidants and resistance to cancer therapy
A major clinical implication of the antioxidant paradox 
is its impact on resistance to cancer therapy. Many 
standard cancer treatments, including chemotherapy 
and radiotherapy, exert their cytotoxic effects through 
the induction of oxidative stress (64). These treatments 
cause DNA damage and trigger cancer cell apoptosis by 
raising intracellular ROS levels. Treatment resistance, 
however, may result from tumor cells’ increased 
antioxidant capacity neutralizing therapy-induced 
ROS (65). Common mechanisms contributing to this 
resistance include increased expression of detoxifying 
enzymes, activation of NRF2 signaling, and upregulation 
of GSH (66). Numerous cancer types, including lung, 
breast, and pancreatic cancers, have been shown to exhibit 
this phenomenon. Furthermore, by shielding tumor 
cells from oxidative damage, exogenous antioxidant 
supplementation during cancer treatment may worsen 
resistance (67). Antioxidants may lessen the effectiveness 
of radiotherapy and chemotherapeutic drugs, according 
to clinical and experimental research, though results are 
still context-specific and occasionally debated (68).

Plant-derived antioxidants: Opportunities and challenges
Plant antioxidants, such as terpenoids, phenolic acids, 
and flavonoids, have been thoroughly investigated for 
their possible applications in cancer treatment and 
prevention (69,70). Antioxidant, anti-inflammatory, and 
antiproliferative compounds like quercetin, curcumin, 
and resveratrol have demonstrated encouraging outcomes 
in preclinical cancer models.

Numerous cellular pathways, such as NF-κB signaling 
inhibition, apoptotic cascade activation, and cell 
cycle progression regulation, can be modulated by 

these phytochemicals (71). Plant antioxidants may 
reduce oxidative DNA damage and prevent tumor 
initiation in the early stages of carcinogenesis. But like 
synthetic antioxidants, they have complicated effects in 
established tumors that can change based on the tumor 
microenvironment, timing, and dosage (72).

Notably, some plant-derived compounds can exhibit 
pro-oxidant activity under specific conditions, leading to 
increased ROS production and selective killing of cancer 
cells (73,74). This dual behavior further highlights the 
context-dependent nature of antioxidant activity and 
suggests potential therapeutic applications when precisely 
targeted.

Critical analysis of conflicting evidence
The literature contains apparent contradictions regarding 
antioxidants in cancer. For example, the SELECT study 
(Selenium and Vitamin E Cancer Prevention Trial) 
indicated that vitamin E supplementation increased 
prostate cancer risk, while observational studies suggested 
protective effects (75). Similarly, N-acetylcysteine (NAC) 
reduces lung tumor burden in some KRAS mutant models 
but accelerates metastasis in melanoma and lung cancer 
models (76). These discrepancies arise from several 
factors: (1) Timing: Antioxidants may prevent initiation 
(by reducing DNA damage) but promote progression (by 
allowing damaged cells to survive); (2) Tumor type: KRAS 
or BRAF mutant tumors with high basal ROS depend 
on antioxidant defenses, making exogenous antioxidants 
potentially harmful; (3) Model system: Three-dimensional 
culture and in vivo studies reveal effects (e.g., on 
metastasis) not seen in 2D cultures; (4) Dose: Physiological 
doses may differ from pharmacological doses. Rather than 
inconsistency, these findings indicate that antioxidant 
effects are highly context-dependent, necessitating a 
personalized approach (Table 1) (2,19,42,43,48,49,77).

Clinical evidence from phase 3 trials and meta-analyses
The following clinical studies and meta-analyses 
provide critical translational context. The SELECT trial 
demonstrated that vitamin E significantly increased 
prostate cancer risk among healthy men, contradicting 
earlier observational studies (75). The vitamin E and 
Beta-Carotene Cancer Prevention Study found that beta-
carotene supplementation increased lung cancer incidence 
and mortality in male smokers (78). In the therapeutic 
setting, D’Andrea and Block et al systematically reviewed 
evidence suggesting that antioxidant supplementation 
during chemotherapy or radiotherapy may reduce 
treatment efficacy, although results vary by cancer type and 
specific antioxidant (79,80). More recently, Ambrosone 
et al reported that dietary supplement use during 
chemotherapy for breast cancer was associated with worse 
recurrence-free survival (81). Preclinical mechanistic 
studies by Le Gal et al and Sayin et al demonstrated that 
pharmacological antioxidants (NAC and vitamin E) 

http://www.herbmedpharmacol.com


      Journal of Herbmed Pharmacology, Volume 15, Number 3, July 2026http://www.herbmedpharmacol.com 307

Antioxidants in cancer therapy and resistance

accelerate tumor progression and metastasis in mouse 
models of lung cancer and melanoma, respectively (82,83). 
These findings collectively recommend caution against 
indiscriminate antioxidant use in cancer patients without 
careful consideration of tumor redox status.

Conclusion
The dynamic interplay between oxidative stress and 
antioxidant systems represents a central axis in cancer 
biology. ROS exhibit a dual role: they contribute to tumor 
initiation while also serving as key mediators of cancer 
cell death at cytotoxic levels. Antioxidants, traditionally 
viewed as protective, can paradoxically enhance metastatic 
dissemination and reduce the efficacy of ROS-dependent 
therapies. Cancer cells exploit this balance by upregulating 
endogenous antioxidant systems, including NRF2 
signaling, to develop therapy resistance. Future research 
must focus on targeted redox modulation, selectively 
disrupting antioxidant defenses in cancer cells while 
preserving normal function. Perhaps it is time to move 
from universal antioxidant prescription to decisions based 
on the specific redox profile of each tumor. Remaining 
knowledge gaps include the lack of validated biomarkers 
for tumor redox status and the need for prospective trials 
stratifying patients by tumor NRF2/KEAP1 mutational 
status.
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