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Abstract

Supplements are widely perceived as safe and beneficial; yet in oncology, this assumption
is questionable. Clinical trials over the past few decades have often produced disap-
pointing results, raising a critical question: are these agents used correctly, or could they
inadvertently cause harm? This review examines supplements frequently used in cancer
care—such as oral vitamin C, berberine, N-acetylcysteine, vitamin D, vitamin E, mela-
tonin, polyphenols, alpha-lipoic acid, selenium, and coenzyme Q10—which can act as
tumor suppressors or promoters depending on dose, route, and disease stage. We examine
their dual antioxidant and pro-oxidant properties, revealing that therapeutic outcomes are
shaped not only by the molecule itself, but also by bioavailability, dosing thresholds, and
the tumor redox environment. Building on these insights, we propose that four factors may
be considered to guide clinical use: ensure that anticancer effects are not overshadowed
by antioxidant activity, achieve sufficient bioavailability, confirm pro-oxidant concentra-
tions where possible, and prioritize supplements that target the respiration-supported
non-OxPhos pathways. By framing supplements as context-dependent redox modulators
rather than universally beneficial agents, this review provides a mechanistically grounded
framework for informing future research and safer, more effective integrative oncology
strategies.

Keywords: antioxidants; cancer progression; supplement; redox balance; oxidative stress

1. Introduction
In biology, phenomena are often presented in clear-cut divisions, yet the underlying

complexities frequently reveal a spectrum of possibilities that challenge these simplified
categorizations. For example, in one popular dichotomy, cells are in either an anaerobic
state exclusively fermenting lactate or an aerobic state powered exclusively by oxidative
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phosphorylation (OxPhos). In another dichotomy, autophagy and mitophagy are always
assumed to be good, yet new evidence shows that autophagy and mitophagy are some-
times used by cancer to evade apoptosis [1]. The same can be said for free radicals and
antioxidants: oxidants are often considered harmful, while antioxidants are generally
viewed as beneficial. Like many biological processes, redox biology is nuanced. Insuf-
ficient amounts can lead to reductive stress, while excess can result in oxidative stress
and macromolecular damage. Excess reactive oxygen species (ROS) are likely partially
responsible for not only carcinogenesis but also the maintenance of the malignant phe-
notype [2]. ROS in moderately elevated amounts can stabilize hypoxia-inducible factor
(HIF) proteins regardless of oxygen content, resulting in so-called pseudo-hypoxia, and
HIF stabilization can lead to the phenotypical cancer metabolic reprogramming that has
now become a hallmark of cancer [3]. Due to the increases in ROS observed in cancer cells
compared to normal cells, they are more dependent on endogenous antioxidant systems
than normal cells [4]. Additionally, natural products containing numerous antioxidants
are becoming increasingly popular among cancer patients. However, these products may
have limitations when used as adjuncts to other therapies. Indeed, some antioxidants
could be ineffective or even harmful to cancer patients because they might inadvertently
contribute to tumor progression [5]. For example, a study shows that 90 breast cancer
patients treated with megadoses of antioxidants alongside standard therapy had worse
survival trends compared to those who did not receive antioxidants [6]. In this review, we
examine the most commonly used cancer supplements, focusing on their paradoxical redox
effects and impacts on tumor progression in vitro and in humans. We highlight compounds
capable of reaching pro-oxidant levels, which may synergize with standard therapies, and
explore additional mechanisms such as metabolic modulation, microbiome regulation,
anti-angiogenic activity, and renin–angiotensin inhibition. The relationship between antiox-
idants and cancer is complex: while supplementation may offer preventive benefits, clinical
results are inconsistent, and in advanced disease, exploiting pro-oxidant potential may
selectively induce apoptosis in cancer cells. Factors such as dose, route of administration,
absorption, and bioavailability are critical and underline that redox homeostasis, rather
than antioxidant activity alone, is the true therapeutic target. We propose a framework for
clinical use based on four criteria: ensuring that anticancer effects are not overshadowed
by antioxidant activity, verifying sufficient bioavailability, confirming pro-oxidant concen-
trations when possible, and targeting the respiration-supported non-OxPhos pathways. By
reframing supplements as context-dependent redox modulators, this review aims to guide
future research and inform safer, more effective integrative oncology strategies.

2. Search Strategy and Study Selection
2.1. Data Sources

Electronic searches were conducted between November 2025 and April 2026 using
MeSH and non-MeSH terms across two databases, PubMed and ScienceDirect. This was
supplemented by searching publication reference lists (snowball procedure) and through
Google Scholar, as some relevant studies were not indexed in major databases. No language
or date restrictions were applied.

2.2. Study Selection

The included articles comprised randomized controlled trials, observational studies,
narrative and systematic reviews, meta-analyses, and mechanistic in vitro and in vivo
studies. The following keywords were used: antioxidants, cancer, oxidative stress, redox
balance, pro-oxidant, reactive oxygen species, supplements, bioavailability, mitochondria,
tumor microenvironment, and the individual names of each supplement reviewed (vitamin
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C, vitamin D, vitamin E, berberine, NAC, melatonin, selenium, coenzyme Q10, alpha-lipoic
acid, curcumin, resveratrol, quercetin, EGCG). Studies were included if they reported on
the redox, metabolic, or clinical effects of the aforementioned supplements in cancer cell
lines, animal models, or human populations. No restrictions were applied regarding cancer
type or disease stage. Study type (in vitro, in vivo, randomized controlled trial (RCT),
systematic review, meta-analysis) is specified throughout the text and in the tables to allow
readers to contextualize each finding appropriately.

2.3. Data Collection

One investigator extracted data on supplement type, study design, cancer model, redox
outcomes, bioavailability, and clinical findings. A second author verified the extracted data.
When discrepancies arose, consensus was reached through discussion among all authors.

3. The Dual Role of Common Supplements in Oncology
In the US, cancer patients have a high prevalence of supplement use (multivita-

mins/minerals), at about 70% of individuals [7], similar results to those observed in Nor-
way [8]. The natural antioxidants most commonly used by cancer patients are berberine,
oral vitamin C, N-acetylcysteine (NAC), vitamin D, vitamin E, melatonin, polyphenols
(curcumin, resveratrol, quercetin, and EGCG (epigallocatechin gallate)), alpha-lipoic acid
(ALA), selenium, and coenzyme Q10 [9,10]. Their use is often based on the idea that
antioxidant support should be beneficial. The data summarized in Table 1 show a more
complex situation. Several compounds decrease ROS production under some experimental
conditions, but increase ROS production or promote apoptosis under others. This dual
activity is observed for berberine, vitamin C, vitamin D, vitamin E-related compounds,
polyphenols (curcumin, resveratrol, quercetin, and EGCG), ALA, melatonin, NAC, CoQ10,
and selenium (see Table 1).

Table 1. Antioxidants with dual anti- and pro-oxidant activity in cancer cell lines.

Source Cell Lines Experimental
Conditions Supplement Concentration Exposure

Time Antioxidant Pro-Oxidant

[11]
Breast
(MCF-7 and
MDA-MB-
231)

Culture at 37 ◦C,
appropriate medium
(not specified)
supplemented with 10%
FBS, 1% non-essential
amino acids, and 2%
peni-
cillin/streptomycin.

ALA 2 mM 48 h ND
Increase
intracellular
ROS
production

[12]
Liver (Huh-7
and Huh-
7.HCVrep)

Culture at 37 ◦C, DMEM
supplemented with 10%
FBS, 1% gentamycin, 1%
amphotericin B, 5%
CO2.

Berberine 100 µM 24 h and
48 h ND Increase ROS

production

[13] Brain
(DBTRG)

Culture at 37 ◦C,
RPMI-1640
supplemented with 10%
FBS, 1%
penicillin/streptomycin,
1% L-glutamine, 5%
CO2.

Berberine 0.5 to
10 µg/mL 48 h

Decrease
ROS
production

ND

[14,15]

Pancreas
(MIA PaCa-2
and PANC1),
retinoblas-
toma (Y79)

Culture at 37 ◦C, 5%
CO2, in appropriate
media (DMEM or
RPMI). supplemented
with 5–10% FBS and
antibiotics

CoQ10 30 to
184.8 µM

24 h and
48 h ND Increase ROS

production
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Table 1. Cont.

Source Cell Lines Experimental
Conditions Supplement Concentration Exposure

Time Antioxidant Pro-Oxidant

[16–18]

Colon
(HCT116),
neuroblas-
toma
(SK-N-SH)
and cervical
(SiHa)

Culture at 37 ◦C, 5%
CO2 (20% O2 for
HCT116), in McCoy’s 5A
(HCT116) or DMEM
(SiHa, SK-N-SH)
supplemented with 10%
FBS and peni-
cillin/streptomycin.

Curcumin 8 to 50 µM 24 h and
48 h ND Increase ROS

production

[19,20]

Oral (SCC25,
SCC9,
Tca8113,
Cal27, and
FaDu) and
colon
(HCT116)

Culture at 37 ◦C, 5%
CO2, in DMEM (oral
cancer cells, HCT116
uses RPMI) or M199
(HUVECs)
supplemented with 10%
FBS (20% for HUVECs),
penicillin/streptomycin
(+ heparin and bFGF for
HUVECs).

Melatonin 1 mM 2 h and 24 h
Decrease
ROS
production

ND

[21]
Leukemia
(HL-60 and
U937)

Culture at 37 ◦C, 5%
CO2, RPMI-1640
supplemented with 10%
calf fetal serum and
antibiotics.

NAC 0.25–4 mM 24 h ND Increase ROS
production

[22] Lung (A549),

Culture in high glucose
DMEM supplemented
with 10% FBS, 37 ◦C, 5%
CO2.

NAC 16 µM to
5 mM

24 h, 72 h
and 144 h

Decrease
ROS
production

ND

[23] Cervical
(HeLa)

Culture at 37 ◦C, 5%
CO2, DMEM
supplemented with 10%
FBS.

Polyphenol
(Resvera-
trol)

6.25 to
100 µM

30 min to
antioxidants-
4357907

Decrease
ROS
production
(30 min,
6.25 to
25 µM)

Increase ROS
production
(30 min, 50 to
100 µM; 24 h,
6.25 to
100 µM)

[24]
Colon
(HCT116 and
SW620)

Culture at 37 ◦C, 5%
CO2, RPMI-1640
supplemented with 10%
FBS.

Polyphenol
(Resvera-
trol)

6 and
12 µg/mL 48 h ND Increase ROS

production

[25]
Breast
(MCF-7 and
MDA-MB-
231)

MCF-7: Eagle’s
Minimum Essential
Medium (EMEM)
supplemented with
0.01 mg/mL human
recombinant insulin, 1%
NEAA, 1% sodium
pyruvate, 10% FBS.
MDA-MB-231: high
glucose RPMI-1640 +
10% FBS, 2 mM
L-glutamine, 1%
penicillin-streptomycin-
neomycin. Both at 37 ◦C,
5% CO2.

Polyphenol
(Quercetin) 40 µM 30 min ND Increase ROS

production

[26] Breast
(MCF-7)

Culture at 37 ◦C, 5%
CO2, RPMI-1640
supplemented with 10%
FBS, penicillin and
streptomycin.

Polyphenol
(Quercetin) 1 to 50 µM 30 min Free radical

scavenging ND

[27] Liver
(HepG2)

Culture at 37 ◦C, 5%
CO2, DMEM
supplemented with 10%
FBS and 1%
penicillin-streptomycin.

Polyphenol
(EGCG) 60 µM 6 h ND Increase ROS

production
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Table 1. Cont.

Source Cell Lines Experimental
Conditions Supplement Concentration Exposure

Time Antioxidant Pro-Oxidant

[28] Cervical
(HeLa, SiHa)

Culture at 37 ◦C, 5%
CO2, RPMI-1640
supplemented with 10%
FBS, 100 IU/mL
penicillin and
100 µg/mL
streptomycin.

Polyphenol
(EGCG) 60 µM 24 h Decrease

ROS levels ND

[29] Lung (L9981)

Culture at 37 ◦C, 5%
CO2, RPMI-1640
supplemented with 10%
calf serum, 100 U/mL
penicillin and 100 U/mL
streptomycin.

Selenium 5 µM–
5.5 µM 8 h and 12 h ND Increase ROS

production

[30]

Thyroid
(8305C,
BCPAP,
8505C,
FTC133, and
TPC-1)

Culture at 37 ◦C,
RPMI-1640 or
DMEM/Ham’s F-12
supplemented with 10%
FBS.

Vitamin C 2 mM 2 h and 4 h ND Increase ROS
production

[31]
Breast (MDA-
MB-231 and
MDA-MB-
468)

Culture at 37 ◦C, 5%
CO2, DMEM
supplemented with 10%
FBS, 1%
penicillin-streptomycin,
GlutaMAX, NEAA,
sodium pyruvate and
0.1%
β-mercaptoethanol.

Vitamin C 10 and
20 mM 2 h ND Increase ROS

production

[32]

Breast
(MCF-7,
MDA-MB-
231), colon
(HCT116,
HT29), and
head and
neck
(Detroit-562,
FaDu)

All cells except FaDu:
RPMI-1640
supplemented with 10%
FBS, 1% sodium
pyruvate and 1%
L-glutamine. FaDu:
MEM supplemented
with 10% FBS, 1%
sodium pyruvate, 1%
L-glutamine and 1%
NEAA.

Vitamin D 1 to 100 nM 48 h
Decrease
ROS
production

ND

[33] Breast
(MCF-7)

Culture at 37 ◦C, 5%
CO2, RPMI-1640
supplemented with 10%
FBS, 100 U/mL
penicillin and 100
µg/mL streptomycin.

Vitamin E
(Trolox) 100 µM 24 h Decrease

ROS levels ND

[34]
Prostate
(PC-3,
DU145)

Culture at 37 ◦C, 5%
CO2/95% air, RPMI
supplemented with
glutamine, antibiotics
and FBS (7.5% for PC3,
5% for DU145).

Vitamin E 15 µg/ml 12 h ND
δ-tocotrienol
increases
ROS
production

[35]
Breast (MDA-
MB-231,
SUM159)

MDA-MB-231: MEM +
10% FBS; SUM159:
Ham’s F12 + 5% FBS,
5 µg/mL insulin,
1 µg/mL
hydrocortisone, 10 mM
HEPES.

Vitamin E 5 to 20 µM 3 h

α-
tocopherol
decreased
ROS levels
(20 µM)

ND

ALA: Alpha-Lipoic Acid; CoQ10: Coenzyme Q10; EGCG: Epigallocatechin Gallate; mM: milliMolar; NAC:
N-Acetylcysteine; ND: Not Determined; ROS: Reactive Oxygen Species.

Antioxidants may support cellular defense, but they may also reduce ROS-dependent
tumor control or, at higher ROS concentrations, induce oxidative stress and cell death.
NAC, polyphenols, and vitamin E illustrate this point particularly well because they can
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either increase or decrease ROS depending on the cancer type and experimental setting
(Table 1). A study on non-cancerous but immortalized cell lines (CHO cells) showed
that ALA decreases mitochondrial ROS at 20 µM, but increases mitochondrial ROS at
100 µM [36]. The final effect depends on the molecule, dose, cancer type, disease stage,
redox state, and circulating concentration of the active compound [37]. This effect could
stem from various factors, such as the individual’s age, disease location, disease stage,
and concentration of the active substance in the bloodstream. These findings highlight the
complexity of supplement use in oncology, underscoring the importance of dosage and
cancer type when considering their potential therapeutic applications. We will then review
each of the most commonly used supplements individually, detailing their main anticancer
actions, as well as their known antioxidant and pro-oxidant effects. Where available, we
will also examine their effects in vitro, in vivo, and in humans.

3.1. α-Lipoic Acid (ALA)

ALA is a cofactor for five enzymes or classes of enzymes: pyruvate dehydrogenase,
α-ketoglutarate dehydrogenase, the glycine cleavage system (GCS), branched-chain alpha-
keto acid dehydrogenase, and the α-oxo(keto)adipate dehydrogenase. The first two are
critical to the tricarboxylic acid cycle (TCA). The GCS regulates glycine concentrations [38].
Its antioxidant activity stimulates intracellular glutathione, and it can increase TCA activity,
enhance mitochondrial ATP production, and reduce inflammation [39]. ALA has been
shown to have anticancer effects on the following cell lines: breast, lung, colon, gastric,
thyroid, skin, liver, glioma, prostate, and sarcoma [39,40]. ALA promotes cystine uptake
via the Xc− transporter, increasing the production of GSH, a key antioxidant for reducing
oxidative stress. It activates the Nrf2 pathway, leading to the upregulation of antioxidant
proteins such as HO-1, NQO1, GCLC, and Trx, thus strengthening cellular protection [41].
Additionally, ALA optimizes ATP production by mitochondria without promoting electron
leakage, thus preserving the integrity of the electron transport chain and maintaining
energy production [42]. ALA can induce lethal autophagy, a cellular degradation pro-
cess that may be employed to eliminate tumor cells by generating mitochondrial ROS.
However, a double-blind, placebo-controlled trial for patients undergoing platinum-based
chemotherapy with ALA reported no significant effects in regard to the tumor reduction
rate, activities of daily living, or chemotherapy-induced toxicity such as neurotoxicity and
pain [43]. A randomized controlled trial in breast cancer patients studied the role of ALA
in counteracting paclitaxel and doxorubicin-induced toxicities. Compared with a placebo,
ALA led to a significant improvement in neuropathy grade according to the NCI-CTCAE
and in the Ntx-12 score after the 9th and 12th weeks of paclitaxel treatment [44].

3.2. Berberine

Berberine (BBR) also illustrates the link between redox biology and mitochondrial
function. BBR is a heteropentacyclic alkaloid with antidiabetic properties. It reduces cell
viability, inhibits migration, and decreases inflammation in several cancer models, including
breast, colon, pancreatic, gastric, liver, brain, oral, bone, skin, and prostate cancer [45,46].
Mechanistically, BBR can intercalate into mitochondrial DNA and inhibit complex I of
the mitochondrial respiratory chain. This promotes mitochondrial dysfunction, electron
leakage, and mitochondrial superoxide production [47]. The electron leakage and increased
ROS activate signaling pathways such as ASK1/JNK, stabilize the p53 protein, and induce
mitochondrial membrane permeabilization, releasing cytochrome c (Cyt-c) and triggering
intrinsic apoptosis via the caspase cascade [48].
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3.3. Coenzyme Q10

Coenzyme Q10 (CoQ10) is a component of the mitochondrial electron transport chain,
where it plays a role in oxidative phosphorylation, a process required for the biosynthesis of
adenosine triphosphate (ATP), the primary energy source of cells. It is a potent antioxidant
that can stimulate OxPhos, induce apoptosis, exhibit anti-angiogenic effects, and inhibit
DNA damage [49]. CoQ10 participates in the electron transport chain as an electron carrier
between complexes I, II, and III, maintaining efficient energy production and preventing
electron leakage, which could generate ROS [50]. It recycles electrons in complexes I and
III, contributing to a continuous antioxidant cycle and the optimal management of free
radicals. CoQ10 also helps regulate the mitochondrial permeability transition pore (mPTP),
reducing the release of ROS and Cyt-c, both of which are involved in apoptosis. It activates
the Nrf2 pathway, a signaling pathway that promotes the expression of antioxidant genes,
thereby enhancing cellular defense against oxidative stress [51]. Under certain conditions,
especially with excess CoQ10 or mitochondrial dysfunction, the semi-quinone cycle of
CoQ10 (CoQ10•− → O2•−) can lead to the production of superoxide radicals (O2•−),
amplifying oxidative stress [14]. However, one study showed that, in postmenopausal
women diagnosed with cancer, higher concentrations of CoQ10 were associated with an
increased risk of cancer [52].

3.4. Melatonin

Melatonin, also known as 5-Methoxy-N-acetyltryptamine, is a hormone that has
shown anticancer effects on the following cell lines: breast, prostate, ovarian, cervical,
endometrial, renal, lung, gastric, pancreatic, colon, liver, skin, sarcoma, leukemia, and
oral cancer [53]. Melatonin activates the cellular defense pathway, leading to an increase
in the levels of GSH, SOD, Nrf2, and HO-1, which are essential for reducing oxidative
stress [54]. It activates the SIRT1/PGC-1α pathway, promoting mitochondrial biogenesis
and decreasing mitochondrial ROS production, thereby reducing oxidative stress at the
mitochondrial level [55]. It inhibits the action of Bcl-2, which facilitates mitochondrial
permeability, the release of ROS and Cyt-c, and the activation of the intrinsic apoptotic
pathway [56]. Melatonin also reduces the activity of HIF-1α [57,58]. Melatonin shows
paradoxical results, with either improved survival [59–62] or no significant effects [63–65].
A systematic review and meta-analysis suggest the therapeutic potential of melatonin alone
or in combination with adjuvant treatment [66–68]. However, a low level of melatonin was
found to increase breast cancer risk in a one systematic review and meta-analysis [69].

3.5. NAC

NAC is a good example of this ambiguity. It is a potent antioxidant, can modulate
immune responses, and may inhibit ferroptosis [70,71]. Its main antioxidant action is linked
to glutathione (GSH) synthesis. NAC is converted into L-cysteine, which combines with
L-glutamate to form GSH. This mechanism can protect cells from oxidative damage. At
higher doses, however, NAC may become a pro-oxidant. By reducing ferric iron (Fe3+) to
ferrous iron (Fe2+), it can promote Fenton chemistry and hydroxyl radical formation in the
presence of H2O2 [72]. The same compound may therefore reinforce antioxidant defenses
or contribute to oxidative cell death, including apoptosis or ferroptosis, depending on
redox conditions and iron availability.

3.6. Polyphenols

Polyphenols from plants display a broad spectrum of anticancer properties, including
antioxidant effects, metabolism regulation, and anti-angiogenic and anti-metastatic activi-
ties [73]. They showed an inhibitory effect on prostate cancer cell proliferation (AT-2 and
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MAT-LyLu cells), motility, and cellular competence for gap junctional communication [74].
The authors point out that these phenolic compounds found in leaves may exert the ob-
served chemopreventive and anti-carcinogenic effects through synergic effects on oxidative
stress and ROS-dependent intracellular signaling.

3.6.1. Curcumin

Curcumin, a beta-diketone with two aromatic rings united by 7 carbons, is an an-
tioxidant and anti-inflammatory, induces autophagy, inhibits angiogenesis and metastasis,
causes epigenetic modifications, and alters mitochondrial energy metabolism [75]. Cur-
cumin has shown anticancer effects on the following cell lines: breast, lung, pancreatic,
brain, leukemia, and prostate cancer [76]. Curcumin directly neutralizes various free rad-
icals (such as •OH, O2•−, ROO•, ONOO−, and 1O2) through its phenolic groups and
β-diketone structure [77]. It activates the Keap1/Nrf2/ARE pathway by alkylating the
cysteine residues of Keap1, causing its dissociation and allowing the translocation of Nrf2
into the nucleus [78]. Curcumin chelates metals like Fe2+, Cu2+, and Zn2+, preventing the
Fenton reaction and the generation of hydroxyl radicals [79]. Curcumin generates H2O2 in
culture media, a pro-oxidant mechanism observed under in vitro conditions. It inhibits anti-
apoptotic proteins such as Bcl-2 and Bcl-xL, facilitating the release of Cyt-c and activating
the intrinsic apoptosis pathway through caspase-9 and caspase-3 [77]. In a tumor context,
curcumin inhibits Nrf2, impairing the antioxidant resistance of cancer cells and making
them more vulnerable to oxidative stress [80]. Curcumin also inhibits HIF-1α, a key factor
in hypoxic adaptation, inducing oxidative stress and limiting tumor growth [81]. Curcumin
may also be involved in overcoming paclitaxel resistance. Curcumin has great potential in
targeting P-gp, an ATP-binding cassette transporter that can remove chemo-therapeutic
agents from cancer cells. This inhibition of P-gp can lead to the accumulation of paclitaxel
inside cancer cells, which, in association with curcumin, can significantly enhance ROS
generation [82]. Curcumin increases survival [83–85].

3.6.2. EGCG (Epigallocatechin Gallate)

EGCG is a polyphenol and catechin found in high concentrations in green tea, co-
coa, and various fruits. EGCG has three aromatic rings connected by a pyran ring. Its
antioxidant properties are conferred by the transfer of hydrogen atoms or single-electron
transfer involving its hydroxyl groups. EGCG inhibits carcinogen activity, tumorigenesis,
proliferation, and angiogenesis and induces apoptosis. It has shown anticancer effects in
the following cell lines: breast, colorectal, endometrial, gastric, glioblastoma, liver, lung,
melanoma, multiple myeloma, nasopharyngeal, neck, ovarian, pancreatic, and prostate [86].
EGCG exhibits antioxidant properties and can modulate cellular redox balance; it can scav-
enge ROS and enhance the activity of antioxidant enzymes, such as superoxide dismutase
and catalase.

3.6.3. Quercetin

Quercetin is a polyphenol that exerts anticancer effects by modulating cell cycle
progression, inhibiting cell proliferation, promoting apoptosis, and inhibiting angiogenesis
and metastasis progression, while also affecting autophagy [87]. Quercetin has shown
anticancer effects on the following cell lines: lung, skin, brain, colon, breast, prostate,
ovarian, gastric, liver, bone, and oral cancer [88]. It chelates metal ions (Fe2+/Cu2+) via its
3-OH and 4-oxo groups, blocking the Fenton reaction, which is responsible for generating
hydroxyl radicals [89]. Quercetin activates the Nrf2 signaling pathway, increasing the
expression of antioxidant genes such as HO-1, NQO1, SOD, and CAT, thereby strengthening
the cellular antioxidant defenses [90]. Quercetin inhibits the isoforms NOX2 and NOX4,
reducing the production of superoxide ions (O2•−) and thus mitigating oxidative stress [91].
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3.6.4. Resveratrol

Resveratrol is a polyphenol found in blueberries and grapes, among other fruits. It
exerts different anticancer effects such as anti-inflammatory activity, antioxidant activity,
apoptosis promotion, EMT regulation, metastasis inhibition, angiogenesis inhibition, and
regulation of cell metabolism, including mitochondrial activity [92,93]. Resveratrol has
shown anticancer effects on these cell lines: breast, esophageal, colon, lung, pancreatic,
gastric, liver, neuroblastoma, brain, sarcoma, leukemia, skin, and prostate cancer [94,95].
By activating the SIRT1 → PGC-1α pathway, resveratrol induces mitochondrial biogenesis,
reducing mitochondrial ROS levels and increasing the activity of antioxidant enzymes such
as SOD and CAT [96]. In terms of metal chelation, resveratrol inhibits copper, thereby
reducing the effects of the Fenton reaction and limiting hydroxyl radical generation [97].
Moreover, the increase in mitochondrial ROS promotes cell death. Resveratrol also in-
hibits mitochondrial respiratory chain complexes, causing electron leakage and increased
production of O2•− in the mitochondria [98], inducing oxidative stress specifically in
tumor cells.

3.7. Selenium

The anticancer effects of low-dose selenium include antioxidant activity, promoting
DNA repair, inducing apoptosis, inhibiting angiogenesis, inducing cell cycle arrest, and
stimulating the immune system [99]. Selenium has shown anticancer effects on the fol-
lowing cell lines: breast, lung, thyroid, liver, and prostate [99]. The different isoforms of
GPx use selenium to reduce peroxides such as H2O2 (hydrogen peroxide) and organic
hydroperoxides (ROOH), thus contributing to the reduction in oxidative stress [100]. GPx4
suppresses ferroptosis by reducing lipid peroxides, and Se is essential for its activity [101].
At high doses, selenite can be reduced by TrxR, generating redox cycles and reactive oxy-
gen species (O2•−/H2O2), leading to oxidative stress that can provoke apoptosis [102].
Selenium does not show clinical benefits (see Table 2).

3.8. Vitamin C

Vitamin C or ascorbic acid is a water-soluble compound found in fruits and vegetables
that is involved in tissue repair, collagen formation, and the enzymatic production of some
neurotransmitters [103]. It exerts antioxidant effects and pro-oxidative cytotoxicity, and
induces anticancer epigenetic regulation, immune modulation, and inhibition of cancer
cell metabolism [104]. Vitamin C has shown anticancer effects on the following cell lines:
breast, colon, pancreatic, skin, lymphoma, leukemia, renal, liver and lung [105]. These
reactions enable vitamin C to reduce oxidative stress by neutralizing ROS [106]. Vitamin C
also protects DNA by reducing the levels of 8-OHdG, a marker of DNA oxidation, and it
regenerates metal ions such as Fe3+ and Cu2+, converting them into their active reduced
forms. As a pro-oxidant, vitamin C can induce selective cytotoxicity in tumor cells. By
reducing Fe3+ to Fe2+, ascorbate drives the Fenton reaction [107], generating hydroxyl
radicals (•OH) from extracellular H2O2. This H2O2 can penetrate tumor cells, particularly
those deficient in catalase, thereby increasing oxidative stress and cellular damage. Vitamin
C may also interfere with the regulation of HIF-1α [108], a key factor in angiogenesis and
the adaptation of tumor cells to hypoxic conditions. Some studies have reported improved
survival [109–114], while others have found no effect [115,116]. However, the studies
reporting improved survival involved the use of intravenous vitamin C, thus indicating
pro-oxidant effects, while studies using oral vitamin C, and thus exhibiting antioxidant
effects, reported no effect on survival.
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3.9. Vitamin D

Vitamin D is a prohormone produced in the skin from UVB irradiance on 7-
dehydrocholesterol followed by a thermal reaction or ingested from supplements or food. It
is hydrolyzed in the liver to become 25-hydroxyvitamin D [25(OH)D], the main circulating
metabolite. This metabolite can be further hydrolyzed in the kidneys or other organs
as needed to form 1,25-dihydroxyvitamin D (calcitriol), which can help to fight cancer
in organs [117]. Calcitriol binds to vitamin D receptors on cell nuclei, where they can
upregulate and downregulate certain genes [118]. Vitamin D, a fat-soluble compound, can
inhibit tumor cell proliferation, angiogenesis, hormones, EMT, and cancer cell metabolism,
and induce apoptosis, autophagy, and cell differentiation; target cancer stem cells; enhance
the immune system; regulate inflammation; influence the microbiome; and modulate the
renin–angiotensin system [118,119]. Vitamin D, via its receptor (VDR), activates the Nrf2
signaling pathway, which induces the transcription of several genes involved in antioxidant
defense mechanisms. This includes the activation of HO-1 (heme oxygenase), and enzymes
necessary for glutathione biosynthesis (GCLC/GCLM) [120]. This activation promotes the
production of GSH, a powerful antioxidant that helps neutralize ROS. In addition, vitamin
D increases the activity of antioxidant enzymes such as GPx, glutathione reductase (GR),
SOD2, and CAT, all of which contribute to cellular protection against oxidative stress [121].
Furthermore, vitamin D inhibits NOX2 and NOX4, which are responsible for generating
ROS, thereby limiting their production and preserving cellular integrity [122]. VDR over-
expression is associated with the promotion of oxidative stress. After VDR knockdown,
antioxidant levels (SOD2, PRDX5, GPX1, and GCLM) increase significantly, suggesting that
active VDR suppresses these antioxidants in this tumor context, fostering a pro-oxidant
environment that stimulates cancer cell proliferation [123]. While vitamin D has been
shown to have antioxidant effects in mouse models [124] and on breast, colon, and head
and neck cancer cell lines [32], the many other mechanisms by which vitamin D can affect
the risk of cancer greatly outweigh the antioxidant effects. Indeed, the antioxidant effect
of high-dose vitamin D3 supplementation appeared weak and statistically insignificant
in a weaning pig study, with only marginal improvements observed in specific markers
such as superoxide dismutase (SOD) activity and malondialdehyde (MDA) levels, but
no significant change in total antioxidant capacity (T-AOC) [125]. Vitamin D appears to
impact survival [126], its effects may operate through mechanisms beyond its antioxidant
activity. The evidence comes from several types of studies: geographical ecological studies,
prospective cohort studies related to serum 25-hydroxyvitamin D [25(OH)D] concentra-
tions, RCTs, and mechanistic studies [118]. The effect of vitamin D on cancer risk and
progression is related to serum 25(OH)D concentration, not vitamin D dose. Observational
studies can show dose–response relationships over large 25(OH)D ranges (e.g., for breast
cancer [127]). Vitamin D RCTs tend to be poorly designed, conducted, and analyzed:
typically, participants have high 25(OH)D concentrations, those in the treatment arm are
given low vitamin D doses, those in the control arm are also permitted to take vitamin D,
and the results are analyzed according to intention to treat rather than achieved 25(OH)D
concentration [128]. Nonetheless, the largest vitamin D RCT to date that assessed the effect
of 2000 IU/day vitamin D supplementation on the risk of cancer found that participants
with mean 25(OH)D concentrations ~78 nmol/L and BMIs < 25 kg/m2 had a 25% reduction
in all-cancer incidence [129]. Participants with higher BMIs did not have reduced cancer
incidence rates. In addition, there was a 25% reduction in all-cancer mortality rate after
censoring the first one or two years of data. In general, the effect of vitamin D on cancer
risk is higher for mortality rate than incidence rate [118]. A meta-analysis of 10 randomized
controlled trials concluded that, while vitamin D supplementation did not significantly
reduce overall cancer incidence, the primary benefit of vitamin D supplementation appears
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to lie in reducing cancer mortality [126]. Another recent study based on data from three ran-
domized controlled trials showed that vitamin D can prevent 30 000 cancer deaths per year
in Germany (13% of the total) [130].

3.10. Vitamin E

Vitamin E is another case in which the chemical form matters. Vitamin E includes
α-, β-, γ-, and δ-tocopherols (α-T, β-T, γ-T, δ-T) and α-, β-, γ-, and δ-tocotrienols (α-T3,
β-T3, γ-T3, δ-T3). It has antioxidant and anti-inflammatory properties, but can also pro-
mote apoptosis [131]. Tocotrienols, especially γ-T3 and δ-T3, have stronger antioxidant
activity than α-T due to their unsaturated chain, which improves their distribution in
lipid membranes. α-tocopherol inhibits NADPH oxidase (NOX) [132], thereby reducing
the extracellular production of O2•−. This may explain some of the clinical side effects
associated with high vitamin E consumption. δ-tocotrienol inhibits HMG-CoA reductase,
reducing mevalonate synthesis, which in turn decreases the isoprenylation of K-Ras protein,
inhibiting the proliferation of ROS-dependent tumor cells [133]. Tocotrienols, especially
γ-T3, activate death receptors (DR4 and DR5), promoting extrinsic apoptosis in cancer
cells. Vitamin E inhibits the JAK2/STAT3 pathway, reducing anti-apoptotic defenses and
sensitizing tumor cells to pro-apoptotic ROS [134]. Additionally, it inhibits the Akt/mTOR
pathway, reducing cell survival and facilitating apoptosis in synergy with ROS. Vitamin E
does not seem to show clinical benefits and might even be detrimental regarding mortal-
ity [135]. In brief, the results for vitamin E have been clearly disappointing in large-scale
human trials to date (see Table 1 [136]). However, the outcomes depend on the nutritional
status of the population and the form and dose of vitamin E used. Supplementation with
γ-T, δ-T, and tocotrienols, but not α-T, could reduce cancer risk [136].

It is generally accepted that antioxidants have beneficial effects, particularly for cancer
prevention, although their potential effects as adjuncts to treatments and on mortality
should also be considered. However, RCTs, systematic reviews, and meta-analyses show
that, in general, antioxidants have disappointing results, except for vitamin D, melatonin,
and vitamin C taken orally, and with vitamin C primarily obtained from food rather than
supplements (see Table 2).

Table 2. Summary of effects of supplements in cancer patients: a review of randomized controlled
trials and systematic reviews and meta-analyses.

Source Clinical
Context

Patients
(n) Study Type Subjects Antioxidants Dosage Main Findings

[137] Prevention 29,133 RCT
Male
smokers
cancer-free

Alpha-
tocopherol and
beta-carotene
supplementation

Daily
supplementation
with b-carotene
(20 mg) and/or
vitamin E (50 mg dl
a-tocopheryl
acetate)

No protective
effect of vitamin E
or beta-carotene
supplementation
against cancers of
the upper
aerodigestive tract

[135] Prevention 232,606

Systematic
review and
meta-
analysis

Men and
women for
primary
and
secondary
prevention

Beta-carotene,
vitamins A, C, E,
and selenium
(alone or in
combination)

Daily or on alternate
days
supplementation
with beta carotene
1.2 to 50.0 mg (mean,
17.8 mg); vitamin A
1333 to 200 000 IU
(mean, 20 219 IU);
vita- min C 60 to
2000 mg (mean, 488
mg), vitamin E 10 to
5000 IU (mean, 569
IU); and selenium 20
to 200 µg (mean
99 µg).

Treatment with
beta carotene,
vitamin A, and
vitamin E may
increase mortality;
the majority of the
studies are for
secondary
prevention
(patients who
already have
cancer).
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Table 2. Cont.

Source Clinical
Context

Patients
(n) Study Type Subjects Antioxidants Dosage Main Findings

[138] Prevention 170,525

Systematic
review and
meta-
analysis

Prevention
of gastroin-
testinal
cancers
(not
specified)

Beta-carotene,
vitamins A, C, E,
and selenium
(alone or in
combination)

Daily or on alternate
days
supplementation
with beta-carotene
(15–50 mg), vitamin
A (1.5–15 mg),
vitamin C
(120–2000 mg), and
vitamin E
(30–600 mg), and
selenium
(50–228 µg).

No evidence that
antioxidant
supplements can
prevent
gastrointestinal
cancers.
Antioxidants
increase overall
mortality.

[139]
Prevention
and
mortality

104,196

Systematic
review and
meta-
analysis

Men and
women for
primary
cancer

Beta carotene,
selenium,
vitamin C
(ascorbic acid),
vitamin E
(α-tocopherol),
and lycopene
alone or in
combination

Beta-carotene
15–30 mg/day;
vitamin C
120–250 mg/day;
vitamin E
30–900 IU/day; and
selenium
100–200 µg/day.

Antioxidants did
not significantly
reduce total cancer
mortality.

[140] Prevention 161,045

Systematic
review and
meta-
analysis

Men and
women
cancer free

Beta-carotene,
vitamin A,
vitamin C,
vitamin E
(α-tocopherol),
and selenium

Vitamin A (15 mg or
10 000 to 300 000 IU,
daily or weekly);
vitamin C (120, 180,
or 250 mg, daily);
vitamin E
(30 to 600 mg or 60
to 600 IU, daily or on
alternate
days); beta-carotene
(6 to 75 mg; daily or
on alternate
days); and selenium
(50 to 200 µg, daily).

No clinical
evidence to
support an overall
primary and
secondary
preventive effect of
antioxidant
supplements on
cancer.

[141] Prevention 18,314 RCT
Men and
women at
risk of lung
cancer

Beta-carotene
and retinyl
palmitate

Daily
supplementation
with 30 mg
beta-carotene and
25,000 IU retinyl
palmitate

28% more cancer
incidence in the
experimental arm.

[142] Prevention NS

Systematic
review and
meta-
analysis

NS Beta-carotene Beta-carotene 6 to
50 mg

Beta-carotene
increased the risk
of lung cancer.

[66,67]
Treatment
outcomes
&
Mortality

NS

Umbrella
review of
meta-
analysis
and
systematic
review and
meta-
analysis

Cancer
patients Melatonin

Daily
supplementation,
0.05 to 40 mg/day.

Increased survival
at one year.

[143] Prevention 27,232

Systematic
review and
meta-
analysis

Men and
women
cancer free

Selenium
supplementation

Daily
supplementation,
200 µg to
500 µg/day of
selenium.

Selenium
supplementation
had no significant
impact on the risk
of developing
cancer or on
cancer-related
mortality.
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Table 2. Cont.

Source Clinical
Context

Patients
(n) Study Type Subjects Antioxidants Dosage Main Findings

[144]
Prevention
and
mortality

29,584 RCT

Healthy
men and
women at
increased
risk of
developing
esophageal
cancer and
gastric
cancer

Selenium,
vitamin E, and
beta-carotene

Daily
supplementation of
50 µg selenium,
30 mg vitamin E
(alpha-tocopherol),
and 15 mg
beta-carotene.

No effect on
prevention,
reduction of
mortality.

[145] Supportive
care NS Systematic

review
Cancer
patients

Vitamins,
minerals,
phytochemical
compounds and
amino acids
compounds

Daily
supplementation 20
to 40 mg/day of
melatonin. NS for
the other
supplements.

No evidence
suggesting that
taking antioxidant
supplements
alongside cancer
therapy was
harmful.

[146] Treatment
outcomes 17,062

Systematic
review and
meta-
analysis

Breast
cancer
patients

Vitamin A, C, or
E NS Only vitamin C

increased survival.

[147] Prevention NS

Systematic
review and
meta-
analysis

Healthy
men and
women

Vitamin A,
vitamin C,
vitamin D,
vitamin E (alpha-
tocopherol),
lycopene, folate,
iron, carotenoids,
beta-carotene,
selenium,
pyridoxine

Vitamin A, 1500 to
8000 µg/day;
vitamin C, 310 to
750 mg/day;
vitamin D, 125 to
620 IU/day; vitamin
E, 40 to 300 IU/day;
folate 128 to
703 µg/day;
beta-carotene
20 mg/day,
lycopene, 837 to 11
680 µg/day; iron,
<11.3 to
>17.3 mg/day or 48
to 336 µg/1000 kcal;
α-carotene, 192 to
1561 µg/day;
lutein/zeaxanthin
885 to >2072 µg/day;
β-cryptoxanthin,
75.7 to
>193.5 µg/day;
selenium, NS;
pyridoxine, NS.

None of the
studied
associations show
a significant effect
on the risk of
non-Hodgkin
lymphoma for
vitamin A, vitamin
C, vitamin D,
vitamin E, or
lycopene intake.

[148] Prevention 12,741 RCT
Men and
women
cancer-free

Vitamin C,
vitamin E
(α-tocopherol),
beta carotene,
selenium, and
zinc, or a
placebo.

Daily capsule of a
combination of
120 mg of ascorbic
acid, 30 mg of
vitamin E
(unspecified), 6 mg
of beta carotene,
100 µg of selenium,
and 20 mg of zinc, or
a placebo.

No beneficial
effects of
antioxidant
supplementation
in men and
women in the long
term (5-year
postintervention
period).

[149] Prevention 14,641 RCT Men

Vitamin E
(synthetic
α-tocopherol)
every other day
and 500 mg
vitamin C daily.

Individual
supplements of
400 IU of vitamin E
every other day and
500 mg vitamin C
daily.

Vitamin E and C
supplementation
do not reduce the
risk of prostate or
total cancer.
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Table 2. Cont.

Source Clinical
Context

Patients
(n) Study Type Subjects Antioxidants Dosage Main Findings

[150] Prevention NS

Systematic
review and
meta-
analysis

Men and
women
cancer-free

Vitamin C NS

Vitamin C-rich
foods are
associated with a
reduced risk of
breast cancer,
colorectal cancer,
and prostate
cancer, but no such
benefit was found
with vitamin C
supplements.

[151] Prevention 62,619

Systematic
review and
meta-
analysis

Men and
women
cancer-free

Vitamin C 120 to 500 mg/day

No evidence to
support the use of
vitamin C
supplements for
prevention of
cancer.

[152] Prevention NS Umbrella
review

Men and
women
cancer-free

Vitamin C 50 to >1000 mg/day

Vitamin C-rich
foods are
associated with a
lower risk of
bladder cancer,
breast cancer,
cervical neoplasms,
endometrial
carcinoma,
esophageal cancer,
gastric cancer,
glioma, lung
cancer, pancreatic
cancer, prostate
cancer, and renal
cell cancer.

[153]
Prevention
and
mortality

26,347

Systematic
review and
meta-
analysis of
observa-
tional
studies

Women
with and
without
breast
cancer

Vitamin C 55 to >1000 mg/day

High dietary
vitamin C intake is
associated with
reduced breast
cancer incidence
and mortality; no
significant
preventive effect
has been observed
with
supplementation.

[154] Prevention NS

Systematic
review and
meta-
analysis

Men and
women
cancer-free

Vitamin C,
carotenoids, and
vitamin E

Vitamin C: 39 to
388 mg/day;
Vitamin E: 4.9 to
21 mg/day;
β-carotene: 679 to
15,034 µg/day;
α-carotene: 43.6 to
696 µg/day;
β-cryptoxanthin:
91.4 to 1418 µg/day;
Lutein: 221 to
1723 µg/day;
Zeaxanthin: 40.5 to
261 µg/day;
Lycopene: 622 to
4047 µg/day.

Higher dietary
intake and/or
blood
concentrations of
vitamin C,
carotenoids, and
α-tocopherol were
associated with
reduced risk of
total cancer.

[155] Treatment
outcomes NS

Systematic
review and
meta-
analysis

Colorectal
cancer
patients

Vitamin D
400 IU/day to
4000 IU/day or
100,000 IU/4 months

30% reduction in
adverse CRC
outcomes with
vitamin D
supplementation.

https://doi.org/10.3390/antiox15070809

https://doi.org/10.3390/antiox15070809


Antioxidants 2026, 15, 809 15 of 40

Table 2. Cont.

Source Clinical
Context

Patients
(n) Study Type Subjects Antioxidants Dosage Main Findings

[126]
Prevention
and
mortality

75,239

Systematic
review and
meta-
analysis of
RCTs

Men and
women
general
population

Vitamin D 400 IU/day to
3279 IU/day

No effect on cancer
incidence;
significant
reduction in cancer
mortality.

[156] Prevention 39,876 RCT Healthy US
women

Vitamin E
(α-tocopherol)

600 IU of
natural-source
vitamin E
(α-tocopherol)

No benefit for
cancer prevention.

NS: Not Specified; RCT: Randomized Controlled Trial.

The evidence summarized in this table is notably inconsistent, reflecting the complexity
of antioxidant biology in cancer. Vitamin C supplementation shows no effect on cancer
prevention in RCTs, despite strong epidemiological signals from dietary studies. This
discrepancy likely arises because dietary sources of vitamin C include many other nutrients
that may contribute to the observed effects [157]. Similarly, vitamin E supplementation
produces conflicting results depending on population, dose, and cancer type, with no
clear protective effect emerging from large trials. The main problem with most vitamin E
RCTs was that only α-tocopherol was used. The most consistent and concerning finding
is that beta-carotene supplementation significantly increases lung cancer risk in high-
risk populations, and that combinations of antioxidant supplements may increase overall
mortality. Vitamin D appears to stand out, with evidence suggesting reduced cancer
mortality and improved colorectal cancer outcomes, although results vary according to
dosing strategy. Vitamin D has been found in RCTs to significantly reduce all-cancer
incidence for participants with BMI < 25 kg/m2 and all-cancer mortality rates [129]. A
meta-analysis of vitamin D RCTs found a significant reduction in all-cancer mortality rates
but not incidence rates [126]. The main problem with vitamin D RCTs is that participants
generally have high serum 25(OH)D concentrations. Those in the treatment group are given
low vitamin D doses; those in the control group are also given low vitamin D doses and
permitted to take additional vitamin D, and the results are analyzed according to treatment
rather than achieved 25(OH)D concentration. As a result, observational studies of vitamin
D and health outcomes provide the best evidence [118,158]. Overall, the discrepancy
between the apparent benefits of food-derived antioxidants and the neutral or harmful
effects of isolated supplementation remains unexplained. Dose is an important determinant
of efficacy, and some of the studies listed in Table 2 use widely different doses. However,
dose alone is not sufficient in a system where transporters can become saturated and/or
obesity may act as a limiting factor for some supplements. To summarize, these in vitro and
clinical observations raise an immediate practical question: can these compounds achieve
the concentrations necessary to exert pro-oxidant effects in vivo?

4. Absorption and Bioavailability
The answer depends critically on absorption and bioavailability—the pharmacological

bridge between a supplement’s theoretical potential and its actual effect in tumor tissue.
Below, we summarize the absorption rates for each supplement, as these data are central to
interpreting both experimental and clinical findings.

4.1. Group 1—Sufficient Absorption, and Theoretically Achievable Pro-Oxidant Concentrations via
Oral Administration

The following supplements share sufficiently high oral absorption rates to theoreti-
cally reach biologically active—and potentially pro-oxidant—concentrations in systemic
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circulation. Vitamin D absorption ranges from 62% to 100% [159,160]. Logically, the dose
plays an important role, and the same applies to vitamin D, where high doses (8000 IU/day)
produce more significant effects compared to standard doses (400 IU/day) [161]. However,
high doses are not always sufficient in obese individuals, as excess adipose tissue can
sequester vitamin D [119]. In a study with 12 healthy volunteers, single doses of racemic
ALA were administered orally at a dose of 200 mg, with absorption rates ranging from
20% to 38% [162]. The absorption of selenium is very efficient, ranging from >50% for
selenite to 100% for selenate, and can exceed 90% for organic forms [163]. The absorption
of β-carotene seems to vary significantly, ranging from 5% to 65%, influenced by factors
such as diet, genetic traits, and the individual’s health condition [164]. This wide variability
makes individual predictions difficult and limits its reliable classification as a consistently
pro-oxidant supplement.

4.2. Group 2—Intermediate or Paradoxical Absorption via Oral Administration

The oral absorption of vitamin C is highly regulated. The higher the oral intake of
vitamin C, the more the vitamin C transporters (saturable, SVCT1/2) become saturated.
Indeed, after a single dose of 200 mg of vitamin C taken orally, the absorption rate is
100%, whereas it drops to 33% for a single dose of 1250 mg [165]. A scoping review study
showed that liposomal oral vitamin C improved Cmax by 1.2 to 5.4 times and AUC by 1.3 to
7.2 times [166], which is still far from the levels achieved with intravenous administration.
Indeed, intravenous vitamin C can achieve plasma concentrations of 23 to 49 mM, which is
60 to 270 times higher than those obtained with oral administration (whether liposomal or
conventional) [166–168]. For doses of melatonin ranging from 2 to 4 mg, the absorption is
approximately 15% [169]. A systematic review analyzed oral doses ranging from 0.3 mg to
100 mg, and the absorption varied between 9% and 33% [170]. Resveratrol comes in several
forms. Trans-resveratrol appears to be the more stable natural form. Resveratrol presents a
unique paradox: its oral absorption is approximately 75% and occurs primarily through
transepithelial diffusion, yet extensive metabolism in the intestine and liver results in a
systemic bioavailability of the free form that is significantly less than 1% [171]. Despite
its low bioavailability, resveratrol shows efficacy in vivo. This may be explained by the
conversion of both sulfates and glucuronides back to resveratrol in target organs such as the
liver. Another possible explanation could be the enterohepatic recirculation of resveratrol
metabolites, followed by its deconjugation in the small intestine and its re-absorption.
Finally, in vivo effects could be explained by the activity of its metabolites [172]. Vitamin E
presents an intermediate profile, with oral absorption ranging from 10% to 33% [173].

4.3. Group 3—Oral Bioavailability Too Low to Achieve Pro-Oxidant Effects

For the following compounds, oral bioavailability was too limited to expect pro-
oxidant concentrations in systemic circulation. The absorption of berberine is very low
(<1%) [174]. However, some publications have demonstrated that berberine’s bioavailability
can be improved using technologies such as MLDH (MgAl monolayer hydrotalcite). The
goal is to promote the solubility and bioavailability of berberine [175]. CoQ10 has relatively
low oral bioavailability in humans—less than 2% for standard forms [176]—due to its high
lipophilicity (fat-solubility), large molecular weight, and poor water solubility. Absorption
is slow and incomplete, with significant inter-individual variability [177]. Curcumin
is a problematic case. Even with the best formulations, the plasma levels of free (non-
conjugated) curcumin remain 1000 times lower than the concentrations used in vitro to
demonstrate biological effects [178]. EGCG has low oral bioavailability in humans, with
levels in plasma reaching less than 1% of the ingested dose. Much of the compound
undergoes first-pass metabolism (glucuronidation, sulfation, methylation) in the intestine

https://doi.org/10.3390/antiox15070809

https://doi.org/10.3390/antiox15070809


Antioxidants 2026, 15, 809 17 of 40

and liver [179]. For an oral dose of 400 mg of NAC, the absorption is 4% [180]. Another
study reported absorption rates ranging from 6% to 10% [181]. Quercetin’s bioavailability
is higher than that of EGCG, but still relatively low (<10%) due to its poor water solubility.
Most absorbed quercetin undergoes extensive first-pass metabolism in the intestine (by
β-glucuronidase) and liver, appearing in the plasma primarily as conjugated metabolites
(glucuronides, sulfates, and methylated forms) [182]. For example, quercetin aglycone has
been shown to interact with certain receptors, particularly the aryl hydrocarbon receptor,
which is involved in the development of cancers [183]. The observed anticancer effects
of these supplements in vitro therefore likely reflect mechanisms other than direct redox
modulation, or require alternative delivery strategies.

These absorption constraints have direct clinical implications. Supplements in Group
1—selenium, vitamin A, vitamin D, and ALA—are the most plausible candidates for
theoretically achievable pro-oxidant concentrations. For compounds in Groups 2 and 3,
achieving pro-oxidant concentrations via oral administration is unlikely without alternative
formulations or intravenous delivery, as exemplified by vitamin C. This distinction should
inform both clinical decision making and trial design. However, bioavailability is only
one piece of the puzzle. Even when a supplement reaches systemic circulation, its ultimate
effect depends on where and how it interacts with cancer cell metabolism—particularly at
the mitochondrial level.

5. Mitochondrial Respiration and Supplements
In many cancers, abnormalities in mitochondrial structure, number, or function have

been highlighted [3,184]. From a mitochondrial perspective, cancer results from chronic al-
terations in OxPhos [185]. Like all cells, cancer cells require energy to survive and primarily
produce their ATP through two pathways: cytosolic substrate-level phosphorylation (cSLP)
and mitochondrial substrate-level phosphorylation (mSLP) [184–186]. Cancer cells rely on
only a small fraction (~2–7%) of their mitochondrial oxygen capacity to maintain the respi-
ratory flux required for biosynthetic redox processes [187]. This is consistent with oxygen
consumption within mitochondria. Mitochondrial respiration is responsible for more than
90% of oxygen consumption in humans. Cells utilize oxygen as the final electron acceptor
in the aerobic metabolism of glucose to generate ATP, which fuels most active cellular
processes [188]. However, a recent study highlights the complexity of the mitochondrial
‘problem’. Although OxPhos (and thus ATP production) may be impaired, non-OxPhos mi-
tochondrial pathways that rely on oxygen as the terminal electron acceptor in the ETC can
support tumor progression [189]. This article highlights numerous respiration-supported
non-OXPHOS pathways such as (i) de novo pyrimidine synthesis via dihydroorotate dehy-
drogenase (DHODH); (ii) aspartate provision by mitochondrial Glutamate–Oxaloacetate
Transaminase 2 (GOT2); (iii) mitochondrial one-carbon metabolism via serine hydrox-
ymethyltransferase 2 and methylenetetrahydrofolate dehydrogenase 2; (iv) nicotinamide
nucleotide transhydrogenase (NNT) using protonmotive force to supply mitochondrial
NADPH; (v) glycerol-3-phosphate shuttling; (vi) the TCA cycle; (vii) heme and Fe-S clus-
ter synthesis; (viii) proline and hydroxyproline metabolism; (ix) H2S oxidation; and (x)
choline oxidation [189]. We summarize the effects of supplements on respiration-supported
non-OxPhos mitochondrial pathways in Table 3.

Based on this perspective on targeting respiration-supported non-OxPhos pathways,
berberine, curcumin, EGCG, vitamin D, and ALA would appear to inhibit some path-
ways, thereby potentially reducing their support for cellular proliferation. In contrast,
CoQ10, resveratrol, melatonin, selenium, NAC, and vitamin E might activate them, possi-
bly promoting proliferation. Finally, vitamin C would exhibit a well-known ambivalent,
dose-dependent effect. These assignments are based on available in vitro and mechanistic
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data and should be interpreted as hypothesis-generating rather than as clinical guidance.
The effectiveness of supplements could therefore be context-dependent, dose-dependent,
and determined by which respiration-supported non-OxPhos pathway is dominant in the
specific tumor. This would allow us to understand why many supplements have been
mentioned as potentially involved in tumor progression, in both in vitro and in vivo mod-
els, which we will discuss further in the next section. This metabolic heterogeneity would
have direct consequences for how supplements might behave in a tumor context. Indeed,
activating certain mitochondrial pathways may not always be desirable: under some con-
ditions, the same supplements that support normal cell function could inadvertently fuel
tumor progression.

Table 3. Effects of supplements on respiration-supported non-OxPhos mitochondrial pathways.

Supplement Respiration-Supported Non-OxPhos Pathway Outcomes Related to Chinopoulos’ Pathway
Description [189]

ALA ↑ UQH2 => ↓ DHODH [190], supports mitochondrial
lipoylation (PDH, α-KGDH, GCS) [191], ↑ TCA cycle [192]; ↓ (i) and ↑ (vi)

Berberine ↓ complex I => ↓ GOT2 => ↓ aspartate [193,194], ↓ TCA
cycle [195]; ↓ (ii) and ↓ (vi)

CoQ10 ↑ de novo pyrimidine synthesis via DHODH [196], ↑ SQOR,
↑ H2S oxidation [197], ↑ NNT-GSH [198]; ↑ (i), (iv), (vii), and (ix).

Curcumin ↓ TCA cycle [199]; ↓ (vi)

EGCG ↓ TCA cycle via GLUD inhibition [200,201]. ↓ (vi)

Melatonin ↑ Proline, ↑ TCA cycle [202]; ↑ (vi), (viii)

NAC ↑ H2S → SQOR → ↑ UQH2 → ↓ ferroptosis [203], indirect effect
on NNT [204]; ↑ (ix)

Quercetin No reported direct interaction with respiration-supported
non-OxPhos pathways in the literature reviewed; ND

Resveratrol ↑ TCA cycle [205]; ↑ (vi)

Selenium ↑ H2Se → SQOR → ↑ UQH2 → ↓ ferroptosis [206]; ↑ (ix)

Vitamin C ↑ Fe3+ to Fe2+ => ↑ ferroptosis [107], ↓ TCA cycle [207,208]; ↓ (vi) and ↓ (vii)

Vitamin D Redirects TCA cycle metabolites [209], ↓ TCA cycle [210]; ↓ (vi)

Vitamin E ↓ ferroptosis [211]; ↑ TCA cycle [210]. ↑ (vi), ↑ (vii)

The directional arrows represent system-level modulation of respiration-supported non-OxPhos mitochon-
drial pathways, integrating evidence from multiple mechanistic studies. α-KGDH: Alpha-Ketoglutarate De-
hydrogenase; ALA: Alpha-Lipoic Acid; CoQ10: Coenzyme Q10; DHODH: Dihydroorotate Dehydrogenase;
EGCG: Epigallocatechin Gallate; Fe-S: Iron-Sulfur cluster; GCS: Glycine Cleavage System; GLUD: Glutamate
Dehydrogenase; GOT2: Glutamate–Oxaloacetate Transaminase 2; GSH: Glutathione; H2S: Hydrogen Sulfide;
H2Se: Hydrogen Selenide; NAC: N-Acetylcysteine; ND: Not Determined; NNT: Nicotinamide Nucleotide Transhy-
drogenase; PDH: Pyruvate Dehydrogenase; SQOR: Sulfide: Quinone Oxidoreductase; TCA cycle: Tricarboxylic
Acid cycle (Krebs cycle); UQH2: Ubiquinol.

6. Biological and Biochemical Mechanisms of the Effects of Antioxidant
Supplements on Tumor Progression

This apparent paradox—of supplements promoting cancer survival rather than cell
death—becomes less surprising when one considers the specific biochemical environment
of advanced tumors. The antioxidant activity of GSH drives metastasis in breast can-
cer [212]. Indeed, GSH is responsible for tumor progression and chemoresistance [213].
A study on 460 women with breast cancer showed that excess GSH was responsible for
chemotherapy resistance [214]. This activity may partly result from glutaminolysis, which
supports cancer cell maintenance and survival by providing NADPH and GSH, thereby
compensating for the reduced energy production from OxPhos and mitigating ROS under
normal cancer cell conditions [208]. A study showed that NAC and vitamin E enhance
tumor cell proliferation in both mouse and human lung tumor cells by reducing ROS,
DNA damage, and p53 expression [215]. Additionally, NAC and vitamin C can stimulate
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angiogenesis during KRAS-driven lung cancer progression. These antioxidants increase
the expression of BACH1 and HIF1α, which promote the transcription of VEGFs, VEGF
receptors, and NRPs [216]. Similar results are observed in melanoma, where NAC and
the soluble vitamin E analog Trolox increase metastasis in mice [217]. Furthermore, an-
tioxidants stabilize BACH1, leading to the activation of glycolysis-related genes like HK-II
and GAPDH. This overexpression results in increased glucose uptake, higher glycolysis
rates, and greater lactate secretion, contributing to enhanced metastasis in lung cancer in
mice [218]. Low-dose vitamin C and niacin (vitamin B3) lines increase the proliferation
of CSCs in colon cancer cell lines, and the effect is reversed with a high concentration of
vitamin C [219]. An in vivo study on melanoma demonstrated that low concentrations of
vitamin C promoted tumor growth. The findings suggested that a lower dose of vitamin
C (equivalent to 0.5 g/70 kg) administered orally led to an increase in melanoma growth,
with this effect being reversed at higher concentrations [220]. A separate study conducted
on three glioblastoma cell lines (U251-MG, T98G, and CRT-MG) yielded similar findings.
Natural antioxidants, such as quercetin, curcumin, tea polyphenols (e.g., EGCG), and
vitamin D, have been shown to increase the activity of the Nrf2 pathway [221,222]. This
pathway can target the transketolase gene, which connects the Pentose Phosphate Pathway
(PPP) with glycolysis to affect the production of the antioxidant NADPH [223]. These
mechanisms explain why antioxidants can sometimes promote tumor growth; they also
pave the way for combination strategies aimed at precisely blocking undesirable protective
effects. These findings suggest that the problem is not simply that antioxidants reduce
ROS, but that they may actively reinforce the very pathways that cancer cells depend on
for survival and metastasis. A natural extension of this observation is to ask whether these
pro-oxidant effects can be blocked—and whether combining supplements with other agents
might reverse or exploit this dynamic.

7. Inhibition of Pro-Oxidant Activities Through the Combined Use of
Antioxidant Supplements and Other Molecules

Several experimental models illustrate this directly. In two colorectal cancer cell line
experiments, NAC reversed ivermectin-induced ROS and cell death, but it promoted prolif-
eration compared to the control group [224], thereby contributing to cancer progression.
Similar results were observed in mouse and canine breast cancer models, where NAC
reduced the ROS effects of a combination of ivermectin and metformin [225]. In non-small
cell lung cancer, NAC inhibited mebendazole-induced ROS in two different cell lines [226].
Similar results are observed with vitamin C and NAC, in thyroid and breast cancer cell
lines [30,207]. Vitamin C has been shown to exhibit pro-oxidant effects across 10 cancer
cell lines (lung, breast, melanoma, pancreas, ovary, prostate, and cervical), with these
effects being inhibited by glutathione. These results have been confirmed in xenografted
mice [227]. 2-Deoxy-D-glucose (2-DG) suppresses doublecortin-like kinase 1, a cancer stem
cell (CSC) pancreatic marker, which can be reversed by the combination of 2-DG + NAC,
thus increasing cell viability [228]. Another study testing a series of drug combinations,
including DCA, methylene blue (MB), and ALA, shows that ALA, although an antioxidant,
can act as a pro-oxidant. However, in Figure 2 of the article, it can be observed that the
combination of methylene blue and ALA, although pro-oxidant in this case, reduces the
effects of MB on glutaminolysis [36], a noteworthy effect given that it is one of the two es-
sential pathways for cancer cell survival [3,184–186]. Singh et al., 2017 [229] synthesized
the results on the use of antioxidants in combination with chemotherapy. In humans,
their findings indicate that the results of studies combining vitamins A, C, and E with
standard chemotherapy are heterogeneous; some studies report beneficial effects on toxicity,
therapeutic response, or survival, while others show no significant difference. Among non-
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vitamin antioxidants, melatonin shows consistently positive results across all evaluated
outcomes, while GSH appears to primarily reduce treatment-related toxicity rather than
affect survival. Antioxidant combinations seem to improve survival, particularly for combi-
nations including vitamin A, vitamin E, and selenium, although the largest available study
(n = 136) did not demonstrate any significant effect. A systematic review of RCTs including
antioxidants such as glutathione, melatonin, vitamin A, antioxidant mixtures, vitamin C,
NAC, vitamin E, and ellagic acid did not show a reduction in efficacy from antioxidant
supplementation during chemotherapy, and even showed an improvement in survival for
cancer patients [230]. Another systematic review shows that the total antioxidant status
decreases during standard treatments for cancer patients [231]. Furthermore, the use of
antioxidants (including vitamins A, C, and E; carotenoids; and coenzyme Q10) before and
during chemotherapy has been linked to an increased risk of recurrence [232]. Similar
results were observed during chemotherapy and after diagnosis for breast cancer [146].
This may be partly explained by the potential of standard treatments to fuel dormant tumor
stem cells (see Section 9 of [185]). It is important to differentiate between the cytotoxi-
city induced by standard treatments such as chemotherapy, radiotherapy, and targeted
therapies, which can be harmful to normal cells [233], and selective cytotoxicity directed
towards cancer cells while preserving healthy cells. Indeed, in vitro studies have shown
that vitamin C can kill cancer cells but not normal cells [234–236]. Other supplements
have also demonstrated tumor-selective effects, without toxicity in normal cells, such as
berberine in pancreatic and brain cancer cells [13,237,238], curcumin [239] and ALA [240]
in colon cancer cells, α-tocopherol in oral cancer cells [241], and astaxanthin combined with
β-carotene in breast cancer cell lines [242].

These results should be interpreted with caution, as most of the evidence comes from
in vitro studies, and their reproducibility in vivo remains to be established. It may therefore
be strategic to focus on supplements that exhibit selective pro-oxidant activity toward
cancer cells while remaining non-toxic to healthy cells, with absorption and bioavailability
(see Section 4) being key determinants of the effectiveness of oral supplementation. Taken
together, these findings reveal the limits of evaluating supplements solely through their
redox activity. Whether acting as antioxidants or pro-oxidants, their clinical impact cannot
be fully explained by ROS modulation alone. This invites a broader look at the other
biological mechanisms through which these compounds may influence tumor biology.

8. Alternative Mechanisms Potentially Surpassing the Antioxidant
Effects of Supplements

Focusing exclusively on redox activity risks missing a broader and clinically relevant
picture: several supplements exert potent anticancer effects through mechanisms that
are largely independent of their antioxidant properties. While antioxidants have long
been promoted for their protective roles against oxidative stress, a deeper examination of
their broader biological activity reveals that their impact on health—particularly in the
context of cancer—can be more complex. In fact, certain supplements may exert beneficial
effects through mechanisms that surpass their antioxidant properties. These include their
metabolic activity and their potential to influence the tumor microenvironment. Such
alternative mechanisms could offer more sustainable and potent therapeutic benefits,
especially in the context of cancer treatment, where tumor progression and resistance to
standard therapies present ongoing challenges.

8.1. Metabolic Activity

Cancer cells, like all cells, require energy production. The majority of this energy
is typically generated through oxidative phosphorylation. However, cancer cells exhibit
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mitochondrial alterations in number, structure, and function (see Table 1 [184]). These
mitochondrial changes lead to a metabolic shift toward two essential pathways—glycolysis
and mitochondrial substrate-level phosphorylation including glutaminolysis—which are
inadequate for the survival of cancer cells [184–186]. The effects of supplements on these
two pathways are summarized in Table 4 below.

Table 4. Summary of metabolic activity of supplements.

Source Cell Lines Supplement Metabolism

[40] Breast (MCF-7 and MDA-MB-231) ALA Decreased glycolysis by downregulating the
expression of PKM2 and LDHA.

[243] Colon (HCT116 and KM12C) Berberine
Decreased glycolysis metabolism via
suppression of mTOR-dependent HIF-1α
protein.

[244] Ovarian (SKOV3 and HEY) Berberine
Decreased glycolysis through the
LINC01123/P65/MAPK10
signaling axis.

[47] Gastrointestinal (CT26, HT29,
TMK1) Berberine

Increased glycolysis and glutaminolysis
(pyruvate kinase M,
enzyme-1, acetyl-CoA carboxylase α, and
glucose-6-phosphate dehydrogenase).

[245] Liver (Hep3B and BEL-7404) Berberine Decreased glutaminolysis by inhibiting
glutamine transporter (SLC1A5).

[246] Lung (H1299 and A549) Berberine
Berberine inhibits the MT-CO2-GLS1 axis to
decrease the
glutaminolysis pathway.

[247] Brain (T67) Coenzyme Q10 Decreased glycolysis through HIF-1a.

[248,249] Colon (HCT116 and HT29), prostate
(PC-3AcT and DU145AcT) Curcumin Decreased glycolysis via HK-II.

[250] Lung (H1299), breast (MCF-7),
cervical (HeLa), and prostate (PC-3) Curcumin

Decreased glycolysis via by downregulating
PKM2 expression, via inhibition of the
mTOR-HIF1α axis.

[251] Colon (HT29) Curcumin Decreased glutaminolysis via
MicroRNA-137–glutaminase axis.

[252] Cholangiocarcinoma (KKU-213B
and KKU-213BGemR) Curcumin Decreased glutaminolysis via inhibiting LAT2,

GLS, and GS pathway.

[253] Bladder (T24, 5637, UM-UC3) Melatonin Decreased glycolysis by silencing the ENO1
upstream factor PPARγ.

[57,58]
Lung (A549), pancreas (PANC-1),
prostate (DU145, PC-3, and LNCaP)
and cervical (Hela)

Melatonin Direct inhibitor of HIF-1α.

[254] Squamous cell carcinoma of the
head and neck (Cal-27 and SCC9) Melatonin Decreased glycolysis through HK-II.

[255] Breast (BT549 and MDA-MB-231) Melatonin Decreased glycolysis by inhibition of YAP1
signaling.

[256] Ovarian (SKOV3 and
CAISMOV-24) Melatonin Decreased glycolysis and glutaminolysis

through PFK-1, G6PDH, LDH, CS, and GS.

[257] Pancreatic (PANC-1 and AsPC-1) Melatonin Decreased glutaminolysis through
PERK-eIF2α-ATF4 axis.

[258] Prostate (LNCaP) Melatonin Decreased GLUT1 receptor.

[259] Breast and liver (MCF-7 and
HepG2) Resveratrol Decreased glycolysis by downregulating the

expression of PKM2.

[260] Lung (H460 and HCC827) Resveratrol Decreased glycolysis by inhibition of HK-II.

[261] Ovarian (A2780, OVCA429,
CADV3, and SKOV3) Resveratrol Decreased glycolysis via AKT and mTOR

pathways.

[262] Liver (C3A and SMCC7721) Resveratrol Decreased glutaminolysis by inhibition of
glutamine membrane transporter ASCT2.
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Table 4. Cont.

Source Cell Lines Supplement Metabolism

[263] Breast (MCF-7 and MDA-MB-231) Polyphenols (quercetin
and EGCG)

Decreased glycolysis by reducing GLUT1
receptor.

[201] Colon (HCT116) Polyphenols (EGCG) Decreased glutaminolyse by inhibition of GLUD

[264] Neuroblastoma (IMR32, SH-SY5Y,
DF2 and FRSN)

Polyphenols (curcumin,
quercetin, and resveratrol
and combinations)

Decreased glycolysis and glutaminolysis by
inhibition of HK-II, PFKM, PKM2, LDHA, and
GLS1.

[265,266] Lung (A549) and colon (HCT116
and HT29) Selenium (selenite) Decreased glutaminolysis by inhibition of GLS1.

[207] Breast (MCF-7) and colon (HT29) Vitamin C Decreased glycolysis and PPP pathways and
TCA cycle.

[108] Melanoma (WM1366) Vitamin C Decreased HIF-1α.

[208] Breast (MCF-7) and prostate (PC-3) Vitamin C Decreased glutaminolysis pathway by inhibition
of glutamine synthetase.

[267] Breast (MCF-7 and MDA-MB-231) Vitamin D
Decreased glycolysis through HK-II, in MCF-7,
but increased HK-II in MDA-MB-231 cells and
decreased glutaminolysis pathway.

[268] Breast (MCF-7 and MDA-MB-231) Vitamin D Decreased glycolysis through GLUT1, HK-II,
and LDHA

[269] Breast (Harvey-ras transformed
MCF10A) Vitamin D Decreased glutaminolysis pathway through

downregulation of SLC1A5.

[270] Breast (MCF-7 and +SA) Vitamin E Decreased glycolysis through HK-II,
phosphofructokinase, PKM2, and LDHA.

AKT: Protein Kinase B; ASCT2: Alanine Serine Cysteine Transporter 2; ENO1: Enolase 1; G6PDH: Glucose-
6-Phosphate Dehydrogenase; GLS/GLS1: Glutaminase/Glutaminase 1; GLUD: Glutamate Dehydrogenase;
GLUT1: Glucose Transporter 1; GS: Glutamine Synthetase; HIF-1α: Hypoxia-Inducible Factor 1-alpha; HK-
II: Hexokinase II; LAT2: L-type amino-acid transporter-2; LDH: Lactate Dehydrogenase; MAPK10: Mitogen-
Activated Protein Kinase 10; miR-137: MicroRNA-137; mTOR: Mechanistic Target Of Rapamycin; PERK: Protein
Kinase R-like Endoplasmic Reticulum Kinase; PFK-1: Phosphofructokinase 1; PFKM: Phosphofructokinase
Muscle-type; PKM/PKM2: Pyruvate Kinase M/Pyruvate Kinase M2; PPARγ: Peroxisome Proliferator-Activated
Receptor Gamma; PPP: Pentose Phosphate Pathway; SLC1A5; Solute Carrier Family 1 Member 5; TCA cycle:
Tricarboxylic Acid Cycle; YAP1: Yes-Associated Protein 1.

ALA can also target two key enzymes in the metabolism of cancer cells, namely alpha-
ketoglutarate dehydrogenase and pyruvate dehydrogenase [192]. An analog of ALA called
CPI-613 (devimistat) has been developed and is currently undergoing trials [271]. Glucose
serves as a precursor to the PPP for the creation of NADPH and glycine, supporting glu-
tathione production [272]. Glutamine is converted to glutamate, which participates in the
SLC7A11/Xc antiporter as well as directly contributing to the creation of glutathione [273].
Glutamine also serves as a way for the cell to create the NADPH required for all the
endogenous redox systems to function. Many of these molecules can also regulate lipid
metabolism. As a reminder, mitochondrial dysfunction in cancer cells leads to the expres-
sion of lipid droplets (which confirms mitochondrial alteration), which, in turn, are unable
to produce ATP for cancer cells (see Table 2 [184]).

8.2. Other Mechanisms

Several additional mechanisms have been described for these supplements. Vitamin D,
for example, can inhibit the renin–angiotensin system by reducing renin, which decreases
angiotensin II levels and lowers angiotensin II receptor type 1 (AT1R) expression, with
similar effects reported for EGCG and resveratrol [119,274]. These compounds, along
with vitamin D, curcumin, berberine, and melatonin, have also been shown to suppress
angiogenesis [119,275–277]. Immune-modulatory effects have also been observed: vitamin
D and vitamin C enhance the function of both T cells (through epigenetic regulation) and
NK cells, while melatonin regulates the tumor microenvironment and modulates immunity,
particularly affecting NK and T cells, similar to selenium [99,119,277,278]. Vitamin D and
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vitamin C can further influence the microbiome, with vitamin D increasing Akkermansia
and Bifidobacterium, and vitamin C promoting Bifidobacteria essential for maintaining gut
eubiosis [119,279]. Finally, vitamin D, vitamin C, and ALA have been reported to target
cancer stem cells [39,119,280]. These diverse mechanisms—metabolic, immunological,
renin–angiotensin system-related, and microbiome-related—underscore the systemic reach
of certain supplements.

9. Biomarkers for Monitoring Supplement Effects and Redox Activity
Translating these mechanistic insights into clinical practice requires validated biomark-

ers that can capture redox dynamics in real time. After identifying the alternative mecha-
nisms that may surpass the simple antioxidant effects of supplements, it becomes essential
to have concrete tools to monitor the true redox impact of these interventions in patients or
clinical trials. Without appropriate monitoring, it remains difficult to distinguish whether a
supplement exerts a protective, neutral, or paradoxically harmful effect, depending on the
tumor context and the dose achieved.

Numerous validated biomarkers can thus be used to assess redox status and the
effectiveness (or potential toxicity) of supplementation. The following are among the
most relevant:

– Blood GSH/GSSG ratio [281]: a direct indicator of intracellular redox status.
– Plasma MDA (measured by HPLC) [282]: a marker of lipid peroxidation.
– Urinary 8-OHdG [283]: a specific marker of oxidative DNA damage.
– Plasma GPx3 activity [284]: as well as the antioxidant enzymes SOD and CAT, and

regulatory pathways such as Nrf2 and the thioredoxin system.

The measurement of respiration-supported non-OxPhos pathways in humans could
also be relevant for identifying the pathways used by the patient’s tumor, especially given
the high intra-tumoral and inter-individual heterogeneity. Therefore, the measurement of
these pathways during tumor biopsies using metabolomics, isotopic flux 13C, gene expres-
sion (RNA-seq), and protein expression (IHC) is a strategy that is likely to be relevant in the
future. Non-invasive approaches exist—including the plasma measurement of circulating
dihydroorotate/orotate, 5-ALA fluorescence-guided surgery, and PET choline—but they
remain limited, indirect, or specific to a single pathway.

These biomarkers provide a dynamic view of redox balance and allow for the early
detection of a potential pro-oxidant shift. The integration of these biomarkers into clin-
ical practice or research protocols will enhance the understanding and optimization of
supplement use in therapeutic contexts. With appropriate monitoring tools in place, the
field is better positioned to design trials that move beyond empirical supplementation
toward precision redox medicine. This shift in perspective is precisely what the future of
integrative oncology requires.

10. Future Directions
The evidence reviewed here points toward a necessary reorientation: away from the

reflexive use of antioxidants and toward a context-sensitive, dose-dependent, and mech-
anistically grounded framework. The relationship between antioxidant and pro-oxidant
supplements and cancer is far from straightforward. While it is tempting to assume that
reducing oxidative stress is universally beneficial, the evidence tells a more nuanced—and
at times contradictory—story. In early or preventive contexts, antioxidant supplementation
carries biological rationale; yet the clinical data remain stubbornly heterogeneous and
largely disappointing (see Table 2). In advanced disease, where mitochondrial dysfunc-
tion predominates [3], the therapeutic logic inverts: exploiting the pro-oxidant potential
of certain supplements to trigger apoptosis becomes the more compelling target. Nrf2
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exemplifies this duality with striking clarity. As a gatekeeper of the antioxidant response, it
can restrain progression toward high-grade lung malignancy [285]—yet its hyperactivation
in primary murine cells paradoxically suppresses ROS sufficiently to promote tumorigene-
sis [286]. The same pathway, depending on context, can both suppress and fuel cancer. This
complexity has concrete clinical consequences. In integrative medicine, antioxidant supple-
ments are broadly valued and Nrf2 or Klotho stimulation is often considered inherently
beneficial—an assumption that has generated dangerous misconceptions among practi-
tioners and self-treating patients alike. Indiscriminate use of antioxidant supplements not
only appears ineffective but may actively worsen recurrence and mortality. Paradoxically,
certain supplements that are harmful at low oral doses demonstrate therapeutic benefit at
high intravenous doses—as seen with ascorbic acid—suggesting that route and dose, not
molecular identity alone, determine oncological outcomes. This dose-dependency points
to a more fundamental principle: redox homeostasis, not antioxidant supplementation per
se, is the true therapeutic target. Supplements exhibiting dual antioxidant/pro-oxidant
activity are particularly promising, as pro-oxidant dosing may selectively overwhelm
cancer cell defenses while remaining compatible with combination regimens. Rather than
defaulting to antioxidant supplements, greater attention should be directed toward those
with metabolic, microbiome-modulating, anti-angiogenic, or renin–angiotensin-targeting
activity—mechanisms with more tractable therapeutic windows. When antioxidant sup-
plements are being considered by health practitioners for cancer patients, we propose that
four factors should be considered when interpreting the available evidence: (i) antioxidant
effects should not predominate over anticancer effects; (ii) the absorption rate must be
sufficient to potentially induce a pro-oxidant effect; (iii) as much as possible, verify that
pro-oxidant doses are indeed being reached; and (iv) target the respiration-supported non-
OxPhos pathways with specific supplements or therapeutic agents. Indeed, Chinopoulos
emphasizes that therapeutic progress will come from interventions that collapse the respi-
ratory redox infrastructure itself—particularly at the Q-junction and the CIII–cytochrome
c–CIV segment—rather than strategies focused solely on depriving tumors of ATP. This
perspective shifts the focus of anticancer supplements: it is not just about blocking ATP
production, but disrupting mitochondrial redox states that support biosynthesis, signaling,
and resistance to ferroptosis, independent of ATP synthase [189]. Numerous agents exist
for almost all of the respiration-supported non-OxPhos pathways and could be used in com-
bination (see Table 2 of [189]). Until such evidence is available, the use of antioxidant and
pro-oxidant supplements in cancer care should be approached cautiously and selectively,
focusing on those with proven benefits demonstrated in rigorous clinical studies.

Current RCT data remain insufficient to support definitive clinical recommendations,
and these compounds should be prioritized in future well-designed, stratified clinical
trials. Improving the bioavailability of other promising compounds, such as berberine,
curcumin, and EGCG, also remains a path worth pursuing. Finally, this review has focused
on the most commonly used supplements; it is likely that other compounds not examined
here may also meet our four criteria and prove relevant for cancer patients, warranting
systematic evaluation using the framework proposed.

11. Conclusions
A possible path forward may involve well-designed, stratified clinical trials to help

clarify the safe and potentially effective pro-oxidant dosing of each supplement in the
context of cancer care. Until more robust evidence becomes available, the use of antioxidant
and pro-oxidant supplements in cancer patients should likely be approached with caution
and considered selectively, prioritizing those for which benefits have been suggested
by rigorous clinical studies. This cautious approach may help ensure that supplements
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contribute positively to patient outcomes while minimizing unintended risks and that they
are integrated within a comprehensive, evidence-based therapeutic strategy.
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Abbreviations

2-DG 2-Deoxy-D-Glucose
ALA α-Lipoic Acid
ASCT2 Alanine Serine Cysteine Transporter 2—glutamine membrane transporter
ASK Apoptosis Signaling Kinase
ATP Adenosine Triphosphate
ATF4 Activating Transcription Factor 4
AUC Area Under the Curve
BACH1 Basic Leucine Heme-regulated Transcription Factor 1
BBR Berberine
Bcl-2 B-Cell Lymphoma 2 protein family
BMI Body Mass Index
CAT Catalase
CoQ10 Coenzyme Q10 (ubiquinone/ubiquinol)
CSC Cancer Stem Cell
Cyt-c Cytochrome c
DCA Dichloroacetic Acid
DHODH Dihydroorotate Dehydrogenase
EGCG Epigallocatechin Gallate
EMT Epithelial–Mesenchymal Transition
ENO1 Enolase enzyme
ETC Electron Transport Chain
G6PDH Glucose-6-Phosphate Dehydrogenase
GAPDH Glyceraldehyde-3-Phosphate Dehydrogenase
GLS/GLS1 Glutaminase/Glutaminase 1
GLUD Glutamate Dehydrogenase
GSH Glutathione
GSSG Oxidized Glutathione
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GS Glutamine Synthetase
GCLC Glutamate–Cysteine Ligase Catalytic subunit
GCLM Glutamate–Cysteine Ligase Modifier subunit
GCS Glycine Cleavage System

GOT2
Glutamic–Oxaloacetic Transaminase, a pyridoxal phosphate-dependent
enzyme present in cytoplasmic and mitochondrial forms

GPx Glutathione Peroxidase
GR Glutathione Reductase
HIF Hypoxia-Inducible Factor
HK-II Hexokinase II
HMG-CoA 3-Hydroxy-3-Methylglutaryl Coenzyme A
HO-1 Heme Oxygenase
JAK Janus Tyrosine Kinase
JNK c-Jun N-terminal Kinase
K-Ras Kirsten Rat Sarcoma, gene and protein
Keap1 Kelch-like ECH-associated protein 1
LAT2 L-type Amino Acid Transporter 2
LDHA Lactate Dehydrogenase A
LDH Lactate Dehydrogenase
MDA Malondialdehyde
MB Methylene Blue
mPTP Mitochondrial Permeability Transition Pore
mSLP Mitochondrial Substrate-Level Phosphorylation
mTOR Mechanistic Target of Rapamycin
NAC N-Acetylcysteine
NADPH Nicotinamide Adenine Dinucleotide Phosphate Hydrogen
NK cells Natural Killer cells
NNT Nicotinamide Nucleotide Transhydrogenase
NQO1 NAD(P)H Quinone Oxidoreductase 1
Nrf2 Nuclear Factor Erythroid 2–related Factor 2, transcription factor
NOX/NOX2/NOX4 NADPH Oxidase (isoforms 2 and 4)
NRP Plasma membrane-associated Neuropilin
NSCLC Non-Small Cell Lung Cancer
OxPhos Oxidative Phosphorylation
PGC-1α Peroxisome Proliferator-Activated Receptor Gamma Coactivator 1-alpha
PERK Protein kinase R-like Endoplasmic Reticulum Kinase
PFK-1 Phosphofructokinase 1
PFKM Phosphofructokinase Muscle type
P-gp P-glycoprotein
PKM2 Pyruvate Kinase Muscle Isoform 2
PPAR Peroxisome Proliferator-Activated Receptor
PPP Pentose Phosphate Pathway
PRDX5 Peroxiredoxin 5
Ras-Raf-MEK-ERK Protein signaling cascade; ERK = Extracellular Signal-Regulated Kinase
RCT Randomized Controlled Trial
ROS Reactive Oxygen Species
SIRT1 Sirtuin 1
SLC1A5 Solute Carrier Family 1 Member 5
SLC7A11 Solute Carrier Family 7 Member 11 (xCT, cystine/glutamate antiporter)
SOD Superoxide Dismutase enzyme
SQOR Sulfide:Quinone Oxidoreductase
STAT Signal Transducer and Activator of Transcription
SVCT1/2 Sodium-dependent Vitamin C Transporter 1/2
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TCA Tricarboxylic Acid cycle
Trx Thioredoxin
TrxR Thioredoxin Reductase
UQH2 Ubiquinol (reduced form of ubiquinone)
VEGF Vascular Endothelial Growth Factor
VDR Vitamin D Receptor
YAP1 Yes-Associated Protein 1
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