
Abstract. Cancer remains the second leading cause of
death worldwide. Research is currently focused on finding
novel anticancer therapies and elucidating their mechanisms
of action. Cellular redox balance is a promising target for
new therapies, as cancer cells already have elevated levels
of oxidizing agents due to hypermetabolism and genetic
instability. Although free radicals are actively involved in
vital cellular signaling pathways, they have also been
implicated in certain diseases, including cancer. The aim of
this review was to highlight the involvement of oxidative
stress in the mechanism of action of anticancer agents. The
difference in cellular redox balance between normal and
cancer cells is discussed as a potential anticancer target,
along with various examples of approved or experimental
drugs that may alter the redox state. These drugs are
presented in relation to their pro-oxidant or antioxidant
mechanisms, with the consequent goal of underscoring the
importance of such mechanisms in the overall efficacy of
anticancer drugs.

Oxidative stress is defined as the imbalance between the
production and elimination of free radicals and reactive
oxygen species (ROS), favoring the former, and is usually
a result of weak or depleted antioxidant defense
mechanisms or of the overproduction of ROS (1, 2). The
reactive nature of free radicals is a direct consequence of
one or more unpaired electrons in their valence shell, so
they can readily react with vital biomolecules such as
proteins, lipids and nucleic acids. Free radicals containing

oxygen are defined as ROS, and can include radical or non-
radical molecules (3, 4).

Free radicals and ROS play important yet complicated
roles in the body, as they participate in functions such as the
activation of the immune system against bacterial infections
and the activity of hormones such as insulin (5). ROS are
also produced as a response to cytokine and growth factor
signaling, as well as to exogenous factors, including smoking
and atmospheric pollution (6). 

Most endogenous ROS are byproducts of the electron
transport chain (ETC) and the nicotinamide adenine
dinucleotide phosphate oxidase complex (NADPH-oxidase)
(7, 8). The ETC comprises a sequence of complexes
transporting electrons from donor to recipient molecules
through redox reactions, eventually flowing to molecular
oxygen in aerobic respiration, where several ROS are
produced (Figure 1) (7, 9). The NADPH-oxidase is mainly
activated during respiratory stress and produces superoxide
radicals and H2O2, participating in immunological responses
as signaling molecules (10, 11).

For the proper function of ROS, the key is a tightly regulated
redox balance, which enables their supportive role in cellular
proliferation and survival but limits their redox misbalancing
properties (12). Redox balance is maintained by several
endogenous antioxidant defense systems, including glutathione
(GSH), peroxiredoxins, thioredoxin (TRX), superoxide
dismutase (SOD) and catalase (13, 14). Another important
factor is nuclear factor erythroid 2-related factor 2 contributing
to the counterbalancing of free radical overproduction (15, 16).
This factor controls both the basic and induced expression of a
series of antioxidant response elements-dependent genes in
order to regulate the physiological and pathophysiological
consequences of oxidative exposure. Thus, it is a regulator of
cellular resistance to oxidative molecules (17).

Thus, with oxidative stress and ROS signaling being
implicated in many normal functions, oxidative stress has been
linked to certain diseases as a potential mechanism of toxicity.
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These diseases range from cancer and atherosclerosis to
neurodegenerative diseases and bacterial infections (5, 12, 18).
Chronic ROS overproduction depletes the antioxidant defense
systems, leading to DNA damage and mutagenesis (19),
eventually contributing to carcinogenesis, neoangiogenesis and
metastasis (12, 20). Aging has also been linked to oxidative
stress and ROS overproduction (1).

Redox balance in normal and cancer cells. As is now widely
accepted, homeostasis is a fundamental property of living
cells (21). Redox homeostasis, defined as the tight balance
between oxidized and reduced molecules (2) within the body,
is achieved by enzymatic systems (including catalase, SOD,
peroxiredoxins), non-enzymatic systems (such as GSH,
cysteine and thioredoxin) and metal-binding proteins
(ferritin, metallothioneins, ceruloplasmin etc.), that bind and
eliminate transition metals and inhibit their involvement in
redox reactions (22). Damage to redox homeostasis by
excessive production of oxidized biomolecules is associated
with cellular toxicity, such as DNA damage, lipid
peroxidation, sulfhydryl protein depletion, and oxidative
protein stress (2). 

Cancer comprises a group of diseases with the common
characteristics of dysregulated cell proliferation and survival,
as well as the potential to invade and metastasize to adjacent

or distant organs and tissues (23). Cancer cells have been
shown to have elevated ROS levels mainly due to
hypermetabolism (24). The augmented ROS concentrations
and the alteration of redox balance lead to the establishment
of redox signaling which enables cancer cells to survive even
in these harsh conditions, and to resist cell death (16). 

There are several metabolism-related mechanisms that
promote ROS production in cancer cells. These involve
hypermetabolism, overactivated cellular signaling, increased
peroxisomal activity, altered mitochondrial function, oncogene
expression and elevated enzymatic activity, for example for
thymidine oxidases, cyclo-oxygenases, lipoxygenases and
phosphorylases (16). These alterations help cancer cells adapt
to an oxidative environment more efficiently than normal cells
(19). They are also part of the biochemical and molecular
changes that are necessary for the initiation, promotion and
progression of a tumor, along with its resistance to
chemotherapy (25). In the early stages, cancer cells grow and
proliferate uncontrollably, a process facilitated by transcription
factors, and are therefore vulnerable to DNA damage. In later
stages, metastatic cancer undergoes the above metabolic
changes, which allows tumors to survive in the presence of
intense oxidative stress at the expense of normal cells, by
acquiring increased levels of endogenous antioxidant enzymes
(6, 12, 26). Elevated ROS facilitates cancer growth in many
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Figure 1. Monovalent reduction of molecular oxygen to water in biological systems, with the intermediate production of reactive oxygen species.
This process occurs mainly within the inner mitochondrial membrane. As shown in the figure, molecular oxygen (O2) is a free radical with two
unpaired electrons. A reduction of O2 by one electron produces the superoxide anion radical (O2·−), which can undergo another one-electron
reduction to produce hydrogen peroxide (H2O2). A further reduction of H2O2 by one electron generates the hydroxyl radical (·OH), which can
eventually produce water by a final one-electron-reduction step.



ways, causing DNA damage and genomic instability and
ultimately leading to the reprogramming of cancer cell
metabolism for the benefit of cancer cell survival (16).
Mitochondria, as well as glycolysis, glutaminolysis and the
oxidation of fatty acids, play a key role in these interactions
between redox homeostasis and altered metabolism in tumor
cells (27). Tumor invasion and metastasis are also benefited
by increased ROS production (28).

Free radicals and ROS are also considered as the most
important mutagens in cancer stem cells, where increased
levels inhibit the process of self-renewal and stimulate their
differentiation into primary tumor cells, while several
signaling pathways linked to oxidative stress support the
malignant transformation of stem cells (19).

Anticancer strategies related to oxidative stress. Although
oxidative stress is detrimental to most normal cell types, it
also appears to be an important regulatory mechanism for
cancer cells, as mentioned above (29). Thus, these
differences in the redox balance between normal and cancer
cells can be used as a target for new anticancer therapies.

Cancer cells are more sensitive to pro-oxidant agents and
to the inhibition of their antioxidant systems due to the
excessive ROS already present (12). On one hand, elevated
ROS levels are responsible for cancer progression. On the
other hand, when produced in excessive amounts, ROS can
jeopardize not only the viability of normal cells but also of
cancer cells. Therefore, therapeutic anticancer strategies
related to the regulation of free radicals and ROS can be
divided into two broad categories: Therapies that are based on
the induction of further oxidative stress, and therapies that
eliminate these free radicals in an effort to inhibit malignant
transformation in compromised cells. The first category can
be further subdivided into therapies that inhibit a specific
antioxidant system and those that induce ROS production even
further, the two of them usually combined together (22, 30).

The first category mainly includes ionizing radiation
therapy (31, 32) and certain chemotherapeutic pro-oxidant
agents used in conventional cancer regimens. These promote
the overproduction of ROS, which eventually reduces the
cellular antioxidant capacity and leads to selective targeting,
apoptosis and cancer cell death. Elevated levels of ROS
induced by pro-oxidant drugs together with a weak cellular
defense system lead to a significant imbalance between pro-
oxidant and antioxidant molecules, allowing for greater cell
damage and cancer cell elimination (12, 33) (Figure 2).
Some examples of anticancer drugs that primarily act as pro-
oxidants include cisplatin, doxorubicin, imexon, motexafin
gadolinium (MGd) and buthionine sulfoximine (BSO), which
induce oxidative stress and inhibit antioxidant defense
mechanisms in cancer cells. As Watson emphasized, “The
vast majority of all agents used to directly kill cancer cells
(ionizing radiation, most chemotherapeutic agents, and some

targeted therapies) work through either directly or indirectly
generating ROS that block key steps in the cell cycle” (34).

The second category mainly includes antioxidant
molecules that act via slowing down or inhibiting oxidation
and binding free radicals in order to eliminate them (13).
Normally, antioxidants focus on the neutralization of toxic
oxidative substances. From this point of view, antioxidants
can help prevent and treat cancer by reducing oxidative stress
and radical signaling (22). Another potential role for
antioxidant supplementation during cancer treatment is for the
prevention of toxic side-effects of chemotherapy on normal
tissues and organs (35). Medicinal and aromatic plants are
usually used as health supplements and also as active
components of cosmetics but their use in chemotherapy
patients relies on their potential to reinforce endogenous
antioxidant mechanisms by removing free radicals or by
stimulating intracellular antioxidant enzymes (36). These
antioxidants include, apart from dietary antioxidants, also
endogenous antioxidant systems and enzymes (37). 

Several antioxidants have been tested during the last
decades for their proven or anticipated beneficial effects
against oxidative stress and cancer, such as vitamin E,
vitamin C, carotenoids, flavonoids and polyphenols (1, 38).
Other synthetic antioxidant molecules comprise among others
butylated hydroxyanisole, butylated hydroxytoluene, propyl
gallate and tert-butylhydroquinone (12). The difference in
antioxidant sensitivity between normal and cancer cells,
causing great variability in cellular uptake, accumulation in
specific tissues and the subsequent cellular responses induced,
should also be taken into consideration (6).

In most chemotherapy regimens, antioxidant supplements
are combined with pro-oxidant chemotherapeutic agents
(39). However, it is still under review whether dietary
antioxidant supplementation enhances conventional cancer
treatments (40). 

From this point of view, antioxidants can in fact interfere
with the effectiveness of pro-oxidative chemotherapy, for
example by completely eliminating free radicals and ROS
(41). As Watson again pointed out: “Free-radical-
destroying antioxidative nutritional supplements may have
caused more cancers than they have prevented” (34). On
the other hand, by diminishing free radicals and ROS,
antioxidants can alleviate the unwanted toxicity to normal
tissues caused by chemotherapy, thus allowing for
increased dosing of chemotherapies, and limit ROS within
a restricted range in order to protect normal cells (22). In
some cases, of course, the reduced cell proliferation rate
caused by some anticancer agents can alter the
effectiveness of other drugs aimed at rapidly proliferating
cells. In such cases, low levels of antioxidants help with
cancer cell apoptosis, as a synergistic effect of antioxidants
with certain chemotherapeutic agents has been shown (6).
Therefore, better guidelines on antioxidant supplementation
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during chemotherapy are needed in order to achieve the
best possible result and avoid dangerous treatments for
patients with cancer (35).

Based on the above, this literature review aimed to
highlight redox properties as a key point of the mechanism
of action of anticancer drugs, whether they act pro-
oxidatively or more as antioxidants. These abilities may be
the primary mechanism of action but may also have
additional roIes, assisting a more targeted anticancer
mechanism. The aim of this review is not to provide an
exhaustive list of anticancer drugs and molecules that affect
the production of ROS but rather to attempt to demonstrate
the importance of such redox mechanisms, giving a few
representative examples of such studies for both pro-oxidant
and antioxidant agents. There are already several literature
reviews presenting comprehensive lists of pro-oxidant and

antioxidant anticancer agents which are particularly
interesting (6, 12, 24, 30). Thus, in this review, selected
chemotherapeutic agents are presented that have been tested
in the context of different cancer types, emphasizing the part
of their mechanism of action concerning the regulation of
free radical production by giving relevant research examples.
We feel that a summary of this knowledge will lead to useful
conclusions regarding anticancer therapies and may clarify
when antioxidant supplementation is useful, either as a
monotherapy in some cancer types or as part of a more
comprehensive chemotherapy regimen.

Cisplatin. Cisplatin (Figure 3) is one of the most commonly
used drugs in the chemotherapy of various types of cancer,
such as testicular, ovarian, non-small-cell lung, head and
neck, bladder and stomach cancer (42).
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Figure 2. Redox balance in normal and cancer cells, before and after treatment with pro-oxidant agents. Normal cells have lower basal reactive
oxygen species (ROS) and antioxidant levels than cancer cells. In normal cells, ROS participate in signaling pathways in order to promote
proliferation and survival, whereas an elevated ROS level can have detrimental effects, such as tumor progression and invasion. The redox balance
within normal cells is easily maintained by calibrating the antioxidant processes. On the other hand, due to hypermetabolism, cancer cells have an
elevated basal ROS level, tightly counterbalanced by an elevated level of antioxidant agents. However, once the ROS level exceeds the redox capacity
of cancer cells after treatment with a pro-oxidant agent, severe oxidative stress occurs, resulting in the apoptosis of cancer cells due to irreparable
oxidative damage.
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Figure 3. Molecular structures of some pro-oxidant anticancer drugs.

However, cisplatin is also characterized by extensive
toxicity, provoking side-effects such as renal damage (43),
deafness (44) and peripheral neuropathy (45), limiting its
overall effectiveness. Cisplatin has also been linked to
significant inflammatory responses (46, 47). These
observations have led to the development of platinum
analogs that would be clinically effective without possessing
the toxicity of cisplatin. Carboplatin and oxaliplatin, as
shown in Figure 3, are the most popular analogs, approved
by the Food and Drug Administration (FDA) in 1986 and
1996, respectively. Other more recent analogs include
ormaplatin and enloplatin (42, 48).

The primary mechanism of action of cisplatin involves its
ability to bind to purine bases of DNA and to interfere with
its repair mechanisms, eventually causing irreparable DNA
damage and apoptosis in cancer cells. In general, DNA is the

most important target for cisplatin, and this mechanism leads
to general cytotoxicity and hypersensitivity effects in both
prokaryotic and eukaryotic cells, due to inadequate DNA
repair pathways (48). However, cisplatin is also a pro-
oxidant, as it promotes the overproduction of free radicals
and ROS. This high level of ROS ultimately reduces the
antioxidant capacity of cancer cells and leads to selective
targeting and apoptosis. The induced oxidative stress
additionally enhances the DNA-damaging effects of
cisplatin, further reinforcing its mechanism of anticancer
activity (12).

These pro-oxidant effects have been shown in many
studies using cisplatin. Berndtsson et al., using the colon
cancer cell line HCT116 and the melanoma cell line 224,
found that even at a low dose of 10 μM, cisplatin caused
DNA damage, while higher doses of 20 and 30 μM caused



the formation of peroxide radicals, and eventually led to the
apoptosis of cancer cells. The relationship between radical
production and cisplatin’s anticancer activity was more
evident when they showed that this anticancer effect was
inhibited by the addition of peroxide scavengers (Tiron), and
was independent of the DNA damage caused in general. As
for its overall anticancer ability, cisplatin at 10 μM rapidly
induced apoptosis in 224 and HCT116 cells within the first
24 hours, whereas concentrations below 10 μM induced
significant apoptosis at 72 hours, as evidenced by the loss of
mitochondrial membrane permeability, annexin V apoptotic
test and caspase activation. Cisplatin concentrations below
10 μM induced slight caspase-3 activation (49).

The implication of ROS in the mechanism of anticancer
activity of cisplatin was also evident in another study, where
v3 integrin-negative and v3 integrin-positive human laryngeal
cancer cells (HEp2) were investigated for their resistance to
cisplatin, along with other pro-oxidant anticancer drugs. It
was shown that v3 integrin-expressing HEp2 cells were
resistant to cisplatin, while also overexpressing B-cell
lymphoma 2 apoptosis regulator (BCL2) protein and GSH.
BCL2 was found not to be involved in the explored resistance
mechanism of these cells, but GSH played a key role, not by
directly detoxifying cisplatin but rather by eliminating ROS
after exposure to cisplatin. Cisplatin stimulated ROS
overproduction in v3 integrin-negative HEp2 cells even 30
minutes after the addition of the drug, whereas v3 integrin-
positive cells had a lower level of ROS that was enhanced by
the GSH depleter BSO. Hence, it was observed that ROS play
an important role in cisplatin’s mechanism of action and that
cells that managed to reduce ROS overproduction became
cisplatin-resistant (50). 

Moreover, ROS generation after cisplatin treatment was
also evident in testicular germ cell tumors, where the role of
p53-independent apoptotic pathways was explored. It was
found that apart from ROS production, the activation of
mitogen-activated protein kinases (MAPKs) and extracellular
signal-regulated kinase (ERK), along with caspase-3, were
correlated with cisplatin-induced cell death, even though the
MAPK–ERK signaling pathway was not specific for
cisplatin-induced apoptosis (51).

Unfortunately, one side-effect of cisplatin, namely
hepatotoxicity, has also been attributed to ROS production,
since it was found that treatment with this drug alters
mitochondrial permeability in rat liver cells, thereby altering
the process of oxidative phosphorylation and causing further
mitochondrial oxidative stress, eventually affecting the
viability of liver cells (52).

Given the above observations for monotherapy, cisplatin
has also been tested in combination with other pro-oxidants
from very early on, for example with doxorubicin. This
combination was effective and well-tolerated, and was used
for its synergistic effects in order to relieve symptoms in

patients with diffuse malignant pleural mesothelioma (53). In
addition, a chemotherapy regimen with cisplatin, doxorubicin
and cyclophosphamide for advanced salivary gland
carcinomas showed encouraging results (54), similarly to
other combinations of cisplatin with pro-oxidants such as
everolimus (55).

In a study by He et al., WZ35, a new curcumin analog,
was shown to have potential anticancer effects both in vitro
and in vivo, and it was investigated whether WZ35 enhanced
the effectiveness of cisplatin in gastric cancer cells. Cellular
apoptosis and ROS levels were measured by flow cytometry.
The activity of the antioxidant enzyme thioredoxin reductase
1 (TRXR1) in normal gastric cells and cancer tissues was
quantified by the endpoint insulin reduction assay, whereas
western blot analysis and a mouse xenograft model were also
used to test the effects of the combination of WZ35 and
cisplatin on the growth of gastric malignancies. The results
showed that WZ35 significantly improved apoptotic effects
of cisplatin in gastric cancer cells, enhancing its pro-oxidant
effects by inhibiting the activity of TRXR1. A significant
elevation in ROS production was observed, followed by
activation of the p38 and c-Jun N-terminal kinase signaling
pathways, which ultimately induced apoptosis. This
combination additionally suppressed in-vivo tumor growth in
a gastric cancer xenograft model, where TRXR1 activity was
successfully reduced. Thus, this synergistic effect between a
curcumin analog and cisplatin, which both affect the redox
balance in gastric cancer cells, could be considered as a new
strategy towards the therapy of stomach cancer (56).

Doxorubicin. Doxorubicin is an anthracycline antibiotic
(Figure 3) widely used in the treatment of various cancer
subtypes, such as breast, stomach, lung, ovarian and thyroid
cancer, soft-tissue sarcoma, multiple myeloma and
Hodgkin’s lymphoma (57, 58). Doxorubicin.HCl was the
first liposome-incorporated anticancer drug that received
FDA approval (Doxil®). 

The exact mechanism of action of doxorubicin is complex
and remains somewhat unclear. Doxorubicin interferes with
DNA by inhibiting its biosynthesis and by intercalation. In
particular, it inhibits the enzyme topoisomerase II, which
relaxes DNA supercoils before transcription, stabilizing the
topoisomerase II–DNA complex during the replication process.
This leads to a problematic resealing of the double DNA
strand, hence inhibiting replication and transcription (58, 59).

Another aspect of its mechanism of action is its ability to
generate free radicals and ROS that cause DNA and cell
membrane damage. A study by Pilco-Ferreto et al. in 2016
confirmed that doxorubicin is active against breast cancer
through a pro-oxidant mechanism of action, testing three
breast cancer cell lines MCF-10F, triple-positive MCF-7 and
the triple-negative cell line MDA-MB-231 (60). The effect
of doxorubicin on apoptotic mechanisms and generation of
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ROS was examined in this study. The results showed that
doxorubicin was able to reduce expression of the anti-
apoptotic protein BCL2, which is particularly interesting as
a target in anticancer therapy (61, 62), as well as the
expression of the nuclear factor kappa B (NF-ĸB) gene and
protein, especially in MDA-MB-231 cells. Moreover,
doxorubicin caused an increase in BCL2-associated X,
apoptosis regulator (BAX), caspase-8 and caspase-3. The
results also showed elevated production of oxidative
molecules, such as H2O2, suggesting oxidative stress as a
possible mechanism for the effects of doxorubin. SOD2 is a
mitochondrial protein that catalyzes the conversion of
superoxide radicals to hydrogen peroxide and oxygen.
Overexpression of SOD2 gene, and therefore of its protein,
led to the suppression of the oxidative damage caused after
doxorubicin treatment. Therefore, doxorubicin-induced
apoptosis in cancer cells was initiated by an increase in pro-
apoptotic and a decrease in anti-apoptotic regulators, that is
by causing inactivating proteolytic processing of the BCL2
family of proteins and activation of caspases, as well as
increased oxidative stress leading to DNA damage (60). 

Another study combined thymoquinone (a potential pro-
oxidant of natural origin) with low concentrations of
doxorubicin, and the anticancer effects against adult T-cell
leukemia/lymphoma (ATLL) were determined in both in vitro
and in vivo models. The main cell lines used were human T-
lymphotropic virus 1 (HTLV-1)-positive HuT-102 cells and
HTLV-1 negative Jurkat cells. CD4+ ATLL cells were treated
both with monotherapies of thymoquinone and doxorubicin,
and with their various combinations. The results showed that
the combination of thymoquinone and doxorubicin was more
potent in inhibiting cell viability and provoking cell-cycle
arrest in sub-G1 phase than the monotherapies of doxorubicin
or thymoquinone for both cell lines. Their combination caused
apoptosis, increased production of free radicals and ROS, and
disrupted mitochondrial membrane potential. The vital role of
oxidative stress in the observed apoptotic result was shown
using pretreatment with the radical scavenger N-acetyl-
cysteine   (NAC). This significantly hindered the apoptotic
response, suggesting that cell death was indeed dependent on
ROS overproduction. For the in vivo studies, an ATLL mouse
xenograft model was used and it was shown that the
combination of thymoquinone and doxorubicin reduced tumor
growth more significantly than the two monotherapies,
without affecting the survival rates of the mice. Therefore, this
combination regimen might lead to allowing use of lower
doses of doxorubicin against ATLL while the anticancer
effects remain unchanged (63).

Imexon. Imexon (4-imino-1,3-diazabicyclo-hexan-2-one)
(Figure 3) is an aziridine-derived iminopyrrolidone. Its main
mechanism of action is related to the production of free
radicals and ROS through the opening of the aziridine ring,

resulting in apoptosis (64, 65). It has been shown to induce
immediate cytotoxicity by binding to free sulfhydryl groups
within the cells, depleting molecules such as GSH, increasing
ROS and reducing mitochondrial membrane potential (64).
Imexon has been studied against hematological and solid
cancers and has been shown to be active without provoking
significant toxicity. Preclinical data has shown good anticancer
activity against a variety of cancer subtypes, including breast,
non-small-cell lung, and prostate cancer (66).

According to two studies by the group of Dvorakova et al.
(67, 68), in vitro imexon treatment increased the level of free
radicals, and eliminated mainly cancer cells already
compromised by elevated ROS levels, as in the case of various
multiple myeloma cells. Pretreatment of cancer cells with the
antioxidant thenoyltrifluoroacetone, which inhibits the
production of peroxide radicals in complex II of the
mitochondrial ETC, partially reduced the cytotoxicity of
imexon, underlying the importance of ROS overproduction as
the main anticancer mechanism. This was also observed after
pretreatment of cancer cells with the antioxidant agent NAC.
Loss of mitochondrial membrane potential, mitochondrial
DNA damage and mitochondrial swelling were also observed.
It was hypothesized that the levels of thiols in cancer cells
sensitive to imexon were inherently lower than in other cell
types, and that the antioxidant defense systems of these cells
were relatively less effective in controlling ROS
overproduction. As a proof of concept, the group created an
imexon-resistant cell line, where increased BCL2, TRX2 and
GSH protein levels were observed, while no loss of
mitochondrial membrane potential or oxidative stress were
detected, even after imexon treatment. Moreover, the resistant
cell line created showed significant changes in mitochondrial
morphology, while no other morphological changes were
detected in other cellular organelles. 

In another study on the pancreatic cancer cell line
MiaPaCa-2, the effects of imexon on producing endoplasmic
reticulum (ER) stress were investigated, since it is well-
known that oxidative folding of proteins within the ER
requires strict regulation of redox homeostasis. It was shown
that acute exposure to imexon elicited an ER stress response
and inhibited protein synthesis. Using RNAi techniques, the
group found that the eIF2B5 translation initiation factor was
the main target of imexon, enabling the inhibition of cancer
cell growth, but this factor appeared not to be significant for
the effects of imexon on protein synthesis. Concomitant
reduction of intracellular thiols with NAC   reversed the
activity of imexon. However, co-treatment with peroxide
scavengers did not have an effect, suggesting that thiol
binding may be the major player in the oxidative effects of
imexon. Thus, this study suggested that disruption of the
redox balance in the ER may be another feature of the
anticancer effects of imexon, highlighting it as a potential
therapeutic target against pancreatic cancer (69).
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Imexon was also shown to eliminate dexamethasone-
sensitive and -resistant myeloma cells, both time- and dose-
dependently, through a mechanism involving caspase-8
activation. Although ROS production and low GSH levels were
found to play a key role after treatment of myeloma cells with
high imexon concentrations, low concentrations induced
apoptosis by a caspase-8-dependent pathway instead of
producing an increased pro-oxidant state. The myeloma cell
lines involved in this study were C2E3 (dexamethasone-
sensitive), 1-310 and 1-414 (dexamethasone-resistant), RPMI-
8226 (chemotherapy-sensitive) and DOX-1V and DOX-10V
(chemotherapy-resistant). It was observed that 48 h after
treatment with imexon, C2E3 and 1-414 cells underwent
caspase-8 dependent apoptosis, whereas RPMI-8226 cells were
depleted of thiols, cysteine and GSH. High concentrations of
imexon resulted in elevated ROS levels in C2E3, RPMI-8226
and 1-310 cell lines but other oxidative stress biomarkers such
as 8-hydroxydeoxyguanosine were not elevated. Therefore,
imexon was shown to induce cytotoxicity through both a
caspase-8-dependent pathway at low concentrations in
dexamethasone-sensitive and resistant myeloma cells, and
through a mechanism of ROS overproduction at higher
concentrations (64).

Motexafin gadolinium. Motexafin gadolinium (Xcytrin)
(MGd), shown in Figure 3, is a member of a class of
rationally designed porphyrin-like molecules called
texaphyrins. It was designed as an inhibitor of TRXR and
ribonucleotide reductase, and its use in the treatment of
cancer was based on the fact that it selectively accumulates
in cancer cells. However, the FDA did not approve the new
drug application filed in 2006 concerning the
chemotherapeutic use of MGd against brain metastases from
lung cancer based on the drug’s failure to meet the pre-
specified primary goal in clinical trials (70, 71). 

The anticancer mechanism of MGd is tightly linked to
redox imbalance (72), resulting in the apoptosis of cancer
cells. MGd is actively involved in redox reactions, as it was
shown to oxidize intracellular thiols and endogenous reducing
molecules, such as GSH, ascorbic acid and nicotinamide
adenine dinucleotide phosphate (NADP+) (73). Through a
process known as futile redox cycling, MGd catalyzes electron
transport directly to molecular oxygen resulting in free radical
and ROS production (74). The combination of oxidized
proteins and metabolites with ROS formation causes cancer
cell apoptosis and lowers the cytotoxicity threshold for many
chemotherapeutic agents currently in use (75). Therefore,
MGd could be used both as a monotherapy or in combination
with other chemotherapies and radiation (74).

As redox mechanisms have been shown to play vital roles
in multiple myeloma cells, Evans et al. (76) hypothesized
that disruption of the redox balance by MGd would result in
cytotoxicity in myeloma cells. Therefore, the effects of MGd

on cytotoxicity, apoptosis, ROS production and intracellular
drug accumulation were investigated in a variety of
chemotherapy-sensitive and -resistant cells (C2E3, 1-310, 1-
414, RPMI 8226 and DOX-10V). MGd cytotoxicity was
evident in all the tested cell lines within 24 hours after the
co-treatment of MGd with ascorbic acid. Ascorbic acid was
necessary for the cytotoxic effect since it enhanced MGd
cellular uptake and it had been previously found to deplete
GSH in myeloma cells (77) and help with the overproduction
of hydrogen peroxide (73), although when added alone in
this study it conferred the expected antioxidant activity. The
mechanism of cytotoxicity of MGd was associated with
changes in mitochondrial membrane potential and increased
expression of annexin V. This was accompanied by depletion
of intracellular GSH and increased intracellular ROS
production. Cells showed substantial MGd uptake. On the
other hand, catalase administration inhibited MGd-induced
cell death. Finally, patient-derived multiple myeloma cells
were also found to be sensitive to MGd (76).

In a different cancer context, MGd was again evaluated for
its ROS-producing, GSH-depleting and DNA-damaging
effects in breast cancer cells (EMT6). This study also
evaluated the ability of MGd to increase radiosensitivity and
inhibit DNA-repair mechanisms after X-ray treatment. Similar
to the previous study, the results showed that cells co-treated
with MGd plus equimolar concentrations of ascorbic acid had
significantly increased ROS and lower GSH levels compared
to controls. This led to free radical and ROS generation, which
affected GSH homeostasis and caused DNA strand breaks.
This alteration of GSH level increased the hypoxic, but not the
aerobic, sensitivity of EMT6 cells to radiotherapy. In this
context, MGd altered the DNA-repair kinetics of the single-
strand breaks immediately after irradiation but failed to
completely inhibit EMT6 cell repair (78).

Buthionine sulfoximine. L-(S,R)-Buthionine sulfoximine
(BSO) (Figure 3) was developed as a selective irreversible
inhibitor of glutamate-cysteine ligase, the first rate-limiting
enzyme involved in the biosynthesis of GSH. Glutathione
depletion is a common sensitizing technique in vitro and in
vivo in order to intensify cancer cell damage induced by
radiation or chemotherapy. BSO has also been shown to
increase the efficacy of oxidative antiparasitic drugs (79, 80).

BSO was proven to act synergistically with the new low-
molecular-weight regulator 5681014 that selectively
enhanced expression of the multidrug resistance-associated
protein ATP binding cassette subfamily C member 1
(ABCC1, previously MRP1) leading to reduced levels of
GSH. Using high ABCC1-expressing cell lines of lung
cancer, ovarian cancer and neuroblastoma, the group showed
that 5681014 successfully reduced the intracellular GSH
level. The combination of BSO and this regulator depleted
intracellular GSH, increased free radical and ROS
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production, and abolished the clonogenic capacity of these
cells. NAC pretreatment was able to re-establish clonogenic
capacity, suggesting that reduced GSH production was
involved in the mechanism of action. Moreover, 5681014 in
combination with BSO strongly sensitized cancer cells to
chemotherapeutic agents which are substrates of ABCC1,
especially arsenic trioxide, and was more effective than
either the ABCC1 regulator 5681014 or BSO alone. Thus,
BSO and GSH-reducing ABCC1 regulators can be
considered for the treatment of chemoresistant cancers which
overexpress ABCC1 (81).

Immunoresistance is a key step for hepatocellular
carcinoma (HCC) metastasis. In their study, Lee et al.
demonstrated in vitro and in vivo anticancer effects for a
combination therapy of BSO and 3-bromopyruvate (3-BP) in
anoikis-resistant (AR) HCC cells. AR HCC cells were
significantly chemoresistant and showed high glycolysis and
low ROS levels. A combination therapy of BSO with 3-BP
effectively suppressed the viability of AR HCC cells,
provoking apoptosis, inhibiting glycolysis and enhancing the
ROS level. Similar results were also obtained in a mouse
xenograft model, where tumor originated from AR HCC
cells was significantly reduced in the BSO/3-BP-treated
group compared with groups treated with 3-BP or sorafenib
alone (82).

2-Methoxyestradiol. 2-Methoxyestradiol (2-ME) (Figure 3)
is a natural estrogen derivative and metabolite of estradiol
and 2-hydroxyestradiol. It is a very weak partial agonist for
the estrogen receptor and as an anticancer drug, it inhibits
complex I of the ETC. It also acts as an anti-angiogenic
agent (83-85). Due to its low bioavailability and metabolism
problems, it failed to succeed in clinical trials, so new
analogs are under development (86).

It appeared that the establishment of oxidative stress is a
vital part of the cytotoxic effects of 2-ME against chronic
lymphocytic leukemia (CLL), a disease characterized by the
aggregation of mainly inactive B-cells. CLL cells are already
compromised by inherent oxidative stress which makes them
even more sensitive to pro-oxidant agents. This study
showed that treatment of CLL cells with 2-ME, which
underwent effective cellular uptake, led to the accumulation
of superoxide anion radicals by inhibiting the action of SOD,
resulting in oxidative damage in mitochondrial membranes
and activation of apoptotic pathways. This meant that the
combination of 2-ME with other potent pro-oxidants may
lead to even more cytotoxic and sensitizing results (87).

The bone marrow microenvironment is a key factor in the
development and progression of another type of leukemia,
acute myeloid leukemia (AML). Leukemia stem cells are
hypoxic, which leads to the expression of hypoxia inducible
factor 1α (HIF1α), an important prognostic factor for
patients with AML. In a study by Zhe et al., 2-ME was

tested in vitro as a candidate inhibitor of HIF1α for the
treatment of AML. Suppression of HIF1α caused significant
apoptosis of AML cells and 2-ME was superior to traditional
chemotherapeutic drugs in this context. In addition, 2-ME
was cytotoxic for AML patient-derived bone marrow stem
cells, whereas little toxicity was reported against normal
cells. The pro-oxidant activity of 2-ME led to the
accumulation of free radicals and ROS within AML cells,
which activated mitochondrial apoptotic pathways (88).

Rituximab. In the late 1980s, the idea of   using monoclonal
antibodies that recognize tumor-related antigens in order to
treat hematological malignancies became a reality, and
rituximab became a well-tolerated and highly effective
option initially used for patients with lymphoproliferative
disorders (89). Rituximab is an IgG1-ĸ chimeric mAb
binding CD20 antigen on the membrane of B-lymphocytes
(90). Since CD20 is also expressed in normal B cells, there
was a strong rationale for using rituximab to eradicate
abnormal antibodies in autoimmune diseases, such as
rheumatoid arthritis in combination with methotrexate (91),
as well as to treat cancer subtypes including non-Hodgkin’s
lymphoma (92) and CLL (93, 94).

CD40-stimulated CLL cells are generally chemoresistant.
However, CD40 stimulation was shown to sensitize CLL cells
to rituximab-induced cell death. This was a rapid effect
(within hours of rituximab treatment) and was independent of
caspase and p53 activation. On the contrary, rituximab-
induced CLL apoptosis was found to be dependent on
extracellular calcium concentration and ROS overproduction.
Hence, by establishing oxidative stress conditions, stimulation
by CD40 may sensitize CLL cells to rituximab (95).

Vitamin Ε. ‘Vitamin E’ refers to the group of all biologically
active tocopherols, tocotrienols and their derivatives. These
natural lipid-soluble compounds are found in a variety of
foods and have a wide range of biological activities. The
basic structure of vitamin E contains a polar chromanol head
group with a long isoprenoid side chain. There are eight
forms of vitamin E found naturally, namely α-, β-, γ- and δ-
tocopherol, and α-, β-, γ-, and δ-tocotrienol (96) (Figure 4).

All forms of vitamin E are thought to have strong
antioxidant activity because they have similar phenolic
moieties and intercept lipid peroxyl radicals by donating
hydrogen from their phenolic group to the chromanol ring.
These peroxyl radicals are formed instantaneously during lipid
peroxidation but vitamin E reacts with peroxyl radicals before
they can attack polyunsaturated fatty acids. The product of this
reaction is a tocopheroxyl radical that will be eventually
reduced mainly by ascorbic acid (vitamin C). Forms of vitamin
E with unsubstituted position 5, including γ-tocopherol, can
also react with reactive nitrogen species, such as NO2 or
peroxynitrides, to form 5-nitro-γ-tocopherol (96, 97).
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In addition to its well-documented antioxidant activity,
vitamin E also has multiple therapeutic properties,
including anticancer activity against breast, prostate and
colon cancer (98).

In the case of prostate cancer, γ-tocopherol was found to
suppress the production of protein kinase C and collagenase
in in vitro experiments on the prostate cancer cell line DU-
145. The results also showed a reduction in the production of
cyclin D1 and cyclin E, therefore documenting an inhibitory
effect on cell-cycle development, reducing progression into
the S-phase. A similar effect was also observed for CaCo-2
colon adenocarcinoma cells, where DNA synthesis was
inhibited as shown by 5-bromo-2’-deoxy-uridine
incorporation assay. For both cancer subtypes, γ-tocopherol
was more potent than α-tocopherol. Therefore, a risk
reduction after consumption of high concentrations of γ-
tocopherol was proposed for colon and prostate cancer (99).

Camptothecin is a potent anticancer agent tested against
breast, ovarian, colon, lung and stomach cancer, although it
is not water-soluble and has been associated with
considerable side-effects (100). Another interesting study
investigated the combined effect of vitamin E with
camptothecin. HeLa cells were treated with different
concentrations of camptothecin either as a monotherapy or in
the presence of 100 μM vitamin E. The results obtained
showed camptothecin induced DNA, protein and lipid
damage, which was not inhibited in the presence of vitamin
E. Hence, vitamin E did not interfere with camptothecin
mechanism of anticancer activity (101). Additionally, this
antioxidant supplementation proved beneficial in relieving the
side-effects associated with camptothecin both in vivo (102-
104) and in vitro (105), proposing a potential combination
between chemotherapeutic and antioxidant agents as a means
of eliminating adverse reactions of chemotherapy.

Vitamin C. Vitamin C (Figure 4) is a key dietary component,
with many physiological roles linked to its ability to donate
electrons. It is a powerful antioxidant and serves as a co-factor
for a group of biosynthetic and gene regulatory enzymes.
Vitamin C also contributes to immunological responses,
supports the function of the epithelial barrier against
pathogens and protects against environmental and endogenous
oxidative stress. Especially for its immunomodulatory role,
vitamin C accumulates in phagocytes, where it enhances
chemotaxis, phagocytosis, ROS scavenging, and ultimately
microbial killing [reviewed in (106)].

A study by Sant et al. communicated that a reduction in
5-hydroxymethylcytosine (5hmC) production was linked to
malignant transformation in breast cancer cells. Given the
co-factory role of vitamin C for ten-eleven translocation
methylcytosine dioxygenase 1 (TET1), an important
regulator of DNA demethylation and gene transcription, it
was hypothesized that increased vitamin C levels would

help increase 5hmC production by this enzyme. Firstly, it
was shown that mRNA expression of sodium-dependent
vitamin C transporter was reduced in both human breast
cancer specimens and in breast cancer cell lines.
Administration of low concentrations of vitamin C increased
the production of 5hmC in three breast cancer cell lines and
induced their death. This apoptotic effect of vitamin C was
mediated by tumor necrosis factor-related apoptosis-
inducing ligand (TRAIL), a well-known pro-apoptotic
agent. Vitamin C increased TRAIL transcription and
translation more than twofold. The overexpression of
TRAIL induced by vitamin C was largely eliminated by
siRNA targeting TETs and an antibody to TRAIL, which
inhibited apoptosis. Moreover, the pro-apoptotic effect of
vitamin C was associated with BAX and caspase activation,
BCL-xL binding, and cytochrome c release. Thus, vitamin
C could be considered both as a preventative agent, and for
the treatment of breast cancer (107).

At this point, it should be mentioned that vitamin C is one of
the molecules that possesses a dual role, both as an antioxidant
and as a pro-oxidant, depending on the cellular conditions.
Given this, catalytic therapy is a type of cancer treatment based
on the observation that certain antioxidants, such as vitamin C,
upon co-administration with medicinal herbal extracts and a
transition metal, most often copper or iron, can act in a pro-
oxidant manner (108). This observation will also be discussed
below for vitamins and dietary polyphenols, which follow a
similar pattern. This dual role has been extensively researched
and discussed in several works (109-112).

Vitamin D. Vitamin D (Figure 4) is an antioxidant agent that
can regulate gene expression by binding to specific
intracellular receptors. As an anticancer agent, it has been
tested in the context of a variety of cancer subtypes including
bladder (113), breast (114), colorectal (115), gastric (116),
lung (117) and prostate (118) cancer among others.

In a pre-clinical study carried out in Hungary (118),
vitamin D3 supplementation (3,000-3,300 IU) was
administered to 42 volunteers with prostate cancer grouped
according to laboratory parameters and tumor markers, and
its redox and metal homeostasis regulatory effect was
explored. The trigger for this study was the increase in the
recommended daily dose of vitamin D3 from 200 IU to
2,000 IU in Hungary. Several essential and non-essential
elements were quantified and the concentrations of Fe, Cr
and Pb were found to be significantly increased in the
erythrocytes of patients with prostate cancer after vitamin D3
administration. Vitamin D3 supplementation also had a
beneficial regulatory role for the most important essential
elements such as Ca, Cu, Mn, Mg and Ni, as their
concentrations returned to normal ranges. However, Li
deficiency enhanced by vitamin D3 in patients with prostate
cancer needs to be considered further. Therefore, vitamin D3
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appears to help balance redox homeostasis, which could
positively affect prostate cancer outcome (118).

In another study, cisplatin was combined with vitamin D
against leukemia and colon cancer. A 3-day pretreatment of
the human promyelocytic leukemia cell line HL-60 with
calcitriol or new vitamin D3 analogs significantly enhanced
its in vitro susceptibility to cisplatin, doxorubicin and
genistein. In addition, a synergistic antiproliferative effect
with vitamin D was observed for the three cytotoxic agents
explored, leading to a significant reduction in the inhibitory
concentrations for each cytotoxic agent tested when
combined with calcitriol or its analogs, compared to the
respective monotherapy (48, 119).

β-Carotene and carotenoids. β-Carotene is a tetra-terpenoid
consisting of two β-ionone rings, as shown in Figure 4.
Along with lycopene, it is one of the most commonly
consumed dietary carotenoids in humans, resulting in high
concentrations in blood plasma. β-Carotene is the most
important precursor of vitamin A, producing two molecules
of vitamin A when broken down. β-Carotene
supplementation enhances normal vision (120), growth and
tissue differentiation (121) and helps reducing the risk of
diseases such as esophageal cancer (122), although increased
risk of lung cancer was associated with β-carotene
supplementation (123), an effect not found in a long post-
trial follow-up though (124).

Sowmya et al. attempted to evaluate the molecular
mechanism for the anticancer activity of β-carotene isolated
from Spinacia oleracea in MCF-7 human breast cancer cells
tested in low concentrations, since high concentrations of β-
carotene have been associated with a pro-oxidant and
carcinogenic activity (125). β-Carotene led to the dose-
dependent apoptosis of MCF-7 cells, which correlated well
with their morphological changes. An increased caspase-3
activity was observed for these apoptotic cells. Protein
expression quantification showed a decrease in the
expression of the anti-apoptotic proteins BCL2 and poly
(ADP-ribose) polymerase, as well as the survival protein NF-
ĸB. It also hindered the activation of important cellular
signaling proteins such as AKT serine/threonine kinase 1 and
ERK1/2, inhibiting the subsequent activation of the
downstream signaling pathway. In addition, β-carotene
down-regulated the antioxidant enzyme SOD2, along with
nuclear factor erythroid 2-like 2 and X-box binding protein
1, an ER stress marker. Therefore, the observed anticancer
mechanism was correlated with the antioxidant properties of
this carotenoid, which at low physiological concentrations
predominantly exerts these activities instead of having a pro-
oxidant cancer-inducing role (125).

From this discussion, dietary antioxidants that act through
pro-oxidant anticancer mechanisms cannot be omitted. Even
though these compounds are not currently prescribed to

patients with cancer as part of standard chemotherapeutic
regimens, they have shown excellent anticancer properties
with mechanisms quite distinct from the abovementioned
antioxidant vitamins. So even though they are mainly
phenolic compounds with reported antioxidant properties, in
the case of cancer, they have shown a pro-oxidant potential,
which eventually leads to apoptotic results, similar to the
case of ascorbic acid in catalytic therapy mentioned above
(126-129). Therefore, a few exemplary studies of dietary
phenols will be discussed here, with the aim of highlighting
the potential of these compounds to act also through the
generation of ROS, which is basically opposite to their
expected antioxidant effect. This is not uncommon for
antioxidant compounds, where their antioxidant or pro-
oxidant behavior heavily depends on the surrounding
environment or the type of cells tested. Especially in the
presence of transition metals such as Fe or Cu, phenolic
compounds may act as pro-oxidants through Fenton and
related reactions, and this was observed not only for [6]-
shogaol, quercetin and flavonoids discussed below, but also
for other dietary phenols such as curcumin, resveratrol and
carnosol, among others (130-133).

[6]-Shogaol. [6]-Shogaol (Figure 4) is the main bioactive
ingredient in the popular food spice ginger (Zingiber
officinale). It has been attributed antioxidant,
antiproliferative and anticancer activities (134). The
interesting part of its mechanism of anticancer activity is that
although it is a phenolic compound with good antioxidant
properties, among other mechanisms, its cytotoxicity is
linked to the elevated production of ROS and the implication
of oxidative stress and oxidative damage (135, 136). 

Similar studies by Pan et al. (137) and Annamalai et al.
(138) suggested that [6]-shogaol induced cancer cell
apoptosis through a pro-oxidant mechanism. In the first
study (137), COLO 205 colon cancer cells were shown to be
inhibited by this compound, which provoked mitochondrial
changes with subsequent cytochrome c release, caspase
pathway activation and DNA damage. ROS overproduction
preceded these apoptotic results. Several pro-apoptotic
proteins were found upregulated, such as BAX, apoptosis
antigen 1 (FAS) and gene product of growth arrest and DNA
damage-inducible gene 153 (GADD153), whereas other anti-
apoptotic counterparts were found to be down-regulated,
such as BCL2 and BCL-xL. The well-known antioxidant
NAC was able to reverse cancer cell apoptosis, but this was
not observed with other antioxidants. 

In the second study (138), [6]-shogaol was tested in Hep-2
cells. Cell viability assays showed a dose-dependent cytotoxic
effect of [6]-shogaol, which was well-correlated with a dose-
dependent pro-oxidant activity through elevated ROS
production. Other pro-oxidant observations included increased
levels of thiobarbituric acid reactive substances (a lipid
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peroxidation biomarker) and reduced levels of antioxidant
systems such as SOD, GSH and catalase. Moreover,
mitochondrial dysfunction, morphological changes in Hep2
cells and nuclear damage were implicated in the anticancer
mechanism of this compound. Similar to previous results for
COLO 205 cells (137), caspases-3 and -9, BAX and
cytochrome c were found to be up-regulated in [6]-shogaol-
treated Hep2 cells, following a dose-dependent pattern (138).
Other similar pro-oxidant and cytotoxic activities for [6]-
shogaol were also reported for other cancer subtypes, such as
gastric, ovarian, lung and breast cancer (139-142).

Quercetin. The oxidative capacity of quercetin (Figure 4), as
one of the main polyphenols present in extracts of Gingko
biloba, was studied by Babich et al. (143), where the aim was
to prove the pro-oxidant anticancer mechanism of this
compound also described in other studies (126, 144). Oral
carcinoma HSC-2 cells were found to be inhibited by G. biloba
leaf extracts in a dose-, pH- and time-dependent manner. Cell
culture medium enriched with antioxidant scavengers such as
catalase, SOD, pyruvate, NAC or divalent cobalt interfered
with this pro-oxidant mechanism, and lower concentrations of
ROS (H2O2 and O2·−) were evident in these cells, which were
not apoptotic. Moreover, depleted levels of GSH were reported
for HSC-2 cells treated with this extract, potentiating the
cytotoxic effect of elevated ROS production, since GSH is a
well-reported cellular antioxidant molecule. Further to this
observation, co-administration with GSH depleters such as 1-
chloro-2,4-dinitrobenzene, BSO and 1,3-bis[2-chloroethyl]-1-
nitrosourea further enhanced the cytotoxic result of G. biloba
extract, highlighting the pro-oxidant mechanism underlying its
anticancer properties. In conclusion, the apoptosis of HSC-2
cells was confirmed by different assays, as well as by the
observation of apoptotic morphological changes in cells treated
with G. biloba leaf extract. This apoptosis was well-associated
with the overproduction of ROS caused in these cells, which
was abrogated by antioxidant scavengers and enhanced by
GSH depleters (143). 

Another recent study found a synergistic anticancer effect
of quercetin with maleic anhydride derivatives against liver
cancer. Maleic anhydride derivatives have shown potent
anticancer effects, being pro-oxidants themselves (145). The
pretreatment of HepG2 cells with two novel maleic
anhydride derivatives (C1 and C2) followed by quercetin
treatment resulted in reduced GSH level, also reducing the
ratio of reduced/oxidized GSH (GSH/GSSG index).
Treatment of HuH7 and HepG2 with either maleic anhydride
derivative alone or each separately combined with quercetin
led to increased ROS production, as well as depletion of
GSH. Another interesting result of this study was that the
timing of quercetin treatment had a significant impact on the
observed result, since co-administration of the agents, and
pretreatment with quercetin first resulted in opposite

observations. When administered alone, quercetin mainly
exhibited antioxidant effects, even though mitochondrial
apoptosis was also induced (146). 

Finally, the pro-oxidant properties of quercetin were
validated in another study, where gold nanoparticles loaded
with quercetin were found to induce ROS production, cause
cell-cycle arrest in the sub-G phase, activate mitochondrial
apoptosis and lead to p53 down-regulation (147).

Other flavonoids. Dietary flavonoids also belong to the
group of potential anticancer agents with a dual mechanism
of action. Their pro-oxidant activity was evident in lung
(A549), myeloid (HL-60) and prostate (PC-3) cancer cells,
where GSH levels were found to be significantly reduced,
especially in mitochondria. Hydroxychalcone and
dihydroxychalcone flavonoids were the most potent in
reducing GSH expression in lung and myeloid cancer cells
by half, at a low concentration (25 μΜ). On the other hand,
chrysin and apigenin were the most potent GSH depleters in
prostate cancer cells. These flavonoids were also tested for
their potential to act synergistically with other pro-oxidants,
such as etoposide and 2-ME, where most of them were
reported to potentiate the overall cytotoxicity effect.
Moreover, some flavonoids also showed mitochondrial
dysfunction and cytochrome c-releasing properties. Finally,
several flavonoids were reported as potent inducers of GSH
efflux, probably mediated by MRPs (148).

The pro-oxidant anticancer activity of flavonoids was also
found in other studies. In one study 5, 7-dimethoxyflavone
was found to reduce the viability of HepG2 cancer cells
through elevated ROS production and subsequent sub-G1
cell-cycle arrest in a concentration-dependent manner (149).
In a similar study, catechin, epicatechin and naringenin in
particular, were shown to inhibit colon cancer via increased
ROS production leading to caspase activation, decreased
protein kinase C action, G2/M cell-cycle arrest and
autophagy in a ROS-dependent way (150). Therefore,
flavonoids are continuously being evaluated as potential pro-
oxidant anticancer agents. 

Other dietary polyphenols. The anticancer properties of dietary
polyphenols are now well-documented in different cancer
subtypes (151-155). The involvement of a ROS-mediated
anticancer mechanism was also evident in numerous studies,
such as for caffeic acid against fibrosarcoma or for apigenin
against colorectal adenocarcinoma (156, 157). In more detail,
in two studies by the group of Hadi et al. (158, 159), plant
polyphenols such as genistein, luteolin, apigenin and
resveratrol were tested for their pro-oxidant anticancer
properties in relation to copper concentration, which is
generally elevated in cancer cells (160, 161). In the first study,
endogenous copper mobilization resulting in the
overproduction of ROS was observed, followed by oxidative
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DNA damage and apoptosis (159). In the second study,
apigenin, luteolin, epigallocatechin-3-gallate and resveratrol
were tested for their anticancer and pro-oxidant properties.
Apigenin and luteolin were potent in inhibiting breast,
pancreatic and prostate cancer cell growth and provoking
apoptosis in a concentration-dependent manner. ROS
scavengers such as catalase, SOD and thiourea abrogated this
effect, suggesting that this ROS overproduction was indeed
important in the anticancer effect observed. The other two
polyphenols, epigallocatechin-3-gallate and resveratrol, were
also reported to inhibit prostate cancer cell growth. The
interference of copper was shown via the use of neocuproine,
a copper-specific chelator, whereas zinc and iron chelators did
not show similar results. Again, for these compounds, ROS
scavengers eliminated the anticancer effects. Another important
finding was that normal breast epithelial cells (MCF-10A)
failed to undergo growth inhibition by these compounds, an
observation reversed when copper enrichment of the culture
media was tested (158). Therefore, a pro-oxidant copper-
involving mechanism was proposed for plant polyphenols,
further strengthening the hypothesis that indeed antioxidant
compounds may also present pro-oxidant anticancer effects, as
also suggested in other studies by the same group (162).

A short outline of the above-mentioned anticancer agents
and their mechanisms of action according to the articles
discussed here are presented in Table I. 

Discussion

Cancer cells have been shown to have elevated ROS levels
mainly due to hypermetabolism. The augmented ROS
concentration and the alteration of redox balance lead to the
establishment of redox signaling, which is partly responsible
for the further progression of cancer. It is now widely accepted
that the altered redox balance enables cancer cells to cope with
the elevated levels of ROS present, which makes them
dependent on certain antioxidant mechanisms. There are
several mechanisms promoting ROS overexpression such as
hypermetabolism, altered mitochondrial function, overactivated
signaling and increased enzymatic activity. Therefore, there is
rationale for targeting this distinct characteristic of cancer cells
and dysregulate it even further in order to promote apoptosis,
since when produced in large excess, ROS can endanger even
cancer cell viability.

In general, anticancer drugs that work by affecting free
radicals provide positive expectations in the prevention and
treatment of cancer. Anticancer pro-oxidants work by
increasing the production of free radicals and ROS thereby
disrupting the redox balance of cancer cells, resulting in
apoptosis. According to their mechanism of action, they may
bind lipids, proteins and DNA and induce the production of
free radicals or they can activate signaling pathways involving
protein kinases and thus initiate an apoptotic cascade. Pro-

oxidant anticancer drugs can also target the mitochondria, as
they are the main organelles responsible for the formation of
ROS, and can alter mitochondrial membrane permeability or
disrupt oxidative phosphorylation and lead to leakage of ROS
causing further mitochondrial oxidative stress. Moreover, pro-
oxidant anticancer drugs can down-regulate genes associated
with cancer cell survival, for example genes for antioxidant
enzymes, such as SOD, or for small non-protein antioxidant
biomolecules, such as GSH. This depletion of intracellular
antioxidants can cause apoptosis of cancer cells.

On the other hand, the role of anticancer antioxidants is also
under investigation, since they can bind free radicals and
prevent oxidative stress, thus helping to balance the altered
redox homeostasis found in cancer cells. In addition, some
known antioxidants may also act by enhancing ROS
production, when in the presence of transition metals that help
initiate redox reactions. These antioxidants, based on their
investigated behavior as anticancer drugs, can be administered
as monotherapies or even prophylactically, but they may also
be combined with pro-oxidant anticancer agents, in order to
mitigate the adverse reactions of pro-oxidants, or synergize
with them for more effective anticancer regimens.

These redox imbalances are exploited by pro-oxidant
anticancer drugs, such as cisplatin, doxorubicin, imexon,
MGd, BSO, 2-ME and rituximab, which increase ROS and
thus lead to excessive oxidative stress and cancer apoptosis.
Exogenous antioxidants, such as vitamin E, vitamin C,
vitamin D, B-carotene, [6]-shogaol, flavonoids and dietary
polyphenols, can also play an important role in the treatment
of cancer, sometimes by slowing down or inhibiting
oxidation by binding free radicals and reducing oxidative
stress or other times abrogating ROS overproduction and
acting pro-oxidatively. In all these cases, tumor cells appear
to have an even more disrupted redox balance relative to
untreated cancer cells, and this demonstrates how the
manipulation of free radicals and ROS may be a potential
target for new cancer therapies.

Conclusion

In conclusion, free radicals and ROS are components of
cellular signaling pathways and play an important role not
only in normal cell physiology but also in the
pathophysiology of certain diseases, such as cancer. In the
early stages of cancer, redox signaling is enabled for further
progression, but later the increased ROS level comprises a
favorable target for promoting apoptosis through an oxidative
mechanism. Therefore, antioxidant supplementation may have
better results when administered as a preventive measure
against the initiation of cancer or in early stages in order to
re-program the disrupted redox balance present in cancer cells
and eliminate potential side-effects from other anticancer
agents, whereas pro-oxidant chemotherapeutics should be
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considered in later stages in order to further increase ROS
production and push cells towards oxidative damage, DNA
breakage and apoptosis. Finally, some antioxidant anticancer
drugs may also act pro-oxidatively when oxidative stress is
already present in cancer cells, hence their use can also be
considered in later stages of cancer.
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