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Reactive oxygen species (ROS) act as a second messenger in 
cell signaling and are essential for various biological processes 
in normal cells. Any aberrance in redox balance may relate to 
human pathogenesis including cancers. Since ROS are usually 
increased in cancer cells due to oncogene activation, relative lack 
of blood supply or other variances and ROS do involve in initia-
tion, progression and metastasis of cancers, ROS are considered 
oncogenic. Ironically, ROS production is a mechanism shared 
by all non-surgical therapeutic approaches for cancers, including 
chemotherapy, radiotherapy and photodynamic therapy, due to 
their implication in triggering cell death, therefore ROS are also 
used to kill cancer cells. Because of the double-edged sword prop-
erty of ROS in determining cell fate, both pro- or anti-oxidant 
therapies have been proposed for treatments of cancers. Based 
on either side, a number of drugs, agents and approaches are 
developed or in the progress of development, some of which have 
shown clinical promise. This review summarizes the current under-
standing on ROS-manipulation strategies in cancer treatment and 
underlying mechanisms. ROS-producing or -eliminating agents 
and the potential drugs in this aspect are categorized. An effort is 
made in particular to discuss the paradox in the rationales of two 
opposite ROS-manipulation strategies and the concerns for their 
use. Selectivity between tumor and non-tumor cells may depend 
on difference of their redox environments. A combinational set of 
cellular parameters including redox status, antioxidant enzymes 
expression, cell signaling and transcription factor activation 
profiles, namely “redox signaling signature”, is waiting for being 

developed in order to choose ROS-elevating or ROS-depleting 
therapy specific to certain type of cancer cells. In clinical setting 
individualized choice of an optimal ROS-manipulation therapy 
may require accurate and convenient measurements for ROS as 
well as “redox signaling signature” for prediction of efficacy and 
systemic toxicity.

Background: Two Paradoxical ROS-Manipulation Strategies in 
Cancer Treatment

Traditionally, reactive oxygen species (ROS), mainly consisting of 
superoxide anion radical (O2

.-), singlet oxygen, hydrogen peroxide 
(H2O2) and the highly reactive hydroxyl radical, are simply viewed 
as a group of molecules harmful to cells, tissues and organisms. 
However, researches during the past two decades have manifested that 
ROS serve as a second messenger in cell signaling and are essential for 
various biological processes in normal cells.1-3 Physiologically gener-
ated ROS are normally reduced by non-enzymatic and enzymatic 
anti-oxidizing agents, such as glutathione(GSH), thioredoxin (Trx), 
superoxide dismutase (SOD), catalase and peroxidases. Cellular 
oxidative stress, an imbalance of redox state, results from exposure 
to higher levels of ROS, which are not detoxified by cellular anti-
oxidative agents. Therefore, as well known, ROS, when present 
in a very high concentration, can damage cellular proteins, lipids 
and DNA, giving rise to senescent, degenerative or fatal lesions in 
cells, which are related to many human diseases including cancers, 
cardiovascular and neuro-degenerative diseases.3,4 Of note, research 
advances in field of redox during the past decade have updated our 
knowledge about the causative role of ROS in human diseases. One 
of the major novel perspectives is that low oxidative stress in which 
ROS increase to a modest and non-fatal magnitude can induce a new 
redox balance and result in cellular adaptation which may present as, 
for instance, proliferation.3,5,6 Any aberrance in these processes may 
lead to human pathogenesis. Hence, ROS that increase to a level 
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pro-cancer effects of ROS are all due to elevated oxidative damage 
to DNA. For instance, the small intestine (SI) is more vulnerable to 
oxidative damage than the large intestine (LI), but cancer in SI is 
relatively rare compared with cancer in LI. The response to oxidative 
DNA damage of cells seems more determinant than the extent of 
damage.17

ROS vs. proliferation. Tumors are characterized by excessively 
rapid growth which can be largely attributed to the enhanced activa-
tion of growth factor receptors and intra-cellular signaling pathway 
related to proliferation. ROS may promote cellular proliferation and 
contribute to cancer development by affecting both of these two 
events.6

After ligand-mediated activation, growth factor receptors signaling 
is quickly suppressed by either protein tyrosine phosphotase (PTP)-
mediated de-phosphorylation or ubiquitin-mediated degradation. 
Both of these negative regulatory mechanisms can be relieved by 
ROS which have been demonstrated to inhibit PTP18,19 and growth 
factor related ubiquitin ligase such as the E3 ligase c-Cb1,20,21 by 
oxidizing essential cysteines residue in their active sites. Thus ROS 
may cause the prolonging activation of growth factor receptors, 
which leads to aberrantly enhanced proliferation of tumor cells.

Besides, the intracellular growth-related signaling molecules are 
tightly modulated by ROS. For instance, accumulation of ROS 
during ovarian cancer progression may cause the degradation of 
MAPK phosphatase 3 (MKP3), a negative regulator of ERK1/2, 
which in turn leads to aberrant ERK1/2 activation and contributes 
to tumorigenicity of human ovarian cancer cells.22 Elevated ROS 
levels are also responsible for constitutive activation of transcription 
factors, such as nuclear factor κB (NFκB) and activator protein 1 
(AP-1), that activate multiple genes promoting cell proliferation 
during cancer initiation and progression.23

ROS vs. angiogenesis. ROS play an important role in neovascular-
ization during tumor growth. Arbiser and et al.24 demonstrated that 
Nox1-induced H2O2 increases expression of the vascular endothelial 
growth factor (VEGF), and VEGF receptor and matrix metal protein 
(MMP) activity, markers of the angiogenic switch, thereby promoting 
vascularization and rapid expansion of the tumors. Tumors derived 
from Nox1siRNA-transfected k-Ras-transformed normal rat kidney 
(KNRK) cells markedly show decreased neovascularization.25

The important role of NADPH oxidase in tumor angiogenesis 
can be attributed to the fact that it is the major source of ROS in 
endothelia cells whose proliferation, migration and capillary tube 
formation are required for neovascularizaion.1 Additionally, NADPH 
oxidase is engaged in stabilization and activation of hypoxia-induc-
ible factor 1α (HIF-1α) which could further stimulate production 
and secretion of VEGF from tumor cells to facilitate neovasculariza-
tion. Xia C, et al. have demonstrated that NOX4 knockdown in 
ovarian cancer cells decreases the expression of VEGF and HIF-1α 
and tumor angiogenesis.26

Mitochondria-derived ROS also play important role in trig-
gering HIF-1α stabilization, as the stabilization of HIF-1α would be 
blocked under hypoxic conditions if ROS production is abrogated.27 
However, it is unclear whether mitochondria-dependent ROS gener-
ation is directly associated with tumor angiogenesis.1

ROS vs. metastases. In many types of tumors including prostate 
cancer, melanoma and breast cancer, the increased metastatic ability 
of tumor cells is positively related to their intracellular ROS level.28 

non-lethal to cells, in particular for long period, also play a role in 
many disease, especially cancers.5

It is well documented that ROS act in multiple signaling cascades 
related to various behaviors in cancer cell, such as survival, prolifera-
tion, angiogenesis and metastasis. ROS thus are considered responsible 
for initiation, development, progression, invasion and metastasis of 
cancers;1,2,7,8 ROS are oncogenic. Ironically, ROS production is a 
mechanism shared by all non-surgical therapeutic approaches for 
cancers, including chemotherapy, radiotherapy and photodynamic 
therapy, due to its implication in triggering cell death.9,10 Therefore 
ROS are also used to kill cancer cells.9,11 With this regard, ROS are 
tumor suppresser.5 Because of the double-edged sword property of 
ROS in determining cell fate, both pro- or anti-oxidant therapies 
have been proposed for cancer treatment.6,9,12,13 Based on each 
side, a number of drugs, agents and approaches are developed or 
in the progress of development, some of which have shown clinical 
promise. However, because of the particular complexity of the role 
of ROS in tumor and non-tumor cells, both oxidant-elevating and 
oxidant-depleting strategies show complicated advantages and disad-
vantages. It is a conundrum for scientists and doctors to see which 
aspect is predominant and to decide which strategy is better for 
application.14 This review would summarize the current situation of 
ROS-manipulation strategies in cancer treatment and describe the 
evidences provided by the recent researches elucidating the under-
lying mechanisms. An effort is made in particular to discuss the 
paradox in the rationales of two opposite ROS-manipulation strate-
gies and the concerns for their use.

Reasons for Anti-oxidant Cancer Therapy

ROS contribute to cancer initiation, promotion and progression 
as well as maintenance of tumor cell phenotypes. Cancerous cells 
have increased ROS generation compared with their non-cancerous 
counterparts. Increased ROS is usually accompanied with oncogene 
activation that is the initial steps of malignant transformation. 
Although the causative relationship of ROS increase and oncogene 
activation remains unclear, oxidative DNA damage has long been 
thought to play a role in carcinogenesis and malignant transforma-
tion. However, oxidative DNA damage may be necessary, but not 
sufficient, for cancer development.15 In addition to ROS-induced 
genomic instability, the increased ROS could mediate various 
signaling cascade relating to survival, proliferation, resistance to 
apoptosis, angiogenesis and metastases in pre-cancerous cells as well 
as cancer cells, which may promote cancer initiation and progres-
sion.15 In the existed cancer cells an increased ROS generation may 
be attributed, in part, to the ischemic environment and increased 
rates of metabolism.

ROS vs. genomic instability. ROS may act on pyrimidines, 
purines and chromatin proteins, resulting in base modifications, 
DNA adduction and gene mutation, which may all be carcino-
genic.4 Hydroxyl radicals, for example, react with guanosine to 
form 8-hydoxy-2'-deoxyadenosine which might lead to G:C to T:A 
transversion-type point mutation. This is also among the strongest 
evidences that oxidative stress is intimately associated with carcino-
genesis.16 ROS-mediated mutations in mitochondrial DNA have 
recently emerged as another important variable in carcinogenesis.4 
However, it is controversial about the association of ROS-induced 
DNA damage with carcinogenesis.15 At least it is unlikely that the 
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in tumors.14,38 Preclinical data are currently inconclusive to address 
such debate, while a limited number of clinical studies have not 
found any benefit for supplementation of antioxidant during cancer 
therapy.39 Thus, before emerging strong clinical evidences about the 
advantage of taking antioxidants concurrently with chemotherapy or 
radiotherapy, patients should be advised to be cautious about taking 
dietary antioxidants during cancer therapy.

To enhance ROS scavenging enzymes. This strategy is supported 
by studies showing that overexpression of SOD, glutathione peroxi-
dase, or catalase inhibits growth of cancer cells.40-42 The recently 
invented targeted delivery of catalase or SOD to sites where 
tumor cells metastasize by PEG conjugation method shows some 
promise.12,43 There are no specific agents available that selectively 
induce these enzyme systems, therefore this strategy needs gene 
transfer approaches that face to challenges of targeting delivery.

To target NADPH oxidase. Minodronate, a newly developed 
nitrogen-containing bisphosphonate, completely inhibits the VEGF 
signaling by suppressing NADPH oxidase-mediated endothelial ROS 
generation, probably via inhibition of geranylgeranylation of Rac, a 
component of NADPH oxidase.4,44 The efficacy of minodronate on 
treatment especially of bone metastases from breast cancer has been 
proved through mice model and through clinical trials.45,46

The immuno-enhancing properties of histamine in synergizing 
with IL-2 and IFNa to induce killing of human tumor cells also 
rely on its inhibitory effect on the NADPH oxidase in monocyte/
macrophages via H2-type histamine receptors. Through this mecha-
nism, histamine protects NK cells and T cells against ROS-induced 
dysfunction and apoptosis and also maintains their activation by 
IL-2 and other cytokines used in cancer immunotherapy.33 Phase III 
clinical trials have demonstrated its effectiveness in cancer therapy 
especially for treating acute myeloid leukemia (AML) and metastatic 
myeloma.47

To manipulate nitroxide compounds. Cyclic nitroxides are a 
range of stable free radicals that have unique antioxidant properties. 
Therefore, Tempol, a nitroxide compound has been found to reduce 
tumor incidence in C3H and ATM-deficient mice by reducing 
the entire ROS level. Besides acting as a chemopreventative agent, 
Tempol has been proved to treat existing tumors via inhibiting prolif-
eration and inducing apoptosis.48

Reasons for Pro-oxidant Cancer Therapy

ROS are responsible for triggering cell death and reversing 
chemo-resistance in tumors. Although treating ROS-inducing 
tumors with antioxidants is reasonable, ironically, the mechanism 
underlying that many chemotherapeutic agents and ionizing radia-
tion exert on tumor cell kill is not associated with the increase of 
antioxidants, but rather the production of more ROS leading to 
irreversible oxidative stress.34 An increasing body of documents has 
demonstrated that not only various therapeutic approaches depend 
on ROS, but also further elevation of cellular ROS indeed can effec-
tively kill more cancer cells.9,49

ROS vs. apoptosis. Both death receptor- and mitochondria-
mediated apoptosis depend a lot on ROS.9

Fas ligand (FasL) triggers a rapid formation of ROS that mainly 
derived from NADPH oxidase as an upstream event of Fas activa-
tion and apoptosis induction. The activation of NADPH oxidase 
by FasL might involve a sphingomyelinase- and PKCzeta-dependent 

Exogenously administration of ROS would enhance certain stages 
of metastatisis,29 while anti-oxidant treatment could attenuate 
metastatic progress.30 Even surgical procedures, a primary option 
for treating tumors, can lead to the increased growth of metastatic 
tumors by ROS generation.13 Possible mechanisms involve aber-
rant expression of integrins and MMPs and suppression of anoikis, 
as indicated by in vitro studies.15 Intriguingly, Ishikawa K. and his 
colleagues recently have provided direct evidence to confirm the 
causative relationship between ROS and tumor metastasis. After 
replaced with mitochondria DNA (mtDNA) derived from a highly 
metastatic mouse tumor cell line, an originally poorly metastatic 
cell line acquires the metastatic potential. The transferred mtDNA 
contain mutations producing a deficiency in respiratory complex I 
activity and are associated with overproduction of ROS. Pretreatment 
of the highly metastatic tumor cells with ROS scavengers suppresses 
their metastatic potential in mice.31

ROS vs. escaping from immuno-attack. The intratumoral 
lymphocytes in many human malignant tumors are responsible for 
attacking tumor cells. However, they could be inhibited by ROS 
derived from NADPH oxidase in adjacent monocytes/macrophages 
(MO). In vitro data suggest that immunotherapeutic cytokines such 
as interleukin-2 (IL-2) or interferon-α (IFNα) only weakly activate 
T cells or natural killer (NK) cells in a reconstituted environment of 
oxidative stress.32,33

Various Anti-oxidant Cancer Therapies

Due to the critical role of ROS in initiating or promoting the 
malignant phenotypes of tumor cells, treating ROS-induced diseases 
such as cancer with antioxidants has long been an accepted thera-
peutic approach.34 Indeed, dietary antioxidants such as red wine 
and green tea polyphenols have long been recommended for cancer 
prevention.35,36 Recent verifications of their role in retarding angio-
genesis render them to be a promising anti-angiogenic strategy in 
cancer therapy.2 However, usage of antioxidant supplementation 
is currently receiving much attention because of epidemiological 
studies linking the use of some antioxidants with increased mortality 
in primarily higher-risk populations and the lack of strong efficacy 
data for protection against cancer, at least in populations with 
adequate baseline dietary consumption.37 In addition to dietary anti-
oxidant therapy, several other strategies have emerged to reverse the 
cancerous phenotype through reducing oxidant stress, some of which 
appear highly clinically potential (see Table 1).

To intake dietary or supplementary antioxidants. The use of 
antioxidants for cancer prevention has become widespread since 
1980s. Along with the evidence of positive benefits, however, a 
substantive compendium of negative effects of antioxidant use, 
especially concerning dietary supplementation with vitamins C and 
E, β-carotene and selenium, has developed.37 Of primary concern 
are the potentially deleterious effects of antioxidant supplements on 
ROS levels, especially when precise modulation of ROS levels are 
needed to allow normal cell function or to promote apoptotic cell 
death of precancerous or transformed cells.37

The use of antioxidants during cancer therapy is also currently 
a hot topic. Some data suggest antioxidants can ameliorate toxic 
side effects of therapy without affecting treatment efficacy, whereas 
others suggest antioxidants interfere with radiotherapy or chemo-
therapy which are largely dependant on ROS to induce cytotoxicity 
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ROS-manipulation strategies in cancer therapy

the inner membrane and cyclophilin-D in the matrix.4,61 Superoxide 
triggers apoptosis via VDAC-dependent permeabilization of the 
mitochondrial outer membrane without apparent contribution of 
proapoptotic Bcl-2 family protein.62 ANT in inner mitochondria 
memebrane is another target of ROS modulation. Oxidation-induced 
disulfide cross-linking of Cys160 with Cys257 alters ANT conforma-
tion,63 inhibiting its ability to bind nucleotides and allowing calcium 
entry. Increased calcium is postulated to promote a cyclophilin 
D-ANT complex to form, which induces pore opening, leading to 
apoptosis.64

ROS vs. necrosis. Necrotic cell death has been proposed to involve 
ROS whose accumulations are mediated by RIP, TRAF2 and FADD 
in TNF-induced necrotic cell death.65,66 Both mitochondria and 
NADPH oxidase derived-ROS have been reported to be involved 
in necrotic cell death. Fiers W., et al. speculate mitochondria as the 
main source for ROS for mediating necrosis,67 while recently Kim 
et al. demonstrate that Nox1, a major NADPH oxidase subunit is 
responsible for TNFα-induced generation of superoxide in mouse 
fibroblasts and that it is activated through a RIP1-dependent 
signaling complex containing TRADD, Nox1, NOXO1 and small 
GTPase Rac1 formed upon TNFα treatment.65

ROS vs. autophagic cell death. Autophagy, a process by which 
eukaryotic cells degrade and recycle macromolecules and organelles, 
has an important role in the cellular response to oxidative stress. 
Autophagy is triggered and regulated by ROS, as revealed by several 
recent studies.68,69 The outcomes of autophagy vary from survival-
promoting removal of pathogens, damaged organelles and proteins, 
to programmed cell death. Thus ROS may act as signaling molecules 
in autophagic cell death, despite that they may also as signaling  

phosphorylation of p47phox. FasL-induced ROS response is required 
for Yes/EGFR/Fas interactions as upstream events of Fas-tyrosine 
phosphorylation, which is a signal for subsequent recruitment 
of Fas-associated death domain and caspase 8 and apoptosis 
induction.50-53 Additionally, FasL-induced ROS mediate the ubiq-
uitination and subsequent degradation by proteasome of FLICE 
inhibitory protein (FLIP) to further enhance Fas activation.54

Mitochondria-mediated apoptosis is characterized by an opening 
of permeability transition (PT) pore complex which results in cyto-
chrome c release, apoptosome formation and culminate caspases 
activation. ROS are known to impact the stability of PT pore 
complex both through cell signaling cascade and through oxidative 
modification of components of PT pore complex.

C-Jun NH2-teminal Kinase (JNK), also termed as stress activated 
protein kinase (SAPKs) is a major signaling molecule mediating 
ROS-induced opening of PT pore complex.55 ROS activate JNK 
signal cascade through following mechanisms: (1) To induce the 
dimerization and activation of ASK1;56 (2) To release MEKK1 or 
ASK1 from binding with inhibitory molecules such as TRX and 
GST;57-59 and (3) To inhibit activity of protein tyrosine phosphotase 
(PTP) to relieve the activity of Src to initiate downstream cascade.60 
After activation by ROS, JNK would translocate close to mitochon-
dria membrane to activate pore-destabilizing proteins (Bax/Bak) or 
to inhibit pore-stabilizing proteins (Bcl-2 and Bcl-xl), leading to 
opening of PT pore complex.56

The mitochondrial PT pore complex that spans both the outer 
and inner mitochondrial membranes has been hypothesized to mini-
mally consist of the voltage-dependent anion channel (VDAC) in 
the outer membrane, the adenine-nucleotide translocase (ANT) in 

Table 1  Agents in ROS-manipulation strategies for cancer treatment

Mechanism	 Agent for therapy	 References
Anti-oxidant therapy
Antioxidant intake	 Vitamins C, E,	 37
	 β-carotene, selenium
ROS scavenging enzyme	 PEG conjugated	 40–42
overexpression	 SOD, glutathione peroxidase, catalase
NADPH oxidase inhibition	 Minodronate	 45, 46
	 Histamine	 47
nitroxide compounds manipulation	 Tempol	 48
Pro-oxidant therapy
ROS generation	 Arsenic	 79
	 Imexon	 78
	 Emodin	 94, 99, 102
	 Photodynamic therapy	 80–82
GSH Depletion	 β-phenylethyl isothiocyanate (PEITC)	 85
	 Buthionine sulfoximine (BSO)	 11, 78, 86, 87
	 copper N-(2-hydroxyacetophenone)	 84
	 glycinate (CuNG)
Trx system inhibition	 Motexafin gadolinium	 4,89
SOD inhibition	 Methoxyestradiol (2-ME)	 6
	 Disulfiram	 91
	 ATN224	 92

1878 Cancer Biology & Therapy 2008; Vol. 7 Issue 12
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ROS-manipulation strategies in cancer therapy

procarbazine.11 It is oxidized readily in an oxic environment to its 
azo derivative, generating ROS. The first clinical trial of procarbazine 
was reported in 1963. It was approved in the late 1960s as a cytotoxic 
drug and has been used since then for the treatment of Hodgkin’s 
lymphoma, non-Hodgkin’s lymphoma and, as it crosses blood-brain 
barrier rapidly, primary brain tumors.11 During the past years, many 
conventional or novel anti-cancer drugs have been re-evaluated for 
their association with ROS. For instance, doxorubicin is a redox-
cycling anthracycline that generates ROS. Biologics can also induce 
apoptosis through the generation of ROS. Rituximab, an anti-CD20 
monoclonal antibody approved for the treatment of non-Hodgkin’ 
s lymphoma, induces a rapid and intense production of ROS in 
human lymphoma cells.11 Arsenic agents can effectively treat acute 
promyelocytic leukemia (APL) and some other leukemia, which 
are ROS-dependent. Imexon induces apoptosis with enhancement 
of cellular oxidative stress. Single-agent anti-tumor activity (solid 
tumors) and safety of imexon in leukemia and other tumor types have 
been confirmed in subsequent preclinical and phase I/II studies.78 
Meanwhile, some experimental agents are in development to become 
useful in killing cancer cells in a ROS-dependent manner.

Mitochondrial is a major source to generate superoxide. Many 
anti-tumor agents have been reported to disturb the electron trans-
port chain (ETC), leading to an increased electronic leakage from the 
chain and to an elevated ROS production consequently. Furthermore, 
components of the ETC such as complex I, II have been reported as 
the direct target for some ROS-elevating agents.79

Besides, the NADPH oxidase is another major source of ROS 
induction.1 ATO, with effectiveness in treating APL patients, also 
exerts its apoptosis-inducing effect via ROS production. The author 
group of Wu et al. has pointed out that NADPH oxidase is the main 
source of ATO-induced ROS production.79

A recently developed anticancer modality photodynamic therapy 
(PDT) has been approved for several cancer indications. Its thera-
peutic effect is based on the formation of ROS upon activation of 
the photosensitizer by light. Singlet oxygen is assumed to be the most 
important ROS for the therapeutic outcome and both an increase in 
the activity of xanthine oxidase (XOD) and photooxidation of some 
cellular constituents contribute to the generation of ROS during 
PDT.80-82 In addition, some alternative anticancer approaches, such 
as immunotherapy, hormone therapy and hyperthermia, all cause 
ROS generation and kill cancer cells with dependence on ROS.77

ROS-producing agent used in combination with anti-cancer 
drugs or approaches. Some groups including ours have demonstrated 
that ROS producing agents could facilitate the therapeutic effects of 
traditional cancer treatments.6,77 In our series of study on a natural 
anthraquinone emodin, we show that emodin, via increase of ROS, 
can synergize cytotoxicity of multiple ROS-dependant chemothera-
peutic drugs including ATO, cisplatin, doxorubicin and taxol in a 
variety of cancer cells and in transplanted tumor models in nude 
mice. The underlying mechanisms involve in dual regulation of 
ROS in pro- and anti-apoptosis signaling, in which cytochrome c 
release and caspases activation are promoted, whereas RhoA, AP-1, 
NFκB and HIF-1α are suppressed.6,71,83 The synergistic anti-
cancer effect may be exerted through inducing growth arrest and 
apoptosis, or restoring anoikis. As we propose that use of a natural 
compound to produce ROS at the non-cytotoxic doses may syner-
gize ROS-dependent conventional chemotherapeutic drugs, the 

molecules in survival-prone autophagy.69 Use of ROS-mediated 
autophaic cell death in killing cancer cells has been recently 
initiated.28,70,71 Effectiveness and selectiveness are indicated for 
a few types of cancer cells including those derived from malignant 
gliomas that are resistant to various proapoptotic therapies, such as 
radiotherapy and conventional chemotherapy.65,72 Selenite shows 
preferential cytotoxicity to various human glioma cells over normal 
astrocytes via autophagic cell death and overexpression of SOD 
significantly blocks selenite-induced autophagic cell death.65 Small 
interfering RNA-mediated knockdown of ATG (autophagy-related 
gene) 6 or ATG7 attenuates selenite-induced autophagic cell death.72

ROS vs. chemo-sensitivity. The increased redox capacity of GSH 
in cancer cells has been linked to chemo-resistance long ago.73 It has 
been found that the more reductive is the cell, the more resistance to 
the chemotherapeutic agent adriamycin is the cell.73 Furthermore, 
introduction of NOX1 into prostate cancer cells could signifi-
cantly decrease expression of HIF-1α and the multi-drug resistance 
(MDR) transporter P-glycoprotein (P-gp).74 Likewise, addition of 
ROS-producing agent emodin could inhibit HIF-1α transcriptional 
activity and downregulate MDR expression,6 all resulting in an 
increased retention of the doxorubicin.74 These data indicates a nega-
tive relationship between ROS and chemo-resistance of tumors.

Various Pro-oxidant Cancer Therapies

Exploiting the cancer cell killing potential of ROS could be 
performed by two means, namely, (1) inducing the generation of 
ROS directly in tumor cells and (2) inhibiting the antioxidative 
enzyme (defense) system of tumor cells.

The effective final concentrations of ROS in cancer cells are 
pivotal for the pro-oxidant cancer therapy. Theses concentrations 
depend on not only the increased amount by stimulators but also 
the inherent ROS level and capacity of anti-oxidant in cancer cells. 
In chronic lymphocyte leukemia (CLL) patients, the basal superoxide 
contents in leukemia cells are found to be positively related to their 
sensitivity to 2-ME which depends a lot on ROS to kill tumor cells.75 
We also found that the inherent ROS level determine the sensi-
tivity of a number of leukemia cells to arsenic trioxide (ATO).76,77 
Thus, with the development of accurate measurement of ROS of 
the leukemia cells in peripheral blood, the sensitivity of leukemia 
patients to oxidant therapy can be predicted. For patients embracing 
a low ROS level in cancer cells, higher doses of agents might be 
required. However, some advanced tumors that have developed an 
enhanced anti-oxidant system to adapt to increased oxidative stress 
might embrace a low level of ROS and high chemo-resistance. For 
these tumors, agents targeting cellular anti-oxidant system might 
exert more efficient impacts.

To induce the generation of ROS directly in tumor cells. Since 
1950s, many strategies have been employed based on this idea, 
namely, administration of ROS or ROS generating enzymes to tumor 
cell lines or tumor- bearing murines.49 As hydrogen peroxide is clini-
cally harmful to human health, great efforts have been made to find 
agents or treatments that could convert into ROS or stimulate endog-
enous ROS generation in tumor cells. And these ROS producers are 
used either alone as an anti-cancer drug or in combination with the 
conventional chemotherapy or radiotherapy (see Table 1).

ROS-producing agent used as single anti-cancer drug or approach. 
The first ROS producing agent used as anti-cancer drug may be 
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SOD for survival and sensitive to inhibition of SOD. Targeting 
SOD may be a promising approach to the selective killing of cancer 
cells. Methoxyestradiol (2-ME), a new anticancer agent currently 
in clinical trials, has been demonstrated to inhibit SOD and to 
induce apoptosis in leukemia cells through a ROS-mediated mecha-
nism.6 Inhibition of Cu,Zn-SOD by agents that chelate Cu, such 
as Disulfiram and ATN224, have also shown in vitro and in vivo 
clinical activity.91,92

Concerns for Employment of ROS-manipulation Therapies

ROS are ubiquitous in all mammalian cells, regardless tumor 
or normal cells. Simply, ROS are required by both cancer cells and 
normal cells, and likewise, ROS are toxic to both cancer cells and 
normal cells. Consequently, how to effectively and selectively kill 
tumor cells has emerged as one of the major concerns for further 
employment of ROS-manipulation approaches in clinical settings.

Selectivity: threshold concept? A previously proposed “Threshold 
concept for cancer therapy” describes that, along with ROS increase, 
cell responses are from adaptive proliferation to balance and then 
to apoptosis after ROS surpass certain level.93 The authors try to 
discriminate normal cells from malignant cells by their differential 
capabilities in maintaining redox homeostasis. In normal cells, the 
scavenging of free radicals through the use of antioxidants is an effec-
tive means of protecting these cells from ROS-induced malignant 
transformation and from the side effects of non-surgical anticancer 
therapies. For the established tumor, antioxidants, or low levels of 
ROS which induce antioxidant production, appear to benefit the 
growth of the tumor cell and enhance the resistance of these cells to 
anti-neoplastic therapies.93 This viewpoint has indicated the differ-
ential suitability of tumor or non-tumor cells for ROS-promotion or 
ROS-depletion strategies. For instance, enhancing ROS production 
and/or decreasing the antioxidant capacity of the tumor may be 
desirable for those tumor cells.

Based on our findings that basal or inherent cellular ROS levels 
affect, or even determine, sensitivity of cells to ROS-promotion treat-
ment and resultant cell killing and “ROS + ROS” strategy has little 
impact on normal cells, we here suggest an alternative “threshold 
theory”. When both tumor and normal cells are exposed to equal 
intensity of exogenous ROS-producing or -stimulating agents, the 
intra-cellular ROS level in tumor cells would more easier than that 
in normal cells to reach a threshold to trigger death, because of the 
higher basal ROS level in tumor cells that is attributed to either an 
increased ROS generation or an impaired antioxidant system (Fig. 1). 
This explains the relative selectivity of pro-oxidant approaches that 
have been observed by many groups including ours.6,29,77,83,85,94 
Nevertheless, this theory is established on the premium that cancer 
cells exclusively produce more ROS than normal cells do. One of the 
difficulties in testing this hypothesis arises from lack of a comparable 
“normal cell” to use as a control.95 Several groups have compared 
the level of ROS between a few types of oncogene-transformed cells 
and their normal counterparts and showed an obvious increase of 
ROS level after transformation.85,96 Studies based on more paired 
cancer cells and their normal counterparts are needed to confirm this 
notion. Attention should be particularly paid to whether the case also 
holds true under in vivo conditions.

Effectiveness: to increase or decrease ROS? Both ROS-elevating 
and -depleting approaches prove effective in literature and drugs 

viewpoint has been commented as a “novel ROS + ROS concept” 
by Cancer Research reviewer. Remarkably, this combinative approach 
exerts little impact on non-tumor cells in vitro and causes no discern-
able systemic toxic effects in vivo in mice.

To inhibit the anti-oxidative enzyme (defense) systems of tumor 
cells. In addition to enhance ROS production directly, interfering 
with cellular antioxidant systems would also result in excess ROS 
that would trigger death in cancer cells. Cellular antioxidants may 
be enzymatic or nonenzymatic (GSH, thiols, some vitamins and 
metals, or phytochemicals such as isoflavones, polyphenols and 
flavanoids).14 Among these, SOD, the thioredoxin (Trx) system, the 
glutathione system, have emerged as important targets for anticancer 
drug development.

The GSH system is composed of NADPH, glutathione reductase 
(GR) and GSH supported by glutaredoxin. The content of GSH is 
regulated by GSH-related enzymes including glutathione peroxi-
dase (GPx), glutathione reductase (GR) and glutathione transferase 
(GST). As high levels of GSH and GST have been implicated in drug 
resistant tumors, the depletion of cellular GSH can restore sensitivity 
to the oxidative cytotoxic effect of platinum compounds, alkylators, 
arsenic compounds and etc. Hence, different pharmacological agents 
aiming to deplete intracellular level of GSH have been invented 
to override resistance of anticancer.84 β-phenylethyl isothiocyanate 
(PEITC), a natural compound can not only depletes cellular GSH 
pool but also inhibit GPX enzyme as dual mechanisms to disable the 
GSH antioxidant system, leading to severe ROS accumulation in 
malignant cells.85 Buthionine sulfoximine (BSO) inhibits the rate-
limiting enzyme in the synthesis of GSH and has been widely tested 
in sensitizing various cancer cells to a number of drugs including 
platinum or arsenic compounds and alkylators.11 It has been well 
demonstrated that lower GSH level in APL cells determine their 
sensitivity to ATO-induced apoptosis and BSO could synergize with 
ATO in the induction of apoptosis.86,87 Further preclinical studies 
showed that depletion of GSH with BSO results in enhanced cyto-
toxicity of cisplatin and alkylating agents in vivo.11,78 Similarly, a 
novel copper complex, copper N-(2-hydroxyacetophenone) glycinate 
(CuNG) has also been verified recently to induce ROS generation by 
GSH depletion to overcome doxorubicin resistance in Ehrlich ascitis 
carcinoma cells.84

Trx system, composed of Trx, NADPH and thioredoxin reductase 
(TrxR), is increasingly suggested to represent an attractive target for 
development of new cancer therapeutics88 for following reasons. (1) 
TrxR and Trx overexpression have been reported in several malig-
nancies and may be associated with aggressive tumor growth, poor 
survival and resistance to chemotherapy.17,89 (2) Trx is normally 
responsible for maintaining the reduced state of ANT to prevent the 
PT pore opening.4 (3) TrxR1 knockdown reverses the morphology 
and anchorage-independent growth properties of mouse lung carci-
noma (LLC1) cells. Furthermore, the tumor progression and 
metastasis are dramatically reduced when these TrxR1 knockdown 
cells are injected into mice.90 Several inhibitors of the Trx/TrxR 
system have been evaluated in experimental cancer models. For 
example motexafin gadolinium, an effective inhibitor of thioredoxin 
could specifically and preferentially kill tumor cells and thus it is 
currently undergoing phase III clinical trials.4,89

The active superoxide production and low SOD activity in 
cancer cells may render the malignant cells highly dependent on 
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playing pro-cancer role are boosted or overridden under a given 
intensity of stimuli. The major transcription factors, such as NFκB, 
AP-1 and HIF are subject to activation in cancer cells, usually serving 
as a force of pro-survival and anti-apoptosis. They are stimulated by 
various therapeutic approaches and drugs in many cases. As they are 
all redox-sensitive, they are activated in response to mild oxidative 
stress but inactivated by severe oxidative stress.83,97-99 For a given 
type of cultured cancer cells, it is necessary to first examine the role of 
one or all of these transcription factors in terms of pro- or anti-cancer, 
before treating cells with ROS-producing agents at a concentration 
equivalent to an in vivo achievable one. If it, for instance, NFκB, 
plays an anti-apoptosis role and its activation is suppressed, rather 
than enhanced, by treatment with the ROS-producing agents, this 
type of cancer cells may be suitable for ROS-elevating therapy. In 
contrast, if treatment with ROS-producing agents makes NFκB 
more activated, indicating that ROS remain at a modest level that is 
too low to reach the death threshold, these cells may be suitable for 
ROS-eliminating therapy.

Cellular responsiveness to oxidative stress is also reflected by other 
proteins, among them p53 is an important one. p53 is also a redox-
sensitive transcription factor which mediates DNA repair, cell growth 
arrest and apoptosis in response to oxidative stress.5,100 Cells that 
harbor oxidative DNA damage but fail to activate p53 are apparently 
suitable for inducing apoptosis by ROS-elevating therapy. Decrease 
of ROS in these cells might help their survival. Taking together, a 
combinational set of parameters needs to be developed to mark the 
indicatives of a cell type for ROS-manipulating therapies. The activa-
tion status of a number of redox-sensitive transcription factors and 
above-mentioned “redox signature score” should be integrated into 
the parameters which may be collectively named “redox signaling 
signature”.

As ROS level appears heterogeneous even within a given type 
of cancer cells, a so-called “two-phase strategy” uses the opposite 
ROS-manipulation approaches sequentially to kill cancer cells more 
effectively. Since ascorbate can react spontaneously with molecular 
oxygen to generate hydrogen peroxide, high-dose intravenous ascor-
bate used in the first phase (to boost ROS generation) should be 
selectively toxic to tumor cells that are low in catalase activity. 
Secondly, during the intervals between sessions of ascorbate therapy, 
administration of agents which can safely inhibit NADPH oxidase 
(to inhibit ROS generation) would be expected to slow the prolifera-
tion and spread of surviving tumor cells.101 According to this strategy, 
many oxidant stimulators and oxidant inhibitors could co-operatively 
function in treating cancer. However, more preclinical researches are 
required to verify the feasibility of the two-phase strategy.

Oxidized tumor and reduced normal tissues: discriminative 
ROS-interference? In our previous studies we have found that the 
sensitivity to chemotherapy of the transplanted tumors in the nude 
mice is oppositely linearly associated with their total antioxidant 
ability; the tumors with lower antioxidant capacity (= more oxida-
tive) grow slower than those with higher antioxidant capacity (= 
more reductive). Tumors with the ROS + ROS treatments that 
are lower in weight are generally weaker in their total antioxidant 
potential6,102 (Fig. 2A). However, no such changes are seen in the 
total antioxidant ability of peripheral serum and erythrocytes in 
the corresponding individuals (Fig. 2B and data not shown). This 
indicates that ROS-producer emodin plus the routine chemothera-
peutic drugs, while increase ROS in tumors dramatically, does not 

based on both rationales also prove effective with in vivo studies in 
animals and even in preclinical trials. It is intriguing to know what is 
the respective basis. Researchers have widely noticed that there is cell-
specific circumstance regarding to effectiveness of ROS-manipulating 
strategies. This means that some cancer cells incline to growth arrest 
or death by exposing to more ROS, while some others do so by elimi-
nating ROS. We assume that the difference lies on the magnitude of 
ROS levels that determines the role of ROS for pro- or anti-cancer. 
An emerging concept indicates that modestly increased ROS are 
oncogenic, whereas highly increased ROS serve as tumor suppressor.5 
As illustrated in our “threshold theory”, cells bearing higher ROS are 
more susceptible to death induced by further elevated ROS. Hence 
we suggest that, generally, cancer cells with modestly increased ROS 
are suitable for ROS-depletion approach, while those with highly 
increased ROS are suitable for ROS-elevating one.

The magnitude of ROS may be controlled by the inherent redox  
state as well as the ROS-producing capability of treatment in cells.  
Levels of gene expression for antioxidant defense enzymes and other 
proteins related to cellular redox balance have been said to constitute 
a “redox signature score”, which can mark oxidative stress status of 
cells.15

Furthermore, the suitability of choice may be evaluated by 
cellular responsiveness to oxidative stress rendered by the therapeutic 
approaches or drugs. It needs to see whether the cell signaling events 

Figure 1. ROS threshold concept to explain the different susceptibility of 
tumor and non-tumor cells to ROS-producing approach. Certain level of ROS 
is required by cell survival, but overwhelming ROS trigger cell death. Normal 
cells have less ROS generation and profound antioxidant systems. When 
ROS are further increased by therapeutic approaches, ROS in tumor cells 
reach the death threshold earlier and thus tumor cells are easier to be killed. 
This difference leaves a window for ROS-promoting therapy.
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of in vitro and in vivo studies. Selectivity between tumor and non-
tumor cells may depend on difference of their redox status. However, 
a combinational set of parameters including redox status, antioxidant 
enzymes expression, cell signaling and transcription factor activation 
profiles, namely “redox signaling signature” in a given type of cancer 
cells, is waiting for being developed. And then it can be used as an 
indicative for choosing ROS-elevating or ROS-depleting therapy 
specific to certain type of cancer cells. Further research also needs 
to explain in respect of molecular mechanism why each strategy 
exerts different effects on cancer and normal cells. In clinical setting 
individualized choice of an optimal ROS-manipulation therapy may 
require more accurate and convenient measurements for ROS as well 
as an integrative “redox signaling signature” for prediction of efficacy 
and systemic toxicity.
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