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focus on our current understanding of the anticancer effects 
of ROS.
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Introduction

Reactive oxygen species (ROS) are broadly defined as chem-
ically reactive molecules containing oxygen, and include 
hydroxyl radical (·OH), superoxide anion  (O2·−), singlet 
oxygen (1O2) and hydrogen peroxide  (H2O2) [1]. Under 
normal physiological condition, the intracellular ROS are 
maintained at a constant low level by the balance between 
ROS production and elimination. ROS react with molecules 
by reversible oxidative modifications and play a critical role 
in cellular signaling pathways, such as metabolism, growth, 
differentiation and death signaling [2, 3]. Low levels of 
ROS promote cell proliferation and survival. Indeed, slight 
increase of ROS is associated with the initiation and pro-
gression of cancer [4]. However, excess production of ROS 
can induce cell senescence and death by oxidative damaging 
effects to intracellular biomacromolecules, such as protein, 
lipid, RNA and DNA (Fig. 1) [4]. Hydroxyl radical is an 
extremely reactive type of ROS with high oxidizing poten-
tial, which is main responsible for oxidative stress-induced 
DNA damage [5]. Excessive amounts of endogenous ROS 
can be attenuated by non-enzymatic antioxidants such as 
vitamins E and A, as well as enzymatic antioxidants such 
as superoxide dismutase (SOD), catalase and glutathione 
(GSH) [6, 7]. Tumor cells exert lower antioxidant enzyme 
activity relative to normal cells, therefore ROS levels in 
tumor cells is higher. In addition, higher ROS levels in 
tumor cells may partly be due to defective mitochondrial 
oxidative metabolism [1]. Thus, tumor cells with increased 
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tively. Endogenous ROS are mainly formed in mitochon-
drial respiratory chain. Low levels of ROS play important 
roles in regulating biological functions in mammalian cells. 
However, excess production of ROS can induce cell death by 
oxidative damaging effects to intracellular biomacromole-
cules. Cancer cell death types induced by ROS include apop-
totic, autophagic, ferroptotic and necrotic cell death. Since 
abnormal metabolism in cancer cells, they have higher ROS 
content compared to normal cells. The higher endogenous 
ROS levels in cancer cells endow them more susceptible to 
the ROS-induction treatment. Indeed, some anticancer drugs 
currently used in clinic, such as molecular targeted drugs 
and chemotherapeutic agents, effectively kill cancer cells 
by inducing ROS generation. In addition, photodynamic 
therapy (PDT) is mainly based on induction of ROS burst 
to kill cancer cells. The mechanism of cell death induced 
by radiotherapy using ionizing radiation also refers to ROS 
production. Moreover, ROS play an important role in tumor 
immune therapy. Altogether, combining above traditional 
treatments with ROS-induced agents will be considered as 
a promising strategy in cancer therapy. In this review, we 

 * Zhengzhi Zou 
 zouzhengzhi@m.scnu.edu.cn; zouzhengzhi@scnu.edu.cn

1 MOE Key Laboratory of Laser Life Science and Institute 
of Laser Life Science, College of Biophotonics, South China 
Normal University, Guangzhou, China

2 Joint Laboratory of Laser Oncology with Cancer Center 
of Sun Yat-sen University, South China Normal University, 
Guangzhou, China

http://crossmark.crossref.org/dialog/?doi=10.1007/s10495-017-1424-9&domain=pdf


1322 Apoptosis (2017) 22:1321–1335

1 3

endogenous ROS levels are possibly to be more vulner-
able to exogenous ROS-induced agents [8]. Indeed, studies 
showed that upregulation of ROS levels by redox modulation 
can selectively kill cancer cells with low toxicity to normal 
cells [9, 10]. Therefore, induction of ROS is a promising 
approach for cancer therapy. In this review, we mainly focus 
on the anticancer role of ROS, and present several poten-
tial therapeutic strategies that promote ROS burst to further 
increase oxidative stress and induce cancer cell death.

Sources and signaling regulation of ROS in cancer 
therapy

Sources of ROS

Endogenous ROS are by-products during cellular metabo-
lism. It is constantly produced through chemical reactions 
in enzyme and non-enzyme dependent manners in mamma-
lian cell [11]. Mitochondrial respiratory chain is the main 
endogenous source of ROS. Some electrons escape from 
the mitochondrial respiratory complexes (MRC) I and III in 
the mitochondrial electron transport chain, and react with 
oxygen to generate superoxide anion (Fig. 2).  O2·− are trans-
ferred to the mitochondrial matrix through inner mitochon-
drial membrane (IMM). Subsequently  O2·− is converted to 
 H2O2 by the superoxide dismutase 2 (SOD2). In the presence 
of metal cations, such as  Fe2+ and  Cu+,  H2O2 is converted to 
·OH via the fenton reaction. In addition,  H2O2 is also directly 
converted to  H2O by glutathione peroxidase (GPX) and cata-
lase (CAT). Some of the superoxide are shifted to the cytosol 
and then dismutated to  H2O2 by the SOD1. Although most 
of  O2·− is produced in the mitochondria, a small fraction 
of  O2·− also is produced in the cytosol. In the cytoplasm, 

 O2·− can be induced by enzymatic reactions involving 
NADPH oxidases (NOXs), xanthine oxidase, uncoupled 
endothelial nitric oxide synthase (eNOS) and arachidonic 
acid [12]. Moreover,  H2O2 can also be generated as a by-
product of oxidation in peroxisomes and protein oxidation 
in the endoplasmic reticulum (ER) [13].

ROS‑related cellular signaling

Although ROS is derived from mitochondria, the ROS level 
is also regulated by some proteins in the cell. In cancer drug 
therapy, some drugs may regulate ROS level by regulat-
ing the activity and function of the proteins, and ultimately 
affect cancer cell apoptosis. ROS not only directly damage 
biological macromolecule such as DNA, but also activate 
apoptotic signal pathway to induce cancer cell apoptosis.

Oncogenic signaling regulation of ROS

The PI3K/AKT and its downstream signaling pathway, is 
thought to play a vital role in the control of cell prolifera-
tion, apoptosis and oncogenesis. AKT can promote ROS 
production by positively regulating energy metabolism 
in the mitochondrial. Besides, AKT also can increase the 
levels of ROS by inhibiting the activity of AMPK (Fig. 3), 
which is a serine/threonine protein kinase and serves as an 
energy sensor in mammalian cells. It has been shown that 
AMPK strongly suppresses cell proliferation in tumour 
cells. AMPK-mediated inactivation of ACC1/2 is required 
to maintain the NADPH and ROS levels [14]. Conversely, 
AKT can also attenuate ROS, via depressing FoxO tran-
scription factor to downregulate SOD2, catalase and sestrin3 
expression (Fig. 3).

FOXM1, a transcription factor, is overexpressed in 
a majority of tumors and involved in cancer cell growth, 
migration and invasion [15, 16]. Increased FOXM1 expres-
sion can downregulate ROS levels in cancer cells by enhanc-
ing the expression of detoxifying enzymes, such as catalase, 
SOD2 and PRDX3 (Fig. 3) [17]. Additionally, oncogenic 
K-Ras mutations promote the development of pancreatic, 
colorectal and lung cancer. Recent study shows that mutant 
K-Ras increases generation of mitochondrial ROS by 
increasing mitochondrial metabolism in pancreatic acinar 
cells (Fig. 3) [18]. Notably, radical species such as super-
oxide and nonradical species such as hydrogen peroxide 
often lead to the increase of oxidative products of protein in 
cells, resulting in activation or inactivation of some signal-
ing pathways.

Apoptotic and autophagic signaling upon ROS

Oxidative modifications of proteins by ROS result in 
their changes in structure and function [19]. ROS regulate 

Fig. 1  Interaction between ROS and biomacromolecules
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apoptotic and autophagic signaling pathways through 
interaction with critical signaling molecules (Fig.  4). 
ASK1 is an upstream MAPKKK that regulates the JNK 
pathways leading to apoptosis through phosphorylation of 
JNK. Thioredoxin (Trx) is shown to directly inhibit ASK1 
kinase activity by constitutively interacting with ASK1 
[20]. ROS oxidize Trx and induce disulfide bond forma-
tion between Cys-32 and Cys-35 in Trx, and resulting 

in subsequent Trx to be separated from ASK1 [20]. And 
then ASK1 undergoes complete homo-oligomerization 
and subsequent autophosphorylation and is activated. 
ASK1-acitvated JNK can phosphorylate Bim and Bmf. 
The phosphorylated Bim and Bmf further activate Bax 
and Bak to initiate apoptosis respectively [21]. Ataxia-
telangiectasia mutated (ATM) has been shown to serve 
as a sensor of oxidative stress. One side, ATM mediates 

Fig. 2  Sources of endogenous ROS in cells. The major site of reac-
tive oxygen species (ROS) production is the inner mitochondrial 
membrane (IMM). During respiration electrons are transited to 
oxygen from mitochondrial respiratory complex I and III (MRC I 
and III), which generate superoxide  (O2·−). The majority of  O2·− is 
transferred to the matrix. And then the superoxide dismutase (SOD2) 
dismutated  O2·− to hydrogen peroxide  (H2O2). The part of  O2·− is 

transferred to the cytosol. Additionally, in cytosol, activated NADPH 
oxidase (NOX) can also oxidize NADPH to generate  O2·−. And 
then  O2·− is dismutated to  H2O2 by the cytosolic SOD1. In cytosol 
and mitochondrial matrix,  H2O2 can be eliminated by catalase, glu-
tathione, peroxidase (GPX) and peroxiredoxins (PRX). GPX and 
PRX utilize NADPH-induced glutathione (GSH) and thioredoxins 
(Trx) respectively
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oxidative DNA damage-induced cells apoptosis through 
ATM-Chk2-p53 pathway [22]. Besides, studies show 
autophosphorylated cytoplasmic ATM by  H2O2 activates 
LKB1 via phosphorylation of Thr-366 [23]. Activated 
LKB1 activates AMPK through Thr-172 phosphorylation. 
Activated AMPK in turn inhibits mTORC1 by phospho-
rylating the tuberous sclerosis complex 2 (TSC2) tumor 
suppressor protein at Thr-1271 and Ser-1387 [24]. The 
inhibition of mTORC1 induces autophagy. Above stud-
ies show ATM mediated ROS-induced apoptosis and 
autophagy.

Cancer cell death types induced by ROS

As has been mentioned earlier, high levels of ROS play 
an important role in cancer therapy by activating different 
cell death types including apoptosis, autophagy, ferropto-
sis and necrotic cell death [4].

ROS‑activated extrinsic and intrinsic apoptosis

Apoptosis is the most common cell death type, and includes 
the death receptor dependent apoptosis (known as extrin-
sic apoptosis) and the mitochondrial-dependent apoptosis 
(known as intrinsic apoptosis). Two major pathways of 
extrinsic apoptosis are TNFα (tumor necrosis factor α) and 
Fas pathway. Recently, Musarat et al. show that extracellular 
ROS generated by atmospheric gas plasmas activate TNFα 
signaling and induce extrinsic apoptosis in melanoma can-
cer cell [25]. It has also been proposed that TNFα-induced 
ROS activate ASK1 and subsequent ASK1-mediated extrin-
sic apoptosis-signaling cascades [26]. TRAIL (TNF-related 
apoptosis-inducing ligand) can induce cell apoptosis via 
TNF pathway. ROS have been shown to suppress c-FLIP 
(the endogenous TRAIL inhibitor) expression post-tran-
scriptionally, causing the facilitation of the extrinsic apop-
tosis. Pretreatment with ROS scavengers NAC (N-acetyl-
l-cysteine) effectively recovers the c-FLIP expression, and 

Fig. 3  Oncogenic signaling regulation of ROS in cancer cells. 
AKT is activated by extracellular growth factor receptor (GFR) sig-
nals via PI3K. The tumor suppressor PTEN, a phospho-lipid phos-
phatase, inhibits the activity of PI3K. Activated AKT promotes 
mTOR complex 1 (mTORC1) activity and inhibits the FOXO and 
AMPK activities. AKT is also activated by mTORC1 in a negative 
feedback signaling. FOXO as transcription factor induces the expres-
sion of anti-oxidants genes, such as SOD2, sestrin3 and catalase, 

which attenuate ROS levels. In addition, another transcription factor 
FOXM1 also can depress ROS levels by inducing anti-oxidants genes, 
such as SOD2, PRDX3 and catalase. Notably, FOXO can inhibit the 
transcription activity of FOXM1. Under energy stress conditions, 
AMPK is activated by LKB1. Activated AMPK phosphorylates and 
inhibits the acetyl-coA carboxylase 1/2 (ACC1/2), and increases 
NADPH production via fatty acid oxidation. NADPH production pre-
vents oxidative stress by attenuating ROS levels
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inhibits extrinsic apoptosis [27]. In primary lung epithelial 
cells, ROS are required for extrinsic apoptosis induced by 
Fas ligand (FasL) by enhancing ubiquitination-mediated 
FLIP degradation [28]. Furthermore, studies have identified 
a critical role for ROS in regulating the expression of func-
tional FasL, which can bind the receptor Fas on tumor cell 
and subsequently induces tumor lysis eventually [29, 30]. 
Redox active substances and exogenous oxidants such as 
MAP kinase activators, chemotherapeutic agents and  H2O2, 
could regulate the expression of FasL, suggesting that ROS 
control the expression of FasL [31, 32]. In addition, Liu et al. 
confirm that ROS mediate POX-induced extrinsic apoptotic 
pathway in colorectal cancer cells [33].

Most of the antitumor ROS-inducers have been shown 
to display their anticancer activity via a ROS-dependent 
mitochondrial apoptotic pathway [34]. Recently, we have 
demonstrated that chloroquine synergistically enhances 
the sensitivity of colorectal cancer cells to SN-38. The cell 
death induced by the two agents is involved in ROS-medi-
ated mitochondrial apoptotic pathway [4]. In the mitochon-
drial apoptotic pathway, superoxide anion triggers rapid and 
massive Cyto-c release from mitochondrion, causing cell 
apoptosis via VDAC-dependent permeabilization of mito-
chondrial membrane [35]. In addition, oxidation of adenine 
nucleotide translocase (ANT) by ROS is also linked to the 
regulation of the mitochondrial permeability transition pore 
(MPTP) opening [36]. Zuo et al. have shown that oxidative 

modification of pro-caspase-9 at Cys403 elicits its auto-
cleavage and activation by interacting with Apaf-1 [37]. 
Moreover, Katoh et al. propose an alternative mechanism 
of caspase-9 activation in oxidation-dependent manner. They 
illuminate that  H2O2-induced disulfide bridge leads to dimer 
formation of caspase-9 and subsequent its auto-proteolytic 
cleavage, and thus activates caspase-9 in an Apaf-1-inde-
pendent manner [38]. In addition, ROS have been validated 
to regulate the activity of Bcl-2 family proteins, the domi-
nant regulators of mitochondrial apoptotic pathway. The 
main mechanisms include: (1)  H2O2 can directly oxidize 
Bcl-2 at Cys158 and Cys229 and thus abate its antiapoptotic 
activity [39]; (2)  O2·− can abrogate ubiquitination of Bax 
and Bad, whereas promote ubiquitination of Bcl-2 [40, 41].

Dual effect of autophagy by ROS

Autophagy is a natural, regulated self-degradative process 
in mammalian cells, where unnecessary or dysfunctional 
cytoplasmic components are degraded in the lysosome. 
Autophagy has been indicated to be elicited by numerous 
anticancer drugs [42]. Autophagy promotes or inhibits cell 
death by drugs depending on the context. There is grow-
ing evidence that ROS can induce autophagy by regulating 
various signaling pathways. Notably, redox regulation of 
autophagy is associated with levels and duration of ROS 
exposure and cell types. The autophagy generated by ROS 

Fig. 4  Schematic of apop-
totic and autophagic signaling 
upon reactive oxygen spe-
cies. Reactive oxygen species 
(ROS) regulate apoptotic and 
autophagic signaling pathways 
through interaction with criti-
cal signaling molecules. ROS 
activate ASK1 by oxidizing 
thioredoxin (Trx). ASK1 is 
an upstream MAPKKK that 
regulates the JNK pathways 
leading to apoptosis through 
phosphorylation of JNK. And 
then JNK phosphorylated Bim 
and Bmf. The phosphorylated 
Bim and Bmf can activate Bax 
and/or Bak to initiate apoptosis. 
Additionally, JNK can increase 
the p53 expression and induce 
cancer cell apoptosis.  H2O2 
activates ATM in an MRN/
Ser-1981 autophosphorylation 
independent manner. Activated 
ATM induces cell apoptosis 
and autophagy through Chk2/
p53 and LKB1/AMPK/TSC2/
mTORC1 pathway respectively
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also exerts a dual effect on the cells. Firstly, cells can protect 
themselves by inducing autophagy to reduce the oxidative 
stress. In contrast, excess ROS can stimulate autophagic cell 
death [43]. Of note, Chen et al. report that ROS induces 
autophagic cell death only in tumor cells but not in non-
transformed cells [44].

The process of autophagy is negatively regulated by 
mammalian target of rapamycin (mTOR), a serine/threo-
nine kinase.  H2O2 decreases mTOR activity and induces 
autophagy by activating ATM/LKB1/AMPK/TSC2 pathway 
in breast cancer cells [45, 46]. Additionally, in C6 glioma 
cells,  H2O2-induced BNIP3 expression suppresses mTOR 
activity and initiates autophagy [46]. Mitochondria-derived 
 H2O2 by sanguinarine treatment induces autophagic cell 
death in malignant glioma cells [47]. Beclin-1, an impor-
tant autophagy-related protein, is involved in the initiation 
of autophagy. It has been shown that ROS upregulate the lev-
els of beclin-1 [44]. Another autophagy associated protein 
ATG4 is also demonstrated to be a ROS target. Under star-
vation condition,  H2O2 oxidizes and inactivates ATG4, and 
thereby promotes the lipidation of LC-3 to induce autophagy 
[48]. Recently, Song et al. show that  H2O2-mediated oxi-
dative stress increases autophagy by activating NF-κB in 
retinal pigmented epithelial cell [49].

ROS‑mediated necrotic cell death

Necrotic cell death, also known as necroptosis or necrosis, 
is originally deemed to be an unregulated type of cell death 
with organelle swelling and membrane rupture. However, 
accumulating evidences have shown that necrosis similar to 
apoptosis also involves elaborate molecular circuitry. RIP1 
and RIP3 have been shown to be two critical regulators 
during the execution of necroptosis. Some evidences have 
shown that ROS as modulators of RIP1 and RIP3 partici-
pate in necroptosis. Zhang et al. show that mitochondrial 
ROS regulates RIP1 by promoting its autophosphorylation 
and causing its oxidation to form intermolecular disulfide 
bonds. Subsequently, phosphorylated RIP1 promotes RIP3 
recruitment into necrosome to induce necroptosis [50]. In 
addition, mitochondrial ROS mediate calcium-induced for-
mation of RIP1/RIP3 complex and necroptosis in human 
colon cancer cells [51]. Although several evidences have 
shown that ROS can regulate RIP1 and RIP3, the specific 
type of ROS involved in RIP1- or RIP3-induced necroptosis 
is unclear. Conversely, RIP1 and RIP3 have been considered 
as driving forces for ROS production. For example, Zhou 
et al. show that RIP1 and RIP3 contribute to production of 
intracellular ROS in shikonin-treated glioma cells [52]. In 
renal carcinoma Caki cells, artesunate-induced ROS is also 
dependent on RIP1 [53]. However, the mechanism of ROS 
induced by RIP1 or RIP3 remains to be determined. A pos-
sible mechanism is that RIP1 and RIP3 increase the activity 

of several metabolic enzymes including glutamate-ammonia 
ligase, glutamate dehydrogenase 1 and glycogen phosphory-
lase by directly binding to these proteins. These metabolic 
enzymes catalyze mitochondrial ROS generation [54, 55].

Ferroptosis: cell death by lipid ROS

Ferroptosis, also known as ferroptotic cell death, a novel 
type of cell death, is dependent on intracellular iron [56]. 
Ferroptosis is involved in iron-dependent ROS formation 
and lipid oxidation [56]. Some compounds and antioxidants 
trigger cell ferroptosis by suppression of glutathione (GSH)-
dependent antioxidant defenses [57]. As shown in Fig. 5, 
system  x−

c is a heterodimeric amino acid antiporter on cell 
surface. Cystine import via system  x−

c is necessary for glu-
tathione synthesis. Glutathione activates GPX4 to prevent 
the production of lipid ROS [58]. Sorafenib, sulfasalazine 
and erastin induce ferroptosis by directly inhibiting system 
 x−

c to block cystine uptake. Glutamine is transported into 
the cell via SLC1A5 and metabolized to α-ketoglutarate. 
And then α-ketoglutarate contributes to the formation of 
oxidizable membrane lipids and subsequent lipid ROS [59]. 
Accumulating evidences have indicated that many anti-can-
cer drugs kill cancer cell by utilizing ferrous iron to generate 
radicals and lead to ferroptosis [60]. For instance, the anti-
malarial drug artesunate has been repurposed as an inducer 
of ferroptosis to exert anticancer effects [61, 62]. Salinomy-
cin, the most promising agent against cancer stem cell, has 
been shown to suppress iron translocation, elicit an iron-
depletion response and induce ferroptosis [63]. Recently, 
Guo et al. show that cisplatin induces ferroptosis in lung 
cance cells [64].

Role of ROS in cancer therapies

ROS‑mediated effects of molecular targeted therapies

The current trend in cancer treatment is personalized medi-
cine. Although marked progress has been made in the tar-
geted treatment of cancer, the anticancer effect of molecular 
targeted therapy is still unsatisfactory. Moreover, prolonged 
use with the targeted drugs is often limited due to the acqui-
sition of resistance. Recently, the role of ROS in tumor 
targeted therapy has attracted more and more attention. By 
increasing ROS levels induced by the molecular targeted 
drugs will bring a novel therapeutic regimen for treating 
cancer patients with drug resistance.

The roles of ROS in targeted tyrosine kinase therapies

The drugs of targeted tyrosine kinase in cancer therapies 
mostly include monoclonal antibodies and small-molecule 
inhibitors. The monoclonal antibodies include trastuzumab, 
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pertuzumab, cetuximab and bevacizumab. The small-mol-
ecule inhibitors include axitinib, pazopanib, sorafenib, 
afatinib, erlotinib and gefitinib. Many studies show that 
these monoclonal antibodies and small-molecule inhibitors 
manifest ROS-mediated anticancer effects. Yang et al. show 
that trastuzumab, a monoclonal antibody against HER2, can 
induce ROS generation to contribute breast cancer cell death 

[65]. Cetuximab, a recombinant humanized monoclonal 
antibody specific to EGFR, is applied in colorectal cancer 
without activating mutant Ras protein. Previous study shows 
that cetuximab promotes ROS production by decreasing the 
amount of glutathione [66]. In addition, cetuximab com-
bined with oridonine suppresses phosphorylated EGFR, and 
induces ROS-mediated apoptosis in laryngeal carcinoma 

Fig. 5  The mechanisms of ferroptosis regulation. Ferroptosis is 
induced by iron-dependent ROS and lipid ROS. System  X−

c plays an 
important role in mediating ferroptotic cell death. System  X−

c pro-
motes the cystine uptake and glutamate efflux. Cysteine (Cys), gluta-
mate (Glu) and glycine (Gly) are converted to glutathione (GSH) by 
glutamate-cysteine ligase (GCL) and glutathione synthetase (GSS). 
GPX4 is a glutathione (GSH)-dependent enzyme that degrades lipid 
hydroperoxides to lipid alcohols. SLC1A5 promotes the glutamine 

uptake and neutral amino acid (NAA) efflux. Glutamine is converted 
to alpha-ketoglutarate via glutamate, and then alpha-ketoglutarate is 
converted to membrane lipid by lipid metabolism. In addition, the 
presence of divalent iron, greatly accelerates lipid peroxidation of 
unsaturated fatty acids on the cell membrane. Iron binds to transferrin 
and forms transferrin-Fe. And then transferrin-Fe is uptaked by trans-
ferrin receptor 1 (TFRC1)
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cells [67]. Bevacizumab, a recombinant monoclonal anti-
body that specific binding VEGF, has been approved for 
the treatment of human CRC and NSCLC. Bevacizumab 
has been reported to increase oxidative stress by reducing 
l-cysteine and GSH levels [68]. Moreover, bevacizumab 
combined with autophagy inhibitor induces apoptosis by 
enhancing ROS levels [69].

Sunitinib is one of the most commonly used tyrosine 
kinase inhibitors (TKIs) in the clinic. The main mechanism 
of anticancer action of sunitinib is mediated by effective sup-
pressing of VEGFRs, PDGFR-α and PDGFR-β. Although 
sunitinib can increase ROS levels in lung cancer cells, there 
is no direct connection between ROS and antitumor effects 
of the drug [70]. However, sunitinib combined with chlo-
roquine can obviously increase ROS levels to induce cell 
apoptosis [71]. Gefitinib and erlotinib are EGFR inhibitors 
and approved for the treatment of NSCLC with activated 
mutant EGFR in the first and subsequent lines of therapy. 
Gefitinib and erlotinib synergize with vorinostat upregulate 
KEAP1 and downregulate NRF2 to increase ROS levels in 
NSCLC cells. Induction of ROS by vorinostat plus gefi-
tinib or erlotinib enhances mitochondria-dependent apop-
tosis [72]. Our recent studies also show that gefitinib and 
salinomycin act together to induce ROS-mediated loss of 
mitochondrial membrane potential and lysosomal membrane 
potential and apoptosis [10]. Nevertheless, Okon et al. find 
that chronic gefitinib treatment instigates ROS production 
that enhances lung cancer cells resistance to gefitinib [73]. 
In line with results concerning gefitinib, erlotinib is also 
reported to elicit cytotoxicity via ROS generation in NSCLC 
cells, head and neck squamous cell carcinoma cells [74, 75]. 
Our previous study finds that resveratrol synergistically pro-
motes erlotinib-mediated NSCLC cell apoptosis in which 
ROS production is involved [76]. Notably, in all above stud-
ies, the ROS levels are detected by using the fluorogenic 
probes DCFH. Bonini et al. and Wardman et al. have indi-
cated DCFH is not actually a useful specific probe for the 
 H2O2 and  O2·− [77, 78]. Therefore, we could not conclude 
that whcih kind of ROS plays a main role in tumor targeted 
therapies.

The roles of ROS in targeted other molecular therapies

Bortezomib, the first proteasome inhibitor, has been 
approved for use in clinic for the treatment of the relapsed 
multiple myeloma. Hui et al. find that bortezomib synergisti-
cally the histone deacetylase (HDAC) inhibitor SAHA pro-
motes ROS production to further induce caspase-dependent 
apoptosis in nasopharyngeal carcinoma [79]. Yin et al. show 
that inhibition of MUC1-C enhances bortezomib-induced 
ROS production to increase myeloma cell death [80]. Recent 
study reports that bortezomib sensitizes human osteosar-
coma cells to adriamycin by increasing ROS levels [81]. 

Another proteasome inhibitor MG132 has been shown to 
increase intracellular ROS burst and mitochondrial-mediated 
apoptosis [82]. In a study by Park et al. MG132 induces 
cleavage of HSP90 and caspase-10-mediated apoptosis by 
promoting ROS levels in human leukemic cells [83].

In addition, HDAC inhibitor (HDACi) has been approved 
for the therapy in cancer. Some studies show ROS mediated 
cancer cell death induced by HDACi [84, 85]. For example, 
Cornago et al. show that the HDACi suberanilohydroxamic 
acid (SAHA) and valproic acid (VPA) induce the production 
of ROS and cell apoptosis, and reduce cell viability, prolif-
eration and clonogenicity in glioma [86]. Moreover, Shol-
ler et al. report a novel HDACi abexinostat induces ROS-
dependent apoptosis in neuroblastoma and lymphoma [89, 
90]. They also show the proteasome inhibitor bortezomib 
synergistically enhances abexinostat-induced ROS produc-
tion and cell death [89, 90]. Similarly, in another study, the 
combination of HDACi romidepsin and bortezomib sig-
nificantly promotes generation of ROS and ROS-mediated 
extrinsic apoptotic pathway in NSCLC cells [87]. A recent 
study shows HDACi panobinostat and vorinostat inhibit 
rhabdomyosarcoma by ROS-dependent suppression of 
transcription factor c-myc rather than inhibition of histone 
acetylation. Blocking NF-κB sensitizes non-small cell lung 
cancer cells to HDACi-induced extrinsic apoptosis through 
generation of ROS [88].

In addition to proteasome inhibitors and HDACi, STAT3 
inhibitors have been found to induce ROS-dependent endo-
plasmic reticulum stress and further cell apoptosis in human 
pancreatic cancer cells and gliomablastoma cells [89, 90]. 
When cancer cells undergo energetic stress, activated AMPK 
can combat oxidative stress and protect cells from ROS-
induced damage [95]. Therefore, inhibition of AMPK could 
be an attractive strategy for ROS-mediated cancer therapy 
[91]. Indeed, exogenous ROS inducers and AMPK inhibi-
tors in combination exerts significant synergistic anticancer 
effects.

ROS as main effectors in photodynamic and sonodynamic 
therapy for cancer

Photodynamic therapy (PDT) is a method for the treatment 
of neoplastic diseases with photosensitizing drugs and 
light activation [92]. As shown in Fig. 6, three elements 
are required in PDT process: photosensitizer (PS), oxygen 
and light [93]. When the PS is exposed to light with specific 
wavelengths, it changes from ground state to excited state. 
The excited PS can undergo two kinds of reactions. In a type 
1 reaction, PS reacts directly with substrate molecules in 
cells, and transfers protons or electrons to produce radical 
anions or radical cations, respectively. Then, these radicals 
can further react with oxygen to form oxidizing free radicals 
and singlet oxygen. In a type 2 reaction, PS in excited state 
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is restored to the ground state, and then releases energy and 
induces oxygen to convert to excited state singlet oxygen 
[94].

Irradiation of the tumor can selectively activate the pho-
tosensitive drugs that gather in the tumor tissue and trigger 
photochemical reaction to destroy the tumor. It has been 
shown that there are three different mechanisms associated 
with tumor shrinkage following PDT treatment. The three 
mechanisms are as following: (1) PDT-induced oxidizing 
free radicals and singlet oxygen can directly kill cancer cells 
by inducing cell apoptosis or necrosis; (2) PDT-induced oxi-
dizing free radicals and singlet oxygen also damages tumor-
related vascular tissue, leading to hemorrhage or thrombosis 
in tumor blood vessels, which ultimately results in hypoxia 
and loss of nutrition leading to tumor cell death; (3) the 
release of cytokines and acute inflammation induced by PDT 
in the tumor tissue promote invasion of immune cells into 
tumor to destroy tumor cells [95]. In addition, PDT can also 
induce cell autophagy, and this process is also closely related 
to the content of singlet oxygen [96]. Although induction of 
ROS has been known to effectively kill tumors, the mecha-
nism of ROS generation by PDT has not been fully elu-
cidated, thus limiting the development of PDT in cancer. 
Additionally, the limited penetration depth of light restricts 
the effect of conventional PDT on deep tumors. Of note, 
oxygen dependence in the type 2 reaction of PDT limits the 
therapeutic effects of PDT in hypoxic tumors. Moreover the 
rapid consumption of oxygen at the irradiation site impedes 
the type 2 reaction of PDT, and thus also decreases the thera-
peutic effect of PDT [96].

Sonodynamic therapy (SDT) developed on the basis of 
PDT, is a novel noninvasive approach of solid tumor with 
low-intensity ultrasound and sonosensitizers (sensitizing 
drugs) [97]. ROS are found to be the most important fac-
tors in the tumor toxicity effects induced by SDT [98, 99]. 

Recent studies show SDT induces the loss of mitochondrial 
membrane potential and activates intrinsic apoptotic path-
way by generating too much ROS in cancer cells [100, 101]. 
Moreover, SDT promotes cancer cell death by ROS-induced 
the downregulation of Bcl-2 family proteins [102]. In addi-
tion, SDT can strengthen the body antitumor immunity by 
generating ROS to promote the M2 macrophage inside the 
tumor to turn into M1 macrophage [103].

ROS and tumor immune therapy

Dysregulation or disruption of immune system functions 
can lead to diseases including neoplasia and cancer. ROS as 
byproducts of intracellular oxygen metabolism or cellular 
response to stress stimuli, participate in cellular immune 
response. Several studies have pointed to a role for mito-
chondrial ROS induced by TCR stimulation in influenc-
ing T cell activation, proliferation, and effector functions 
[104, 105]. Previous study has demonstrated that ROS is 
induced within 15 min after TCR cross-linking [111]. In 
addition, treatment of primary T cells and mice with anti-
oxidants reduces T cell proliferation and production of IL-2, 
suggesting that ROS is required during initial stages of T 
cell activation [106, 107]. Moreover, Sena et al. report that 
ROS derived from mitochondrial complex III is required 
for antigen-specific  CD4+ T cell expansion in vivo [104]. 
Mitochondrial complex I-derived ROS is required for  CD8+ 
T cell function [105]. During T cell activation, mitochondria 
translocate to the immunological synapse [108]. This locali-
zation will allow for the maximal efficiency of short-lived 
ROS signaling that are sustained targeted for neutralization 
by antioxidant molecules, such as catalases, superoxide 
dismutases, peroxiredoxins, glutathione, among others. An 
important implication of those is that antioxidant therapy 
may be detrimental because ROS is the necessity for T cell 

Fig. 6  The mechanism of photodynamic therapy. Photodynamic ther-
apy (PDT) contains three basin elements: light, photosensitizer and 
oxygen. When the photosensitizer (PS) enters into tumor and then is 
exposed to specific wavelengths of light, it changes from a ground to 

an excited state. As excited PS returns to the ground state, it releases 
energy. The energy is transferred to oxygen to generate ROS. These 
ROS such as singlet oxygen and free radicals induces cancer cells 
apoptosis or necrosis
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activation. The tumor antigen is restricted expression in nor-
mal cells but frequently occurs in cancer cells. The discov-
ery of tumor antigen offers a hope for immunotherapeutic 
approaches. The survival of host often depends on initiat-
ing immune response, even before reaching the optimum 
antigen level. Hehner et al. have shown that exposure of T 
cells to macrophage-produced  H2O2 allows the activation of 
response even at low concentration of antigens [109]. ROS 
can activate signaling intermediates of the MAPK, JNK, 
p38 and transcription factor NF-kB and NF-AT to regulate 
the T cell activity (e.g. the secretion of IL-2) [110]. Thus, 
the generation of ROS and their subsequent effect on T cells 
may allow a specific and robust immune response even at 
low concentration of tumor antigens.

In addition, programmed death-1 (PD-1) as an inhibi-
tory receptor expressed on activated T cells could suppress 
antitumor immunity. Recently, studies have shown that the 
expression level of PD-1 is associated with the amount of 
cellular ROS and subsequent oxidative metabolism [111]. It 
suggests there may be a potential strategy to combine ROS 
scavenger with PD-1 blockade for more effective treatment 
of cancer. Additionally, ROS can regulate the phosphoryl-
ation of proline-rich tyrosine kinase 2 (Pyk2) to amplify 
tyrosine phosphorylation signaling events in cytotoxic T 
lymphocytes [112]. ROS generated by extra-mitochondria 
participate in the process of granzyme B-induced cancer cell 
death. Granzyme B secreted by cytotoxic T lymphocytes 
activates apoptotic pathway and finally induces cancer cell 
death [113].

It has been reported that physiological level ROS upreg-
ulate T cell activity [114], and the activity of T cells is 
downregulated when they are exposed to a high level ROS 
milieu [115]. In tumor microenvironment, the anti-tumor 
immune responses is suppressed by ROS generated from 
tumor cells and tumor-infiltrating leukocytes, including 
regulatory T cells (Treg), tumor-associated macrophages 
(TAM) and myeloid-derived suppressor cells (MDSC). 
Cemerski et al. have shown that excessive ROS produced in 
the tumor tissues can reach T cells and subsequently cause 
oxidative stress which could induce T cell hyporesponsive-
ness in patients [116]. Reduced ROS generation by NOX 
inhibitors or antioxidants also induces Treg hypoactivation 
in vitro [117]. TAM is a major player in the tumor microen-
vironment. Macrophage-derived ROS can suppress T-cell 
responses by inducing Treg [118]. Interestingly, upon PMA 
stimulation, M-CSF- and IL-10-induced macrophages show 
a high ROS producing capacity, whereas have a reduced T 
cell stimulatory capacity compared to IL-4-induced mac-
rophages [118]. Administration of ROS inhibitor N-ace-
tylcysteine (NAC) completely eliminates the suppressive 
effect of MDSCs on T cells [119]. Furthermore,  CD8+ T 
cell tolerance in tumor is associated with accumulation of 
MDSC containing high ROS levels [120]. Considering the 

ROS-mediated immunosuppressive properties in tumor 
microenvironment, a probable implication of therapeutic 
strategy targeting ROS is to employ antioxidant agents or 
supplements in situ tumor, which may enhance antitumor 
T cell responses. Moreover, increasing evidences demon-
strate TAM are polarized M2 subtype of macrophage that 
displays pro-tumor effects and promotes tumor resistance to 
chemotherapy [121]. Autophagy has been shown to suppress 
M2 macrophage polarization by isoprenaline via the ROS/
MAPK and mTOR signaling pathway [122].

Role of ROS in cancer chemotherapy

Although chemotherapy has strong side effects, it is still 
the most common treatment in cancer. Chemotherapeutic 
drugs exert anticancer effects through a variety of mecha-
nisms. Many chemotherapeutic drugs can directly cause 
DNA damage and thus induce cancer cell death. Of note, 
some chemotherapeutic drugs induce ROS-involved tumor 
impairment [1]. The redox balance system regulates rates of 
ROS generation and elimination that determines the overall 
ROS levels. Different chemotherapeutic agents can induce 
obvious accumulation of ROS via accelerating ROS genera-
tion or suppressing ROS elimination in cancer cells [123]. 
Intracellular ROS can activate several signaling pathways 
involved in cell death. For example, in p53 wild-type cancer 
cells, DNA damage induced by ROS promotes p53 accumu-
lation and activates p53/bax signaling pathway, resulting in 
cancer cell apoptosis in mitochondrial-dependent manner 
[124]. Recently, our study shows that chemotherapy agent 
SN-38 induces ROS production in colorectal cancer cells. 
Moreover, the autophagy inhibitor chloroquine synergis-
tically sensitizes the anticancer effects of SN-38 through 
lysosomal and mitochondrial apoptotic pathway via p53-
ROS cross-talk [4]. Excessive ROS accumulation induced 
by chemotherapeutic agents leads to tumor cytotoxic effects 
by direct damage of cell membranes or DNA. For exam-
ple, ROS burst induced by the combination of cisplatin and 
FK228 directly induces DNA damage and breast cancer cell 
death [125].

Chemotherapy resistance is the major obstacle for suc-
cessful cancer treatment in patients treated with long-term 
chemotherapeutic drugs [126, 127]. Although treatment 
methods for chemotherapy resistance have been continu-
ously improved, one of the major concerns in tumor thera-
peutics is the development of multidrug resistance to various 
commercially used agents. As mentioned earlier, ATP-bind-
ing cassette (ABC) transporter protein, known as P-glyco-
protein (P-gp) or multidrug resistance protein 1 (MRP1), is a 
multidrug resistance protein. MRP1 plays an important role 
in the efflux of drugs from the cells, and therefore reduc-
ing drugs-induced cell death [128]. Inhibition of MRP1 as 
a strategy to circumvent multidrug resistance to anticancer 
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therapeutic agents has been applied to in clinic. For chem-
oresistance in cancer, regulatory function of ROS is complex 
and paradoxical. Accumulating evidences suggest induction 
of ROS can depress MRP1 expression, leading to chemo-
sensitization. By contrast, ledoux et al. report that ROS has 
been shown to promote MRP1 expression in cancer cells 
[129]. This raises the possibility that regulation of MRP1 
by ROS is involved in ROS concentration. Indeed, low con-
centration of  H2O2 increases MRP1 expression in human 
colon cancer cells Caco-2. However, MRP1 expression is 
decreased by high concentrations of ROS [130]. Consistent 
with this report, high levels of  H2O2 induced by inhibition 
of catalase remarkably decrease MRP1 expression in HepG2 
cells [131]. Similarly, Pandey et al. find that hyperglycemia 
reduces ROS-dependent MRP1 expression and enhances the 
toxicity of carboplatin and 5-fluorouracil in MCF-7 cells 
[132]. Altogether, ROS not only induces tumor resistance to 
chemotherapy, but also promotes tumor chemosensitivity by 
regulating MRP1 expression. However, the exact molecular 
mechanism linked to ROS-mediated regulation of MRP1 and 
other multi-drug resistant proteins remains unclear. Further 
detailed researches are required to identify the mechanism.

ROS in radiotherapy

Radiotherapy using ionizing radiation is one of the most 
reliable and widely used treatments for solid tumor. Ionizing 
radiation induces cancer cell death by damaging the cellular 
DNA. Moreover, ionizing radiation also can generate ROS 
through water radiolysis react with oxygen. ROS induced 
by water radiolysis during radiotherapy mainly includes 
hydroxyl radicals and other radicals. High level of hydroxyl 
radicals induced by ionizing radiation increases oxidative 
stress to destabilize cancer cells integrity and DNA dam-
age by form stable DNA peroxides, and subsequently results 
in cell death. However, not all tumor cells are sensitive to 
radiotherapy. In general, rapidly dividing cells are more 
sensitive to radiotherapy than those with slowly dividing 
cells [133]. In addition, cells in M phase of mitosis and G2 
phase are most sensitive to radiotherapy-induced hydroxyl 
radicals compared with S phase [134]. Above results suggest 
the dividing cancer cells sensitivity to radiotherapy is associ-
ated with hydroxyl radicals induced by ionizing radiation. 
Due to that ROS production contributes to cancer cell death 
induced by radiotherapy, increasing ROS production will be 
a feasible strategy for mitigating cancer cells resistance to 
radiotherapy. In many recent studies, certain ROS-inducers 
have been shown to promote the ROS-mediated susceptibil-
ity of cancer cells to radiation. For example, coroglaucigenin 
promotes the production of hydroxyl radicals by inhibiting 
the expression of antioxidant molecules, thereby enhancing 
the sensitivity of human lung cancer cells to radiation ther-
apy [135]. Recently, Wang et al. show Auranofin enhances 

radiosensitivity of breast cancer cells through suppressing 
thioredoxin reductase and therefore resulting in burst of 
hydroxyl radicals. In nasopharyngeal carcinoma cells, salin-
omycin sensitizes cancer cells to raditherapy by inactivation 
of Nrf2 and increase of hydroxyl radicals generation [136].

Prospect

Convincing evidence suggests that the levels of ROS in 
cancer cells are markedly increased relative to normal cells 
due to a variety of complex factors including tumor micro-
environment and active energy metabolism of cancer cells. 
Therefore, further increase of ROS levels by using ROS 
stimulators can effectively kill cancer cells, whereas may 
be inadequate to trigger apoptosis in normal cells with low 
level of intrinsic ROS. This provides a biochemical basis for 
developing a novel therapeutic strategy. Increasing intracel-
lular ROS levels may involve the use of drugs that directly 
increase ROS production, or drugs that inhibit antioxidant 
defense, or the two types of agents in combination. Con-
sequently, it is necessary to develop some agents that can 
trigger the ROS-mediated damage and ultimately cause 
cancer cell death. It is worth noting that most of studies fail 
to identify the specific kind of ROS molecules induced by 
those ROS-induced drugs. It is also not clear which kind 
of ROS plays a main role in cancer cell death induced by 
ROS-induced agents. It requires further study to elucidate 
the mechanism. Additionally, accumulating studies show 
that ROS is a double-edged sword displaying both tumor 
promoting and suppressing functions. Generally, low levels 
of ROS promote the tumor progression, whereas high levels 
of ROS hinder tumor progression. Thereby, it is pivotal and 
necessary to carefully control the amount of ROS induced 
by drugs in the treatment of cancer.
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