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The role of cellular reactive oxygen species
in cancer chemotherapy
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Abstract

Most chemotherapeutics elevate intracellular levels of reactive oxygen species (ROS), and many can alter
redox-homeostasis of cancer cells. It is widely accepted that the anticancer effect of these chemotherapeutics
is due to the induction of oxidative stress and ROS-mediated cell injury in cancer. However, various new
therapeutic approaches targeting intracellular ROS levels have yielded mixed results. Since it is impossible to
quantitatively detect dynamic ROS levels in tumors during and after chemotherapy in clinical settings, it is of
increasing interest to apply mathematical modeling techniques to predict ROS levels for understanding complex
tumor biology during chemotherapy. This review outlines the current understanding of the role of ROS in cancer
cells during carcinogenesis and during chemotherapy, provides a critical analysis of the methods used for
quantitative ROS detection and discusses the application of mathematical modeling in predicting treatment
responses. Finally, we provide insights on and perspectives for future development of effective therapeutic
ROS-inducing anticancer agents or antioxidants for cancer treatment.
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Background
Reactive oxygen species (ROS) is a collective term refer-
ring to unstable, reactive, partially reduced oxygen deriv-
atives that are created as a by-product of normal
metabolic processes. They include hydrogen peroxide
(H2O2), superoxide anion (O2

−), hypochlorous acid
(HOCl), singlet oxygen (1O2) and hydroxyl radical (·OH),
and act as second messengers in cell signaling, and are
essential for various biological processes in normal and
cancer cells [1]. Many studies have defined ROS as a
tumor-promoting or a tumor-suppressing agent, with
abundant evidence supporting both arguments [2]. Intra-
cellular balance mechanisms also exist in the form of
antioxidant enzymes, major players being Glutathione
(GSH) and Thioredoxin (Txn) though a number of anti-
oxidants cooperate to remove ROS species and keep the
system in check [3]. Ironically, ROS production is a
* Correspondence: x.liang@uq.edu.au
1Therapeutics Research Group, The University of Queensland Diamantina
Institute, The University of Queensland, Translational Research Institute, Level
5 West, Brisbane, Australia
4Department of General Surgery, Changzheng Hospital, The Second Military
Medical University, Shanghai, China
Full list of author information is available at the end of the article

© The Author(s). 2018 Open Access This artic
International License (http://creativecommons
reproduction in any medium, provided you g
the Creative Commons license, and indicate if
(http://creativecommons.org/publicdomain/ze
mechanism shared by most chemotherapeutics due to
their implication in triggering cell death, therefore ROS
are also considered tumor-suppressing [4]. Recent evi-
dence suggests that prolonged chemotherapy can reduce
the overall cellular ROS in cancer, which are believed to
function as a key underlying mechanism of drug resist-
ance in chemotherapy [5]. Much of this work has been
fueled by a variety of intracellular ROS indicators, from
secondary assays to primary observable indicators based
on real time fluorescence. It is possible and important to
collect this data using effective ROS-detection techno-
logy for both the development of models and for the elu-
cidation of biological mechanisms [1]. If robust models
were generated, they could form the foundation for fu-
ture predictions of efficacy, accelerating clinical research
outcomes by clearly defining specific redox-dependent
vulnerabilities in cancer cells and informing how to
avoid global redox changes in normal cells.
In this review, we present evidence about the conflicting

roles of ROS as critical secondary messengers in cancer
and during cancer chemotherapy. We critically assess
current technological advances in quantitative ROS detec-
tion that should be more broadly utilized to increase our
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understanding of redox signaling, and lastly, discuss the
application of mathematical modeling in predicting treat-
ment responses and characterizing the signaling pathways
induced by chemotherapy-associated ROS.
The ROS landscape during cancer development
Normal somatic cells require ROS for a number of cellu-
lar processes, such as immune defense mechanisms and
obligate secondary signaling [6]. In cancer cells, ROS
levels are increased due to both environmental and in-
ternal mechanisms (Fig. 1). The overall balance of ROS
and the combined positive and deleterious effects of
ROS all contribute to the final impact on cancer biology.
This topic has been studied extensively in the literature
and has been summarized in a number of excellent re-
views [7–9]. Firstly, environmental toxins linked to can-
cer have been shown to increase the amount of ROS
species, for example smoking and UV [10, 11]. Also, as
ROS are an inevitable by-product of metabolism, the in-
creased metabolism sustaining increased proliferation in
cancer cells results in increased ROS production. ROS
are generated as a result of activation of a number of
well-known oncogenes, for example Cmyc, Kras and
BRCA1 [12–15]. ROS are also increased due to hypoxia
induced in tumors when the vasculature can no longer
Fig. 1 Many factors contribute to increasing ROS levels in cancer, which in
theories suggest the culmination of increased ROS during cancer developm
chemotherapy. Chemotherapy pushes ROS levels over a critical threshold p
via apoptosis
adequately supply the growing lesion [16]. Finally, alter-
ations in signaling associated with tumorigenic trans-
formation, such as altered integrin activation during
cancer metastasis are also linked to increased ROS spe-
cies production [17]. All of these mechanisms combined
result in a significant increase of cancer cell ROS levels
around which there remains much controversy regarding
the impact of ROS in the tumor.
In cancer cells ROS are usually considered oncogenic

because they have been implicated in initiation, progres-
sion and metastasis of cancers however this is not clear
cut, as ROS may also be crucial for tumor clearance. A
clear mechanism by which ROS impact tumor develop-
ment is by direct DNA damage during carcinogenic
transformation such as catalyzing the modified DNA
base 8-OHdG resulting in mutation [18], reviewed by
[19]. ROS catalysis of disulfide bond formation can im-
pact a wide range of cellular proteins and lipid modifica-
tions which result in unstable, short lived lipids that
ultimately propagate reactive species by secondary mes-
senger breakdown products [20]. Finally, anoikis is the
process by which normal cells induce apoptosis after the
loss of cell matrix attachment. ROS have been shown to
promote anoikis resistance and uncouple attachment
and programmed cell death in cancer cells, thereby en-
abling metastasis [21, 22]. While a plethora of
turn lead to a number of biological consequences. Overall, current
ent confers a survival advantage, which is increased further during
roposed to induce biological processes leading to cell death, mostly
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information support ROS mediate tumor development,
data also supports that ROS removal is correlated with
increased tumorigenesis. Antioxidant therapy, which
should remove the cancer promoting ROS, paradoxically
correlates with decreased survival in clinical trials [23].
This may occur due to antioxidants decreasing ROS to a
level supporting tumor proliferation and migration while
minimizing some of the negative impacts of ROS in can-
cer cells, such as DNA damage [24–26]. The obvious
contradiction is a continuing area for resolution, and it
is becoming more likely that ROS has both positive and
negative roles in tumors.

Cellular sources of ROS during chemotherapy
Most chemotherapeutics generate ROS in cancer cells. It
is hypothesized that chemotherapeutic amplification of
ROS levels pushes the already increased cancer cells
over a threshold to induce cell death (Fig. 1), and is one
of the proposed mechanisms by which multiple chemo-
therapies induce tumor regression [4, 27, 28]. Anthracy-
clines, such as Doxorubicin, Daunorubicin and
Epirubicin, generate the highest levels of cellular ROS
[29]. Platinum coordination complexes, alkylating
agents, camptothecins, arsenic agents and topoisomerase
inhibitors (including epipodophyllotoxin Topoisomerase
II inhibitors) also induce high levels of ROS [30–32],
while taxanes, vinca alkaloids, nucleotide analogues and
antimetabolites, including antifolates and nucleoside,
generate lower levels of ROS [4].
There are two major reasons for elevated cellular ROS

production during chemotherapy: mitochondria ROS
generation and inhibition of the cellular antioxidant sys-
tem (Fig. 2). Arsenic trioxide, which was approved for
leukemia treatment, has been reported to induce a loss
of mitochondrial membrane potential and inhibit com-
plexes I and II, leading to disruption of mitochondrial
electron transport chain (ETC) and electronic leakage,
and to an elevated ROS production consequently [33, 34].
Many other chemotherapeutics, such as the anthracycline
doxorubicin, the antitumor antibiotic Bleomycin, and plat-
inum coordination complexes, also target mitochondria
and induce cellular ROS generation [35].
The other major reason for elevated cellular ROS pro-

duction during chemotherapy is the inhibition of the
antioxidant system, which includes low molecular mass
antioxidants such as GSH and ascorbic acid, enzymes re-
generating the reduced forms of antioxidants, and ROS
interacting enzymes such as superoxide dismutase
(SOD), peroxidases and catalases [36]. For example,
Imexon is a small molecule that binds to thiols such as
GSH and cysteine, causing a depletion of cellular GSH
and an accumulation of ROS in patients with metastatic
cancer [37]. Mangafodipir, a novel adjuvant chemothera-
peutic agent, could selectively inhibit SOD in cancer
cells and increase cellular H2O2 levels [38]. For some
chemotherapeutics, more than one target site for ROS
generation in cancer cells have been defined in expe-
rimental and clinical studies. For example, in addition
to mitochondrial respiration, the membrane-bound
NADPH oxidase (NOX) is another main target of
arsenic-induced ROS production [39]. The ROS pro-
duction by Phenethyl isothiocyanate treatment was
reported to involve GSH adducts formation, and inhi-
bition of GSH peroxidase and complex III of the mito-
chondrial ETC [40].

Responses of cancer cells to chemotherapy-induced ROS
Many questions regarding the role of ROS in chemo-
therapy remain, largely focusing on whether the ROS are
a major reason for the induction of cell death, or just a
side effect induced by the chemotherapy-induced mech-
anism of cell death. The role of ROS in cellular outcome
during chemotherapy is more diverse than anticipated.
The cell death triggered by most chemotherapeutics,
such as cisplatin, doxorubicin and arsenic agents, involve
both ROS-dependent and ROS-independent pathways.
For example, the cytotoxic effect of cisplatin, one of the
most effective and widely used anticancer chemothera-
peutics, is thought to be mediated primarily by the gen-
eration of nuclear DNA adducts, which, if not repaired,
interfere with DNA replication and cause DNA damage,
which can induce cellular ROS generation [41]. How-
ever, the ability of cisplatin to induce nuclear DNA dam-
age per se is not sufficient to explain its high degree of
effectiveness for the treatment of a number of cancers.
Recent work shows that exposure to cisplatin induces a
mitochondrial-dependent ROS response that signifi-
cantly enhances the cytotoxic effect caused by nuclear
DNA damage in cancer cells [35]. ROS generation is in-
dependent of the amount of cisplatin-induced nuclear
DNA damage and occurs in mitochondria as a conse-
quence of protein synthesis impairment.
Cellular responses to chemotherapy-induced ROS re-

flect the complex integration of ROS type, location,
duration, and levels. For example, doxorubicin-induced
mitochondrial ROS, particularly H2O2, are reportedly
central to contribute to apoptosis and autophagy in can-
cer cells [29, 42], while arsenic-induced NOX-generated
ROS at the membrane are more often described as con-
tributing cell death via necrosis and ferroptosis [39, 43,
44]. However, these distinctions are not absolute, be-
cause membrane-generated ROS can also induce apop-
tosis [45]. Prolonged exposure to chemotherapy-induced
ROS has been reported to induce drug resistance [46].
While implications of ROS in cancer heterogeneity and
evolution still lack extensive studies. Chemotherapy may
even induce cancer cells to have increased genetic in-
stability due to mutations caused by ROS [47]. The



Fig. 2 Different chemotherapeutics have distinct mechanisms of action, the diagram represents the cellular mechanisms by which the main
classes of chemotherapeutics exhibit their effects. Some chemotherapies, in blue text, impacting ROS production in the cell while others, in
orange text, regulate ROS by inhibiting their detoxification by cellular antioxidants. Altered balance of cancer ROS production and removal by
chemotherapeutic modulation dictates the final level of ROS and the ultimate outcome of ROS effect
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dynamic sequence of some chemotherapy for cell read-
justments may eventually promote the evolution of re-
silient and drug-resistant cells, which can repopulate the
tumor and contribute to the emergence of a new hetero-
genic, more metastatic and drug-resistant tumor [5]. Al-
though it is questionable if mitochondrial ROS are
important contributors to drug resistance, its role and
modulation of metabolic events may be central to the
process and results [1].

Methods for quantitative ROS detection
As critical secondary messengers in the cell, ROS in-
volvement in cancer chemotherapy is not confined to
indiscriminate macromolecular damage. It is both topo-
logical and temporal, and ROS-dependent signaling is
expected to be regulated in a time- and space-dependent
manner. Thus, quantitative monitoring of the activity of
ROS with appropriate spatiotemporal resolution is es-
sential to defining the source and kinetics of redox sig-
naling, which will be fundamental to resolving the ROS
conundrum. Currently while there are many approaches
to quantitatively monitoring of ROS activity, none of
these technologies have reached a standard enabling
clinical ROS detection and these technologies therefore
will need to be developed further to enable clinical use
(Table 1) [48, 49].
Conventional ROS detection methods, such as chem-

ical and immunological approaches, have been well de-
veloped for functional analysis of cellular ROS-sensitive
proteins in biopsies, cell lines or harvested tissues during
different stages of chemotherapy using direct or indirect
methods for ROS detection (Fig. 3). For instance, using
these methods, protein sulfenic acid modifications, oxi-
dative cysteine modifications and unrelated sulfinic or
sulfonic acid modifications can be directly detected,
which constitute the main regulatory target of ROS
[50, 51]. Early versions of these technologies relied
upon alterations in changes in electron density or enzym-
atic -based colorimetric changes, meaning visualization
was limited to fixed and static detection methods [52].
Since then, fluorescent probes for ROS-detection have
been developed to track the dynamics of specific ROS in
real time. These probes usually integrate a specific res-
ponsive group for ROS with suitable luminophores, such



Table 1 Methods and developments in ROS detection

Advantages Disadvantages References

ROS detection method

Secondary
oxidation product
detection

Minimally invasive; Clinically used currently; Quantification
feasible

Cannot visualize spatio-temporal ROS [60]

Small molecule
colorimetric assays

Simple chemistry; Quantification feasible Cannot visualize ROS in real time [42]

Redox sensitive
fluorescent small
molecules

High sensitivity; High spatial resolution (subcellular levels); Less
expensive; Detect specific ROS types; Ex vivo histological
detection possible

Drawbacks with stability and imaging time;
Cytotoxicity of certain probes; Not good for
longitudinal studies

[61, 62]

Redox sensitive
Fluorescent
proteins

Tracking over unlimited time (built-in probes); Allows whole-
body scanning; Targeted localization (subcellular levels)

Genetic modifications of cells/animals required [49–51]

Recent technological optimization

FLIM and FRET
based probes

Increased specificity and sensitivity; Multimodal imaging
capability; High sensitivity; High spatial resolution (molecular
levels)

More complex probe construction; Costly
equipment

[43, 44]

Nanoparticle
delivery systems

Capacity for multiple cargos; Increased specificity and
sensitivity; Enable targeted probe delivery

More complex probe construction [63]

Abbreviations: FRET Fluorescence resonance energy transfer, FLIM fluorescence-lifetime imaging
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as fluorescein, rhodamine, coumarin, cyanine, and metal
complexes [53, 54]. These small molecule based indicators
in general detect ROS through the same mechanisms as
the conventional ROS detection mechanisms, but emit
fluorescent signals after sulfenic acid modifications, oxida-
tive cysteine modifications and unrelated sulfinic or sul-
fonic acid modifications [55, 56]. Small molecule ROS
probes have also been optimized to increase their sensiti-
vity and specificity. For example, metal complex-based
probes are suitable for multi-signal detection and
multi-modal imaging, excluding the influence by fluid op-
tical properties, endogenous fluorophores, probe concen-
tration, and other in vivo environmental or instrumental
factors [53, 57, 58]. Finally, development of biolumines-
cent probes have enabled non-invasive in vivo imaging
capabilities which provide a tantalizing opportunity for de-
tecting dynamics of ROS in patients [59].
Protein based probes have also been developed based

on fluorescent proteins modified for redox sensitivity,
the main benefits being these probes can be
genetically-encoded such that they are targeted to spe-
cific cellular compartments to detect any spatiotemporal
ROS changes [60, 61]. The fluorescent protein-based
redox probes that have been developed are now provid-
ing, for the first time, an opportunity to visualize and
quantify the long-term ROS fluctuation in live cells [62].
Finally, regardless of small molecule or protein tech-
nology, these methods, when used in combination with
advanced imaging techniques, such as multiphoton
intravital imaging and in combination with florescent
technologies such as fluorescence resonance energy
transfer (FRET) and fluorescence-lifetime imaging
(FLIM), increased sensitivity and specific localization has
also been achieved [63]. The high sensitivity and more
diverse imaging ability enabled by such probes widens
the applicability of such compounds and represent a
new direction for ROS study.
The chemotherapy-induced ROS detection in clinical

settings has been inferred by the elevation of lipid pero-
xidation products and the reduction antioxidants such
as GSH, vitamin E, vitamin C and β-carotene in blood
plasma [4]. Despite the significant developments in ROS
detection, there is no real-time direct ROS method for
human clinical use. Magnetic resonance techniques such
as electron paramagnetic resonance (EPR) and magnetic
resonance imaging (MRI) have high potential as clinic-
ally viable ROS detection methods, these techniques de-
tect endogenous nitroxides, though a probe is required
to facilitate detection. Hydroxylamine or acetoxylamine
probes are most clinically viable probe option for EPR,
due to their low toxicity and relative stability, however
they remain to be applied in the clinic as the depth of
imaging is not enough for human clinical study [38, 64–
66]. Therefore, the challenge for cancer biology remains
to develop clinical methods to detect ROS in cancer in a
spatiotemporal manner in vivo, within the human body.
This would help to resolve some of the previously men-
tioned contradictions and enable prediction of develop-
ing therapeutics in the complex in vivo situation.
In particular, the latest generation of these fluorescent

molecular probes are becoming increasingly attractive
due to their inherent advantages such as high sensitivity
and specificity, rapid analysis, and easy management.
These biochemical tools provide a facile platform to in-
terrogate the differences in ROS in normal versus cancer
cells. This begins the identification of cancer-specific



Fig. 3 ROS detection has been performed using a variety of different methods. Indirect analysis of ROS is performed by the analysis of the
oxidation products of ROS. More direct methods of ROS analysis include the visualisation of small molecules that convert to an alternative
spectrum of fluorescence after ROS mediated oxidation. Protein based probes function with a similar theory, the ROS mediated oxidation of
residues in the fluorescent protein alters the emission of the protein enabling localisation of ROS oxidation
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redox dependencies that may be therapeutically action-
able. However, the bottlenecks of these molecular probes
are difficulties in tracking dynamic ROS behavior be-
cause of their short half-life and their low targeting effi-
ciency. These experimental approaches will undoubtedly
open the door to novel cancer biology.

Mathematical modeling of the chemotherapy-
associated ROS
Mathematical modeling is an important tool that can
provide a robust framework to better understand cancer
progression, predict responses to chemotherapy, and to
optimize drug dosing protocols. The essential mecha-
nisms for tumor progression are usually buried in over-
whelmingly complex physiological details and involve
multiple space and time scales [67, 68]. Mathematical
modeling of cancer is dissected at different scales includ-
ing: systems for intracellular pathways; population
models describing the tumor cell expansion; systems
studying the tumor-microenvironment interactions and
models at the whole human organ level (Fig. 4) [69, 70].
Despite ROS playing a crucial role in cancer biology,



Fig. 4 Schematic representation of the mathematical modeling of cancer at an intracellular, cellular and organ scale. Because tumors are
heterogeneous entities in a changing microenvironment, development of new chemotherapeutics and understanding the sophisticated
cancer redox biology are needed to address the importance of diversity in cancer cell populations and microenvironmental characteristics.
Integrating information from multiple levels of biological complexity and multiscale models can potentially be more powerful than
focusing solely on the well-developed molecular network level. In this framework, a system of ordinary differential equations could be
developed to describe the dynamics of N species, [ROS]1(t), [ROS]2(t), [ROS]3(t) …[ROS]N(t), where the dynamics are governed by the
production and decay terms for each ROS species, Pi(t) and Di(t), for i = 1,2,3…N, and t is time. In addition, each ROS species varies both
temporally and spatially, such as at the organ-scale, it would be more appropriate to work with a system of partial differential equations.
For this situation the mathematical model would predict the spatiotemporal distribution of N species, [ROS]1(x, t), [ROS]2(x,t), [ROS]3(x,t) …[ROS]N(x,t),
where t is time and x is spatial position. In this case the spatial transport of each ROS species is governed by the flux J(x,t), which could be used to
specify diffusive transport or some kind of directed transport if appropriate
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publications on mathematical modeling and analysis are
still limited and multiscale mathematical modeling of
ROS in cancer is at a very early stage. In this review, we
focus on models with ROS involvement in cancer
chemotherapy.
Different kinds of continuum mathematical models are

relevant in different situations. For example, to develop
a mathematical model to describe intercellular dynamics
of ROS might be sufficient to treat the intercellular en-
vironment as being well-mixed so that each ROS species
depends only upon time. In this framework, a system of
ordinary differential equations (Fig. 4) could be devel-
oped to describe the dynamics of N species, [ROS]1(t),
[ROS]2(t), [ROS]3(t) …[ROS]N(t), where the dynamics
are governed by the production and decay terms for
each ROS species, Pi(t) and Di(t), for i = 1,2,3…N, and t
is time. To apply this kind of model one must first de-
cide upon how many ROS species are relevant to the ap-
plication of interest, and what those ROS species are.
Furthermore, we must define how the production and
decay terms are defined so that they represent the key
chemical and biochemical reactions that govern the dy-
namics of each ROS species thought to be relevant. Of
course, in this kind of formulation we must apply certain
assumptions, such as making decisions about which
ROS species are present and relevant. However, the
strength of using a mathematical modeling framework is
that these assumptions can be easily revisited and re-
vised to examine how those assumptions impact the pre-
diction of the mathematical model. This process can be
particularly powerful in elucidating biological phenom-
ena when the predictions of a mathematical model are
tested using experimental observations, giving rise to an
iterative predict-refine-predict process.
In the case where it is thought that each ROS species

varies both temporally and spatially, such as at the
organ-scale, it would be more appropriate to work with
a system of partial differential equations (Fig. 4). For this
situation the mathematical model would predict the
spatiotemporal distribution of N species, [ROS]1(x,t),
[ROS]2(x,t), [ROS]3(x,t) …[ROS]N(x,t), where t is time
and x is spatial position. In this case the spatial transport
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of each ROS species is governed by the flux, J(x,t), which
could be used to specify diffusive transport or some kind
of directed transport if appropriate [71]. Again, in the
partial differential equation framework the local dynam-
ics of each ROS species are governed by the production
and decay terms, Pi(x,t) and Di(x,t), for i = 1,2,3…N.
Using this kind of differential equation description, it
would be possible to test different hypothesis about how
different species of ROS affect various cellular-level
functions, such as cell proliferation or cell death, by
coupling the mathematical model of ROS dynamics to a
model of cellular behavior [72].
In early studies of cancer redox biology, models focused

on specific biochemical pathways to provide potential
therapeutic targets. For example, Qutub et al. presented a
model for the intracellular pathways that explains how
ROS and antioxidants affect the HIF1 pathway in cancer
[73]. It was used to explore how combined doses of poten-
tially therapeutic targets (iron, ascorbate, hydrogen perox-
ide, 2-oxoglutarate, and succinate) affects the expression
of HIF1. This kind of model includes multiple feedbacks
due to ROS-driven signaling, and intuitive reasoning is
insufficient to understand the whole dynamics. Re-
cently, cell population level models that consider
tumor-microenvironment interactions were proposed
to examine the efficacy of chemotherapy [74, 75]. By
specifying the initial tumor size and initial biochemical
conditions (e.g. oxygen concentration, pH, glutathione,
and redox conditions), these models can predict the
time- and space-dependent tumor growth during, and
after chemotherapy [75]. They allow preclinical studies
on chemotherapy-associated ROS in animals to
semi-quantitatively translate into humans, and are used
to test in silico different therapeutic protocols. We an-
ticipate that these theoretical framework mathematical
models for ROS will lead to second-generation multi-
scale models incorporating data from the aforemen-
tioned novel quantitative ROS detection methods to
address the role of diversity in cancer cell populations
and the organ microenvironment (Fig. 4). By integrating
information from multiple levels of biological complexity,
these advanced models can potentially be more powerful
than focusing solely on the well-developed molecular net-
work level in improving understanding of the sophisti-
cated workings of redox biology in cancer and guiding the
development of new chemotherapeutics.

Conclusions and prospects
As outlined above, ROS are of indisputable importance
in cancer chemotherapy. ROS do not serve as simple
biochemical entities, but as topological and temporal
secondary messengers in cancer cells. Although most
chemotherapeutics globally increase ROS to cytotoxic
levels in targeting cancer cells, such ROS exposure may
also inevitably reduce the efficacy of chemotherapy in
the long term. To leverage cellular redox changes to-
wards the development of a safe and effective thera-
peutic strategy necessitates experimental delineation of
specific redox signaling pathways that are uniquely re-
quired by cancer cells to grow, survive or die. In this
regard, our understanding of the complicated redox biol-
ogy in cancer is still in its infancy. We anticipate that
new delivery strategies, such as nanoparticle delivery
systems, will be developed and applied in the clinic to
further increase cellular ROS levels in cancer and re-
verse drug resistance. New chemotherapeutics can be
engineered to target to specific cellular compartments
for ROS generation and maintenance for a certain period
of time.
ROS-detection fluorescent probes with temporal and

spatial specificity have illuminated the diverse nature of
ROS-mediated cell signaling events, and will shed fur-
ther light on the relationship between different redox
couples and how they operate in different cellular com-
partments. Further elucidation of the functional conse-
quences of ROS using mathematical models will be
crucial to advancing our understanding of complex dis-
eases, especially cancer. A multidisciplinary collabor-
ation between experimental, modeling and clinical areas
will be required to integrate modern mathematical mod-
eling together with the experimental techniques and the
expertise needed for ROS detecting, analyzing and clin-
ical translation. More second-generation models will be
developed to improve the understanding of the sophisti-
cated workings of cancer redox biology, and to propose
designs of new chemotherapeutics to defeat cancer.

Abbreviations
EPR: Electron Paramagnetic Resonance; ETC: Electron Transport Chain;
FLIM: Fluorescence-Lifetime Imaging; FRET: Fluorescence Resonance Energy
Transfer; GSH: Glutathione; MRI: Magnetic Resonance Imaging; NOX: NADPH
Oxidase; ROS: Reactive Oxygen Species; SOD: Superoxide Dismutase;
Txn: Thioreduoxin

Funding
This study was supported by grants from National Health and Medical
Research Council (APP1125794) and Australian Research Council
(DP170100474).

Authors’ contributions
HY and HW drafted this manuscript. RMV contributed to figures and legends.
MJS and MT contributed to the section “Mathematical Modeling of the
Chemotherapy-associated ROS”. XL and MSR developed the idea and revised
the manuscript. All authors read and approved the final manuscript.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.



Yang et al. Journal of Experimental & Clinical Cancer Research          (2018) 37:266 Page 9 of 10
Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details
1Therapeutics Research Group, The University of Queensland Diamantina
Institute, The University of Queensland, Translational Research Institute, Level
5 West, Brisbane, Australia. 2School of Mathematical Sciences, Queensland
University of Technology, Brisbane, Australia. 3Department of Mathematics
and Institute of Natural Sciences, Shanghai Jiao Tong University, Shanghai,
China. 4Department of General Surgery, Changzheng Hospital, The Second
Military Medical University, Shanghai, China.

Received: 26 July 2018 Accepted: 13 September 2018
References
1. Chio IIC, Tuveson DA. ROS in Cancer: the burning question. Trends Mol

Med. 2017;23:411–29.
2. Wang J, Yi J. Cancer cell killing via ROS: to increase or decrease, that is the

question. Cancer Biol Ther. 2008;7:1875–84.
3. He L, He T, Farrar S, Ji L, Liu T, Ma X. Antioxidants maintain cellular redox

homeostasis by elimination of reactive oxygen species. Cell Physiol
Biochem. 2017;44:532–53.

4. Conklin KA. Chemotherapy-associated oxidative stress: impact on
chemotherapeutic effectiveness. Integr Cancer Ther. 2004;3:294–300.

5. de Sa Junior PL, Camara DAD, Porcacchia AS, Fonseca PMM, Jorge SD,
Araldi RP, Ferreira AK. The roles of ROS in Cancer heterogeneity and
therapy. Oxidative Med Cell Longev. 2017;2017:2467940.

6. Redza-Dutordoir M, Averill-Bates DA. Activation of apoptosis signalling
pathways by reactive oxygen species. Biochim Biophys Acta. 2016;1863:
2977–92.

7. Kardeh S, Ashkani-Esfahani S, Alizadeh AM. Paradoxical action of reactive
oxygen species in creation and therapy of cancer. Eur J Pharmacol. 2014;
735:150–68.

8. Prieto-Bermejo R, Romo-Gonzalez M, Perez-Fernandez A, Ijurko C, Hernandez-
Hernandez A. Reactive oxygen species in haematopoiesis: leukaemic cells take
a walk on the wild side. J Exp Clin Cancer Res. 2018;37:125.

9. Irwin ME, Rivera-Del Valle N, Chandra J. Redox control of leukemia: from
molecular mechanisms to therapeutic opportunities. Antioxid Redox Signal.
2013;18:1349–83.

10. Mouret S, Baudouin C, Charveron M, Favier A, Cadet J, Douki T. Cyclobutane
pyrimidine dimers are predominant DNA lesions in whole human skin
exposed to UVA radiation. Proc Natl Acad Sci U S A. 2006;103:13765–70.

11. Church DF, Pryor WA. Free-radical chemistry of cigarette smoke and its
toxicological implications. Environ Health Perspect. 1985;64:111–26.

12. Cao L, Xu X, Cao LL, Wang RH, Coumoul X, Kim SS, Deng CX. Absence
of full-length Brca1 sensitizes mice to oxidative stress and carcinogen-
induced tumorigenesis in the esophagus and forestomach. Carcinogenesis.
2007;28:1401–7.

13. Weinberg F, Hamanaka R, Wheaton WW, Weinberg S, Joseph J, Lopez M,
Kalyanaraman B, Mutlu GM, Budinger GR, Chandel NS. Mitochondrial
metabolism and ROS generation are essential for Kras-mediated
tumorigenicity. Proc Natl Acad Sci U S A. 2010;107:8788–93.

14. Vafa O, Wade M, Kern S, Beeche M, Pandita TK, Hampton GM, Wahl
GM. C-Myc can induce DNA damage, increase reactive oxygen species,
and mitigate p53 function: a mechanism for oncogene-induced genetic
instability. Mol Cell. 2002;9:1031–44.

15. Tanaka H, Matsumura I, Ezoe S, Satoh Y, Sakamaki T, Albanese C, Machii T,
Pestell RG, Kanakura Y. E2F1 and c-Myc potentiate apoptosis through
inhibition of NF-kappaB activity that facilitates MnSOD-mediated ROS
elimination. Mol Cell. 2002;9:1017–29.

16. Azimi I, Petersen RM, Thompson EW, Roberts-Thomson SJ, Monteith GR.
Hypoxia-induced reactive oxygen species mediate N-cadherin and SERPINE1
expression, EGFR signalling and motility in MDA-MB-468 breast cancer cells.
Sci Rep. 2017;7:15140.

17. Chiarugi P, Pani G, Giannoni E, Taddei L, Colavitti R, Raugei G, Symons M,
Borrello S, Galeotti T, Ramponi G. Reactive oxygen species as essential
mediators of cell adhesion: the oxidative inhibition of a FAK tyrosine
phosphatase is required for cell adhesion. J Cell Biol. 2003;161:933–44.
18. Takeuchi T, Nakajima M, Morimoto K. Relationship between the intracellular
reactive oxygen species and the induction of oxidative DNA damage in
human neutrophil-like cells. Carcinogenesis. 1996;17:1543–8.

19. Dizdaroglu M, Jaruga P. Mechanisms of free radical-induced damage to
DNA. Free Radic Res. 2012;46:382–419.

20. Valko M, Jomova K, Rhodes CJ, Kuca K, Musilek K. Redox- and non-redox-
metal-induced formation of free radicals and their role in human disease.
Arch Toxicol. 2016;90:1–37.

21. Schafer ZT, Grassian AR, Song L, Jiang Z, Gerhart-Hines Z, Irie HY, Gao S,
Puigserver P, Brugge JS. Antioxidant and oncogene rescue of metabolic
defects caused by loss of matrix attachment. Nature. 2009;461:109–13.

22. Douma S, Van Laar T, Zevenhoven J, Meuwissen R, Van Garderen E, Peeper
DS. Suppression of anoikis and induction of metastasis by the neurotrophic
receptor TrkB. Nature. 2004;430:1034–9.

23. Goodman M, Bostick RM, Kucuk O, Jones DP. Clinical trials of antioxidants as
cancer prevention agents: past, present, and future. Free Radic Biol Med.
2011;51:1068–84.

24. Piskounova E, Agathocleous M, Murphy MM, Hu Z, Huddlestun SE, Zhao Z,
Leitch AM, Johnson TM, DeBerardinis RJ, Morrison SJ. Oxidative stress
inhibits distant metastasis by human melanoma cells. Nature. 2015;527:
186–91.

25. Wang H, Liu X, Long M, Huang Y, Zhang L, Zhang R, Zheng Y, Liao X, Wang
Y, Liao Q, et al. NRF2 activation by antioxidant antidiabetic agents
accelerates tumor metastasis. Sci Transl Med. 2016;8:334ra351.

26. Sayin VI, Ibrahim MX, Larsson E, Nilsson JA, Lindahl P, Bergo MO.
Antioxidants accelerate lung cancer progression in mice. Sci Transl Med.
2014;6:221ra215.

27. Kong Q, Beel JA, Lillehei KO. A threshold concept for cancer therapy. Med
Hypotheses. 2000;55:29–35.

28. Pelicano H, Carney D, Huang P. ROS stress in cancer cells and therapeutic
implications. Drug Resist Updat. 2004;7:97–110.

29. Mizutani H, Tada-Oikawa S, Hiraku Y, Kojima M, Kawanishi S. Mechanism of
apoptosis induced by doxorubicin through the generation of hydrogen
peroxide. Life Sci. 2005;76:1439–53.

30. Wang H, Li X, Chen T, Wang W, Liu Q, Li H, Yi J, Wang J. Mechanisms of
verapamil-enhanced chemosensitivity of gallbladder cancer cells to
platinum drugs: glutathione reduction and MRP1 downregulation. Oncol
Rep. 2013;29:676–84.

31. Li XX, Dong Y, Wang W, Wang HL, Chen YY, Shi GY, Yi J, Wang J. Emodin as
an effective agent in targeting Cancer stem-like side population cells of
gallbladder carcinoma. Stem Cells Dev. 2013;22:554–66.

32. Li XX, Wang HL, Wang J, Chen YY, Yin XB, Shi GY, Li H, Hu ZQ, Liang XW.
Emodin enhances cisplatin-induced cytotoxicity in human bladder
cancer cells through ROS elevation and MRP1 downregulation. BMC
Cancer. 2016;16:578.

33. Shi H, Shi X, Liu KJ. Oxidative mechanism of arsenic toxicity and
carcinogenesis. Mol Cell Biochem. 2004;255:67–78.

34. Yen YP, Tsai KS, Chen YW, Huang CF, Yang RS, Liu SH. Arsenic induces
apoptosis in myoblasts through a reactive oxygen species-induced
endoplasmic reticulum stress and mitochondrial dysfunction pathway. Arch
Toxicol. 2012;86:923–33.

35. Marullo R, Werner E, Degtyareva N, Moore B, Altavilla G, Ramalingam SS,
Doetsch PW. Cisplatin induces a mitochondrial-ROS response that
contributes to cytotoxicity depending on mitochondrial redox status and
bioenergetic functions. PLoS One. 2013;8:e81162.

36. Apel K, Hirt H. Reactive oxygen species: metabolism, oxidative stress, and
signal transduction. Annu Rev Plant Biol. 2004;55:373–99.

37. Dragovich T, Gordon M, Mendelson D, Wong L, Modiano M, Chow HH,
Samulitis B, O'Day S, Grenier K, Hersh E, Dorr R. Phase I trial of imexon in
patients with advanced malignancy. J Clin Oncol. 2007;25:1779–84.

38. Alexandre J, Nicco C, Chereau C, Laurent A, Weill B, Goldwasser F, Batteux F.
Improvement of the therapeutic index of anticancer drugs by the superoxide
dismutase mimic mangafodipir. J Natl Cancer Inst. 2006;98:236–44.

39. Chou WC, Jie C, Kenedy AA, Jones RJ, Trush MA, Dang CV. Role of NADPH
oxidase in arsenic-induced reactive oxygen species formation and
cytotoxicity in myeloid leukemia cells. Proc Natl Acad Sci U S A. 2004;
101:4578–83.

40. Xiao D, Powolny AA, Moura MB, Kelley EE, Bommareddy A, Kim SH, Hahm ER,
Normolle D, Van Houten B, Singh SV. Phenethyl isothiocyanate inhibits
oxidative phosphorylation to trigger reactive oxygen species-mediated death
of human prostate cancer cells. J Biol Chem. 2010;285:26558–69.



Yang et al. Journal of Experimental & Clinical Cancer Research          (2018) 37:266 Page 10 of 10
41. Rowe LA, Degtyareva N, Doetsch PW. DNA damage-induced reactive
oxygen species (ROS) stress response in Saccharomyces cerevisiae. Free
Radic Biol Med. 2008;45:1167–77.

42. Li ZY, Yang Y, Ming M, Liu B. Mitochondrial ROS generation for
regulation of autophagic pathways in cancer. Biochem Biophys Res
Commun. 2011;414:5–8.

43. Dixon SJ, Lemberg KM, Lamprecht MR, Skouta R, Zaitsev EM, Gleason CE,
Patel DN, Bauer AJ, Cantley AM, Yang WS, et al. Ferroptosis: an iron-
dependent form of nonapoptotic cell death. Cell. 2012;149:1060–72.

44. Kim YS, Morgan MJ, Choksi S, Liu ZG. TNF-induced activation of the Nox1
NADPH oxidase and its role in the induction of necrotic cell death. Mol Cell.
2007;26:675–87.

45. Wang L, Medan D, Mercer R, Overmiller D, Leornard S, Castranova V, Shi X,
Ding M, Huang C, Rojanasakul Y. Vanadium-induced apoptosis and
pulmonary inflammation in mice: role of reactive oxygen species. J Cell
Physiol. 2003;195:99–107.

46. Maiti AK. Gene network analysis of oxidative stress-mediated drug sensitivity
in resistant ovarian carcinoma cells. Pharmacogenomics J. 2010;10:94–104.

47. Sallmyr A, Fan J, Datta K, Kim KT, Grosu D, Shapiro P, Small D, Rassool F.
Internal tandem duplication of FLT3 (FLT3/ITD) induces increased ROS
production, DNA damage, and misrepair: implications for poor prognosis in
AML. Blood. 2008;111:3173–82.

48. Halliwell B, Whiteman M. Measuring reactive species and oxidative damage
in vivo and in cell culture: how should you do it and what do the results
mean? Br J Pharmacol. 2004;142:231–55.

49. Schwarzlander M, Dick TP, Meyer AJ, Morgan B. Dissecting redox biology
using fluorescent protein sensors. Antioxid Redox Signal. 2016;24:680–712.

50. Karisch R, Fernandez M, Taylor P, Virtanen C, St-Germain JR, Jin LL, Harris IS,
Mori J, Mak TW, Senis YA, et al. Global proteomic assessment of the classical
protein-tyrosine phosphatome and “Redoxome”. Cell. 2011;146:826–40.

51. Leichert LI, Gehrke F, Gudiseva HV, Blackwell T, Ilbert M, Walker AK, Strahler
JR, Andrews PC, Jakob U. Quantifying changes in the thiol redox proteome
upon oxidative stress in vivo. Proc Natl Acad Sci U S A. 2008;105:8197–202.

52. Peskin AV, Khramtsov AV, Morozov IA, Zemskov VM, Zbarsky IB. Visualization
of reactive oxygen species formation by phagocytizing macrophages. Exp
Cell Res. 1984;151:247–51.

53. Wang H, Zhang R, Bridle KR, Jayachandran A, Thomas JA, Zhang W, Yuan J,
Xu ZP, Crawford DH, Liang X, et al. Two-photon dual imaging platform
for in vivo monitoring cellular oxidative stress in liver injury. Sci Rep.
2017;7:45374.

54. Zhang F, Liang X, Zhang W, Wang YL, Wang H, Mohammed YH, Song B,
Zhang R, Yuan J. A unique iridium(III) complex-based chemosensor for
multi-signal detection and multi-channel imaging of hypochlorous acid in
liver injury. Biosens Bioelectron. 2017;87:1005–11.

55. Bilan DS, Belousov VV. New tools for redox biology: from imaging to
manipulation. Free Radic Biol Med. 2017;109:167–88.

56. Jiao X, Li Y, Niu J, Xie X, Wang X, Tang B. Small-molecule fluorescent probes
for imaging and detection of reactive oxygen, nitrogen, and sulfur species
in biological systems. Anal Chem. 2018;90:533–55.

57. Xiao Y, Zhang R, Ye Z, Dai Z, An H, Yuan J. Lanthanide complex-based
luminescent probes for highly sensitive time-gated luminescence detection
of hypochlorous acid. Anal Chem. 2012;84:10785–92.

58. Li C, Wang S, Huang Y, Wen Q, Wang L, Kan Y. Photoluminescence
properties of a novel cyclometalated iridium(III) complex with coumarin-
boronate and its recognition of hydrogen peroxide. Dalton Trans. 2014;43:
5595–602.

59. Wu W, Li J, Chen L, Ma Z, Zhang W, Liu Z, Cheng Y, Du L, Li M.
Bioluminescent probe for hydrogen peroxide imaging in vitro and in vivo.
Anal Chem. 2014;86:9800–6.

60. Ostergaard H, Henriksen A, Hansen FG, Winther JR. Shedding light on
disulfide bond formation: engineering a redox switch in green fluorescent
protein. EMBO J. 2001;20:5853–62.

61. Hanson GT, Aggeler R, Oglesbee D, Cannon M, Capaldi RA, Tsien RY,
Remington SJ. Investigating mitochondrial redox potential with redox-
sensitive green fluorescent protein indicators. J Biol Chem. 2004;279:
13044–53.

62. Lukyanov KA, Belousov VV. Genetically encoded fluorescent redox sensors.
Biochim Biophys Acta. 1840;2014:745–56.

63. Wang H, Thorling CA, Xu ZP, Crawford DHG, Liang X, Liu X, Roberts MS.
Visualization and modeling of the in vivo distribution of mesenchymal stem
cells. Curr Protoc Stem Cell Biol. 2017;43:2B 8 1–2B 8 17.
64. Dikalov SI, Polienko YF, Kirilyuk I. Electron paramagnetic resonance
measurements of reactive oxygen species by cyclic hydroxylamine spin
probes. Antioxid Redox Signal. 2018;28:1433–43.

65. Caia GL, Efimova OV, Velayutham M, El-Mahdy MA, Abdelghany TM,
Kesselring E, Petryakov S, Sun Z, Samouilov A, Zweier JL. Organ specific
mapping of in vivo redox state in control and cigarette smoke-exposed
mice using EPR/NMR co-imaging. J Magn Reson. 2012;216:21–7.

66. He G, Samouilov A, Kuppusamy P, Zweier JL. In vivo EPR imaging of the
distribution and metabolism of nitroxide radicals in human skin. J Magn
Reson. 2001;148:155–64.

67. Navin N, Kendall J, Troge J, Andrews P, Rodgers L, McIndoo J, Cook K,
Stepansky A, Levy D, Esposito D, et al. Tumour evolution inferred by single-
cell sequencing. Nature. 2011;472:90–4.

68. Campbell LL, Polyak K. Breast tumor heterogeneity: cancer stem cells or
clonal evolution? Cell Cycle. 2007;6:2332–8.

69. Haridas P, McGovern JA, McElwain SDL, Simpson MJ. Quantitative
comparison of the spreading and invasion of radial growth phase and
metastatic melanoma cells in a three-dimensional human skin equivalent
model. PeerJ. 2017;5:e3754.

70. Haridas P, Penington CJ, McGovern JA, McElwain DLS, Simpson MJ.
Quantifying rates of cell migration and cell proliferation in co-culture barrier
assays reveals how skin and melanoma cells interact during melanoma
spreading and invasion. J Theor Biol. 2017;423:13–25.

71. Simpson MJ, Landman KA, Hughes BD, Newgreen DF. Looking inside an
invasion wave of cells using continuum models: Proliferation is the key. J.
Theor. Biol. 2006;243:343–60.

72. Simpson MJ, Treloar KK, Binder BJ, Haridas P, Manton KJ, Leavesley DI,
McElwain DLS, Baker RE. Quantifying the roles of cell motility and cell
proliferation in a circular barrier assay. J. Royal Soc. Interface. 2013;10:20130007.

73. Qutub AA, Popel AS. Reactive oxygen species regulate hypoxia-inducible
factor 1 alpha differentially in cancer and ischemia. Mol Cell Biol. 2008;28:
5106–19.

74. Molavian HR, Goldman A, Phipps CJ, Kohandel M, Wouters BG, Sengupta S,
Sivaloganathan S. Drug-induced reactive oxygen species (ROS) rely on cell
membrane properties to exert anticancer effects. Sci Rep. 2016;6:27439.

75. Chen D, Bobko AA, Gross AC, Evans R, Marsh CB, Khramtsov VV, Eubank TD,
Friedman A. Involvement of tumor macrophage HIFs in chemotherapy
effectiveness: mathematical modeling of oxygen, pH, and glutathione. PLoS
One. 2014;9:e107511.


	Abstract
	Background
	The ROS landscape during cancer development
	Cellular sources of ROS during chemotherapy
	Responses of cancer cells to chemotherapy-induced ROS

	Methods for quantitative ROS detection
	Mathematical modeling of the chemotherapy-associated ROS

	Conclusions and prospects
	Abbreviations
	Funding
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

