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Reactive oxygen species (ROS) constantly generated inside
the body are required to drive regulatory pathways and are
also a cause for several pathological conditions including
cancer. Numerous lines of evidence suggest that ROS can pro-
mote aswell as suppress the survival of cancer cells. First, ROS
are known to regulate each and every step of tumor develop-
ment including transformation, survival, proliferation, inva-
sion, metastasis, and angiogenesis. Second, chronic inflam-
mation, one of the major mediators of cancer, is regulated by
ROS. Third, ROS are known to regulate signaling molecules
required for cell cycle progression. Fourth, the expression
of various tumor suppressor genes is under control of ROS.
Fifth, a high level of ROS can suppress tumor growth through
the sustained activation of the cell cycle inhibitors. Sixth,most
of the currently available chemotherapeutic and radiothera-
peutic agents kill cancer cells by increasing ROS stress. Thus,
both ROS-elevating and ROS-eliminating strategies have
been developed for cancer therapy.

This special issue is an effort to assess the existing con-
cepts, recent findings, controversies, and challenges concern-
ing the role of ROS in tumor development. In particular, the
topics covered in this special issue include understanding the
role of ROS in cancer initiation and progression (M. Tafani et
al.), cancer cell signaling (M. Tafani et al., H. S. Khalil et al.,
I. Ryoo et al., L. Zong et al., and J. H. Osaki et al.), drug resis-
tance (A. Barreiro-Alonso et al.), autophagy (L. Zhang et al.),
and cancer therapy (N. Mut-Salud et al., A. M. Mileo and S.
Miccadei, A. Jarosz et al., and Z.-G. Jiang et al.).The article by
A. Lyakhovich and M. E. Lleonart discusses various mecha-
nisms developed by cancer stem cells to attenuate ROS levels.

Another article deals with the role of ROS in inducing poly-
cystic ovary syndrome (PCOS), a disease condition inwomen
associated with an increasing risk of cancers (T. Zuo et al.).
The role of ROS in numerous cancer types including breast
(A. C. S. A. Herrera et al., A. L. G. Júnior et al.), ovarian (A.
Barreiro-Alonso et al.), prostate (A. Barreiro-Alonso et al.),
hepatocellular carcinoma (B. K. Maurya and S. K. Trigun, Y.-
Q. Hou et al.), pancreatic cancer (L. Zhang et al. and L. Zong
et al.), bladder cancer (N. V. Savina et al.), colorectal cancer
(J. Kabzinski et al.), and cervical cancer (J. H. Osaki et al.) is
discussed.

It is our hope that these articles will be useful to the
readers.
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Dermal carotenoids are a feasible marker of the body antioxidative network and may reveal a moderate to severe imbalance of the
redox status, thereby providing indication of individual oxidative stress. In this work noninvasive Resonance Raman Spectroscopy
(RRS) measurements of skin carotenoids (skin carotenoid score (SCS)) were used to provide indications of individual oxidative
stress, each year for five years, in 71 breast cancer (BC) patients at high risk of recurrence. Patients’ SCS has been correlated with
parameters relevant to BC risk, waist circumference (WC), and body mass index (BMI), in the aim of monitoring the effect of
a dietary regimen intended to positively affect BC risk factors. The RRS methodological approach in BC patients appeared from
positive correlation between patients’ SCS and blood level of lycopene. The level of skin carotenoids was inversely correlated with
the patients’ WC and BMI. At the end of the 5 y observation BC patients exhibited a significant reduction of WC and BMI and
increase of SCS, when strictly adhering to the dietary regimen. In conclusion, noninvasive measurements of skin carotenoids can
(i) reveal an oxidative stress condition correlated with parameters of BC risk and (ii) monitor dietary-related variations in BC
patients.

1. Introduction

A proper redox balance is essential to control signalling
pathways governing cell functions, including those known
to influence cell proliferation [1–4]. Indeed critical varia-
tions of the redox homeostasis, not timely compensated by
endogenous systems, result in oxidative stress and concur
to dysfunction of several regulatory mechanisms leading to
cancer onset and development. Dietary plant constituents are
now acknowledged to play a significant role in this context.
The intense interaction of redox-active phytochemicals with
cells at different stages of cancer development is considered
essential to maintain the redox balance governing pathways

that control proliferation and evasion of cell-death, thus
contrasting both cancer onset and evolution [5, 6]. All this
has appeared strongly supported by epidemiological obser-
vations providing clear evidence that a dietary pattern such
as the traditional Mediterranean way of eating, including
large amounts of plant foods and derivatives, that is, fruits,
vegetables, olive oil, red wine, and legumes, may play a
primary role in promoting health and preventing onset and
progression of chronic and degenerative disorders including
various types of cancer [7–13].

Measuring the concentration of antioxidants in blood
samples may provide indication on the individual capacity
to maintain an optimal redox balance or conversely reveal
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an oxidative stress status. Molecular antioxidants in the body
work in concert and preserve each other; therefore the serum
level of each one, including carotenoids, is predictive of the
level of all others [14, 15] and is an expression of the individual
antioxidant status. An optical method, based on the Reso-
nance Raman Spectroscopy (RRS), has recently been devel-
oped for a noninvasivemeasurement of carotenoids in human
tissues. RRS is a laser spectroscopy based on the Raman
effect. When a low intensity laser monochromatic light inter-
acts with some molecules, these diffuse the light emitting a
new, higherwavelength,monochromatic light [16] that can be
revealed by a scanner converting Raman intensity in counts.
Because of their conjugated carbon backbone, carotenoids
possess characteristic vibrational/rotational energy levels
that make them particularly well suited for RRS, strongly
absorbing in the blue wavelength region and emitting in
the green one. RRS methodology has successfully been
exploited for the quantitative measurement of carotenoids
in human macula lutea, oral mucosa, and skin [17–20]. RRS
measurements of carotenoids in skin have been validated
by comparing with extraction and conventional high perfor-
mance liquid chromatography measurements of carotenoids
in skin samples [21]. Importantly, the level of dermal caro-
tenoids has appeared significantly correlated with the blood
carotenoid level [22–24]. In this context, the amount of
dermal carotenoids revealed by RRS can be considered a
marker of the individual antioxidative network, and its meas-
urement was applied to assess the body redox state and
eventually provide evidence of critical conditions in diseases.
Indeed, RRS measurements in humans have been inversely
correlated with urinary isoprostanes, known biomarkers for
oxidative stress [25].

RRS has been applied in our recent investigation aimed at
monitoring oxidative stress of beta-thalassemia patients and
correlating the amount of skin carotenoids with iron overload
[26].

In this work that comes as a complementary study of a
clinical trial starting in 2009 and ending in 2014, RRS mea-
surements of skin carotenoids have been carried out in breast
cancer (BC) operated patients, to research the oxidative
stress associated with this condition and monitor eventual
variations from a five-year-long treatment aimed at reducing
BC risk and recurrence by combining conventional therapies
with dietary intervention [27, 28]. The latter was based on a
traditional Mediterranean-style regimen, where a high daily
consumption of fruit and vegetables was fundamental and
was associated with a moderate physical activity. To substan-
tiate the RRS approach the level of dermal carotenoids has
been correlatedwithmarkers of BC risk (waist circumference,
WC, and body mass index (BMI)) [29], which finally pro-
vided evidence of the effectiveness of the RRS measurements
to monitor patient compliance and influence of the diet.

2. Patients and Methods

2.1. Subjects and Protocol. DIANA5 (Diet and Androgens-
5) is an Italian multicenter project of alimentary education,
aimed at preventing BC recurrence in patients surgically
treated for BC in the previous 5 years, who have not

developed distant metastasis or second primary BC and
are at high risk based on their hormonal and/or metabolic
milieu; that is, they exhibit one or more of high risk traits
(metabolic syndrome, oestrogen receptor negative tumor,
and high serum testosterone or insulin level) and associated
abnormal anthropometric parameters, WC and BMI [28].
Clinicopathological measurements, including blood level of
sex hormones, insulin, IGF-1, oestrogen receptors, glucose,
and lipid parameters, are determined as reported [30] to
serve as inclusion criteria in the project and are monitored
at baseline and yearly to detect eventual changes during the
time of intervention.

BC patients have been enrolled at the Department of
Oncology, ARNAS Ospedali Civico e Benfratelli G. Di Cris-
tina eM. Ascoli, Palermo, Italy, in January 2009, and followed
up to the end of 2014. Apart from conventional therapies,
patients were treated with dietary intervention. This was
based on a traditional Mediterranean diet, prescribed con-
sumption of seasonal fruits and vegetables (F/V, 5 servings
a day), unrefined grains, legumes, and olive oil, whereas sug-
ared drinks, alcoholic beverages, processed meat, and animal
fats were forbidden (detailed description of diet has been
reported in [30]). The intervention was intended to decrease
level of sex hormones, insulin and insulin growth factor 1
(IGF-1), and reduce risk factors associatedwith BCprognosis,
BMI andWC, [31, 32], additional breast cancer events, and the
risk ofmetastasis [11].Moderate physical activity was also rec-
ommended.All patients received theWCRF-based guidelines
for cancer prevention (see the list below) and were invited to
participate in dedicated kitchen courses and physical exercise
sessions; in addition, they filled in a questionnaire reporting
on their own life- and dietary-style. The patients were
followed up for vital status and BC related events, including
BC-specific mortality, distant metastasis, local recurrences,
and contro-lateral BC, which were obtained by self-reporting
every six months throughout the study.

The following list is based on the World Cancer Research
Fund (WCRF) and American Institute of Cancer Research
(AICR).

WCRF/AICR 2007 Recommendation

(i) Be as lean as possible within the normal range of body
weight.

(ii) Be physically active as part of everyday life.
(iii) Limit consumption of energy-dense food and avoid

sugary drinks.
(iv) Eat mostly food of plant origin, with a variety of

nonstarchy vegetables and fruit every day and unpro-
cessed cereals and/or pulses within every meal.

(v) Limit intake of red meat and avoid processed meat.
(vi) Limit alcoholic drinks.
(vii) Limit consumption of salt and avoid mouldy cereals

or pulses.
(viii) Aim to meet nutritional needs through diet alone.
(ix) Children to be breastfed by their mothers for at least

six months.
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(x) Cancer survivors follow the recommendation for can-
cer prevention.

2.2. The Carotenoid Study. In 2009, a number of BC patients
(𝑛 = 71) were randomly recruited among the patients
enrolled at the Centre of Palermo, aged 36 to 74, nonsmokers,
accepted with informed consent, and who were to be exam-
ined for body redox status, andwere invited for RRSmeasure-
ment of skin carotenoids (skin carotenoid score (SCS)), as an
index of oxidative stress. Each patient contributed a duplicate
measurement at the baseline and then each year, with a 12-
month interval, until 2014. Anthropometric measurements,
weight (kg), andWC (cm) were collected each time, and BMI
(body mass in kilograms/square of height in meters, kg/m2)
was measured as reported [29]. Our observation ended in
June 2014 and all patients terminated the study.

Healthy women (HW) were interviewed and examined
for skin carotenoids in 2009. The mean SCS from a number
of nonsmokingHW (𝑛 = 120), reporting being used to eating
high amounts of F/V (5 servings a day), aged 38 to 70, BMI
between 20.5 and 31 (mean 24.5 ± 3), and WC between 62
and 100 (mean 80.6 ± 6.3), was taken as the reference SCS
throughout our study (HW-SCS, 39,210 ± 9,400; min HW-
SCS 20,000; max HW-SCS 75,000).

2.3. Measurement of Carotenoids in Skin. A portable Raman
spectroscope, Pharmanex® BioPhotonic Scanner S2 (NuSkin,
Provo, Utah, USA), designed to monitor carotenoids in the
0.1mm stratum corneum of the skin of the hand, has been
used for the measurements. A low intensity 471.3–473 nm
radiation from light emitting diodes interacts with the skin
carotenoids. The scattered light is detected at 507.8–509.8 nm
by the scanner that converts the Raman intensity in counts
(skin carotenoid score (SCS)). A computer then transforms
the scanner signals in a colored scale going from red (poor
carotenoid score, <19,000) to dark blue (high carotenoid
score,>50,000). SCS can be converted to laboratorymeasure-
ments using the equation [𝑌 = 12703 × 𝑋 + 5891.7], where
“𝑌” is the SCS value and “𝑋” is the carotenoid concentration
expressed as micrograms/mL of serum.

2.4. Measurement of Lycopene. Blood lycopene of patients
who submitted themselves to skin carotenoid evaluation was
measured. Duplicate measurements from the same sample
were carried out. Lycopene was extracted from 500𝜇L serum
samples, diluted 1 : 2 with 0.15mM NaCl, with 1 volume of
methanol and 3 volumes of hexane: diethyl ether (l : l,
vol : vol). The extracts were then dried under nitrogen, resus-
pended with a mixture of acetonitri1e :methanol : tetrahy-
drofurane (58.5 : 35 : 6.5, vol : vol : vol), and analyzed with
the same solvent [33] by a HPLC Supelco Supelcosil LC-
18 column (0.46 × 25 cm) (Bellefonte, PA), at a flow rate of
2.5mLmin−1. Under these conditions lycopene eluted at 8.2
minutes. Revelation was at 450 nm.

2.5. Statistical Analysis. BMI, WC, and SCS are expressed as
means and standard deviation (SD) of the patients’ values.
Differences in SCS among groups of fruit and vegetable

intakes andBMIwere tested by analysis of variance (ANOVA)
and Bonferroni post hoc tests, with 𝑝 < 0.05 being taken
as significant. Pearson’s correlations were used to determine
the relationship between SCS and BMI or WC. All statistical
analyses were done using GRAPHPAD PRISM v5 (GraphPad
Software, San Diego, California, USA), SYSTAT version 10.0
(SPSS, Chicago, IL, USA), and Microsoft Excel.

3. Results and Discussion

Cancer control can be achieved by decreasing the rate of
oxidative stress and enhancing antioxidant defense mecha-
nisms. In this context the role of F/V and dietary redox-
active phytochemicals in reducing the risk of cancer includ-
ing BC [11, 27, 30, 34], by regulating antioxidant defense
mechanisms and redox signaling, has long been described
[35–37]. Dermal carotenoids can be regarded as biomarkers
of the body antioxidant status [16, 38], as well as of fruit
and vegetable intake in nutritional studies [21]. On this basis,
dermal carotenoids have been monitored for five years in
71 BC operated patients at high risk of recurrence, to assess
oxidative stress status and influence of dietary treatment
based on high daily consumption of fruit and vegetables.

3.1. Dermal Carotenoids Are Correlated with Plasma Lycopene
in BC Patients. Relatively high concentrations of carotenoids
accumulate in human skin. The RRS-based measurement of
dermal carotenoids has been validated in healthy adults by
pairing blood and skin levels of carotenoids [21]. Feasibility of
the RRS approach to measure skin carotenoids as a reflection
of their plasma concentration was at first explored in BC
patients. Since lycopene is the major carotenoid in the skin
[17, 18], the individual correlation between SCS and the
plasma level of lycopenewas examined. Figure 1(a), reporting
data at the baseline in 2009, shows a net positive correlation,
thus validating the use of this spectroscopic method to
evaluate the body carotenoid level even in BC patients. The
positive correlation was also confirmed at the end of the
observation in 2014 (Figure 1(b)).

3.2. Variations of Dermal Carotenoids in BC Patients during
the 5 y Dietary Intervention. To the best of our knowl-
edge, only a few trials investigated skin carotenoid response
by Raman Spectroscopy to controlled diets [39] including
increase of fruit and vegetables [24, 40], and none was
carried out on cancer patients. BCpatients underwent dermal
carotenoids measurements with a 12-month interval to assess
the evolution of the oxidative stress status during the 5 years
of observation. SCS (means ± SD of the values recorded at
the end of each year) are reported in Figure 2(a). The SCS
increased significantly during the first and second year of
observation; thereafter only a nonsignificant positive trend
was observed (Figure 2). However, while the SCS of patients
at starting (28,580 ± 10,060, 𝑛 = 71) was approximately 28%
lower than the reference value of healthy women (HW-SCS =
39,210 ± 9,400, 𝑛 = 120) (𝑝 < 0.001, Student’s 𝑡-test),
no significant difference was found at the end of observation
(mean SCS 38,590 ± 9,920, 𝑛 = 71) (𝑝 = 0.67), indicating
improvement of the antioxidant status. On the other hand,
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Figure 1: Correlation between plasma lycopene and skin carotenoid score (SCS) in BC patients (𝑛 = 71): (a) before (𝑟 = 0.450; 𝑝 < 0.0001)
and (b) after (𝑟 = 0.559; 𝑝 < 0.0001) five years of dietary intervention. SCS and lycopene values are the mean of duplicate measurements
(𝑛 = 71; 𝑝 < 0.0001).
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Figure 2: Skin carotenoid score (SCS) of BC patients (𝑛 = 71) during the five years of dietary intervention. (a) Data are the mean ± SD of
measurements carried out in duplicate on the patients once a year. Values of columns labelled with different letters are statistically different
(𝑝 < 0.05, Anova one way followed by Bonferroni’s multiple comparison test). (b) Values of single patients at starting (2009) observation and
at the end (2014) of observation.

a very high interindividual variability in the SCS progress
and evolution was evident when the values of each patient in
2009 (𝑛 = 71) were judged against the relevantmeasurements
5 years later (Figure 2(b)): the increase varied from 101% to
1300% (𝑛 = 56); 3 of the patients did not change their level
of carotenoids, and 12 of them exhibited a decrease varying
between 3% and 30%. It may be interesting to mention
that the major percent increments were observed in patients
showing the highest redox imbalance at starting (𝑛 = 9,
SCS 3,000 to 15,000), whereas the patients exhibiting a
decrease of the carotenoid score were in a medium-high SCS
range (30,000 to 40,000). A number of reasons including
adiposity [16] and/or concomitant therapies may account
for the differences between the individual response to the
intervention, including a higher or lower adherence of the
patients to the dietary rules.

3.3. Variations of BMI and WC in BC Patients before and
after the 5 yDietary Intervention. The importance of BMI and
WC as prognostic factors in BC is well documented [31, 32];

then measurements of these parameters can help to follow
the evolution in the status of BC patients.TheMediterranean
dietary pattern is intended to reduce risk factors for breast
cancer and then affect positively BMI and WC [41]. This was
also observed in the patients under our observation. Figure 3
compares themean values of BMI andWC in patients in 2009
and at the end of the intervention in 2014. Both BMI andWC
were significantly reduced.

3.4. Correlation between Oxidative Stress and BC Risk Factors.
Since both oxidative stress and anthropometric parameters,
either WC or BMI, are associated with the BC pathology and
changed positively at the end of the trial, we hypothesized that
a correlation existed between these factors. The correlation
between SCS and either BMI or BC is shown in Figure 4.Only
a negative trend existed at starting (Figures 4(a) and 4(d)),
whereas a significant inverse correlation was observed two
years later (Figures 4(b) and 4(e)) and at the end of the inter-
vention in 2014, with an even greater significance (Figures
4(c) and 4(f)), indicating that a higher number of patients had
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Figure 3: Body mass index (BMI) (a) and waist circumference (WC) (b) of BC patients at starting (2009) and at the end (2014) of five years
of dietary intervention. Values are the mean ± SD of measurements carried out on all patients (𝑛 = 71). With respect to the relevant values in
2009, values are significant with ∗𝑝 < 0.0001 or ∗∗𝑝 = 0.0072 (paired 𝑡-test).

increased SCS, that is, achieved a better control of redox status
and reduced oxidative stress, with concomitant reduction of
BMI and WC. The poor correlation at starting may be an
expression of particular additional factors besides the BC
status, concurring to an oxidative stress high or very high
(e.g., some of the patients had undergone recent surgery and
chemotherapy (𝑛 = 4) and some had been smoker before
starting the trial (𝑛 = 8), which prevents a clear correlation of
SCS with BMI and/or BC). The inverse correlation observed
after an equilibrium condition was getting on is further
indicative of the great importance of a good redox balance
and lowWC and BMI in the BC pathology. Indeed, a negative
correlation between SCS and BMI andWCwas also observed
in HW (Figures 4(d) and 4(h)), in accordance with data
reported for healthy adults [21, 42].

3.5. Oxidative Stress and Compliance with Dietary Rules.
Whether and/or to what extent compliance with the dietary
intervention was involved in improving the antioxidant
balance was evaluated. At the end of the intervention in 2014,
all questionnaires filled in by patients, yearly reporting on
their own life- and dietary-style, were examined. Patients
were then divided into two groups according to whether they
reported to have strictly adhered to the dietary rules and
constantly consumed five F/V servings per day (𝑛 = 39) or
whether they had not been steady in observing constantly
the dietetic pattern (𝑛 = 32). The SCS values measured for
both groups at the end of observation were then compared
with values at starting. The data as means ± SD are reported
in Figure 5. At the end of the study, SCS was remarkably
lower for the patients that had less than five servings per day,
with respect to patients having five, although both groups
of patients did not differ significantly at starting (Figure 5).
While showing that the better was the compliance of patients
with the dietetic pattern, the higher was the body level of
antioxidants; these data suggested that diet had a major role
in ameliorating their body redox balance and then positively
affected oxidative stress.

3.6. Follow-Up. Our observation stopped in June 2014. The
patients were followed up for vital status and occurrence of
new BC events by clinicians. We were informed that, within
December 2014, one patient out of 71 who underwent the SCS
measurements passed away and five patients had recurrence.
Wemay also report that 43 of all patients recruited at the cen-
tre in Palermo (𝑛 = 391) had recurrence, whereas 13 passed
away. A thorough knowledge and analysis of data gathered
from all Italian centres participating in the DIANA5 project
are necessary to determine to what extent the dietetic pattern
and lifestyle adopted may affect the outcome of BC patients.

4. Conclusions

The development of biomarkers for oxidative stress as a diag-
nostic, prognostic, and therapeutic approach has attracted
a lot of interest recently. This was the only study designed
to evaluate the antioxidant balance as an index of oxidative
stress in BC operated patients at high risk of recurrence,
by RRS measurement of dermal carotenoids, and monitor
the skin carotenoid response to a 5 y long dietary inter-
vention intended to decrease BC risk factors. The treatment
indeed caused a decrease of BMI and WC, while the dermal
carotenoid level appeared inversely correlatedwith both these
parameters. To the best of our knowledge, skin carotenoids
have never been correlated to risk factors for cancer. The
observed correlation between SCS and BMI and WC, two
prognostic factors for breast cancer, appears to reflect the
importance of all these parameters on this condition and
allows SCS to be considered as a reliable additional tool to
monitor at-risk individuals and/or effectiveness of interven-
tions. In addition, our findings confirm the effectiveness of
the RRS methodology to reveal body redox state even in
patients whose antioxidant status is remarkably altered [26].

Breast cancer (BC) is one of the most common in
women, with over 400,000 deaths worldwide every year
[43]. Surgery, radiotherapy, chemotherapy, and/or hormone
therapy are shown to be only partially effective in reducing
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Figure 4: Correlation between SCS and either BMI (a–c) or WC (e–g) in BC patients (𝑛 = 71) at starting and during the course of five years
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morbidity, which emphasizes the importance of prevention.
To this aim lifestyle factors, including diet, are considered
fundamental [7–13]. Our work highlights the importance of a
firmadhesion to a recommendeddietary pattern and suggests
a useful tool to help the patients’ motivation. The SCS value
has appeared an objective tool to evaluate the effectiveness
of the dietary intervention in BC patients. Such a simple and
noninvasive measurement may be useful to improve patient
awareness of the importance of adhesion to healthy lifestyle
and alimentary regimen to positively affect BC risk factors.
In our experience these measurements allowed each patient
to appraise the effectiveness of her own strains, helping her
to understand the accuracy of the diet performed or whether
corrections had to be made.
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Messenger RNA data of lymphohematopoietic cancer lines suggest a correlation between expression of the cation channel TRPM2
and the antiapoptotic protein Bcl-2. The latter is overexpressed in various tumor entities and mediates therapy resistance. Here,
we analyzed the crosstalk between Bcl-2 and TRPM2 channels in T cell leukemia cells during oxidative stress as conferred
by ionizing radiation (IR). To this end, the effects of TRPM2 inhibition or knock-down on plasma membrane currents, Ca2+
signaling, mitochondrial superoxide anion formation, and cell cycle progression were compared between irradiated (0–10Gy) Bcl-
2-overexpressing and empty vector-transfected Jurkat cells. As a result, IR stimulated a TRPM2-mediated Ca2+-entry, which was
higher in Bcl-2-overexpressing than in control cells and which contributed to IR-induced G

2
/M cell cycle arrest. TRPM2 inhibition

induced a release from G
2
/M arrest resulting in cell death. Collectively, this data suggests a pivotal function of TRPM2 in the DNA

damage response of T cell leukemia cells. Apoptosis-resistant Bcl-2-overexpressing cells even can afford higher TRPM2 activity
without risking a hazardous Ca2+-overload-induced mitochondrial superoxide anion formation.

1. Introduction

Transient Receptor Potential (TRP) Cation Channels.The TRP
superfamily comprises a diverse range of Ca2+-permeable
cation channels [1]. TRP channels contribute to changes in
cytosolic free Ca2+ ( free[Ca

2+
]i) by directly acting as Ca2+

entry channels in the plasma membrane or by changing
membrane potentials, modulating the activity and/or driving
forces for the Ca2+ entry channels [2]. The melastatin sub-
family (TRPM) has been subdivided into three subgroups on
the basis of sequence homology (TRPM1/TRPM3, TRPM4/
TRPM5, and TRPM6/7) with TRPM8 and TRPM2 being
distinct proteins [3]. The Ca2+-permeable TRPM2 channels,
formerly known as TRPC2 and LTRPC2, were first identified

in 1998 [4]. Reactive oxygen species (ROS) have been demon-
strated to induce TRPM2 currents and increase free[Ca

2+
]i in

various cell types transfected with TRPM2 [5], as well as in
pancreatic 𝛽-cells [6], neutrophil granulocytes [7], and U937
monocytes [8].

TRPM2 and Cell Death. By increasing free[Ca
2+
]i, TRPM2

may increase the susceptibility to cell death suggesting that
TRPM2 channels function as “death channels.” As amatter of
fact, heterologous expression of TRPM2 in human embryonic
kidney cells [9] or A172 human glioblastoma cells [10] facil-
itates oxidative stress-induced cell death. Moreover, expres-
sion of TRPM2 has been demonstrated in several tumor
entities such as insulinoma [6], hepatocellular carcinoma [6],
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prostate cancer [11], lymphoma [12], leukemia [13], and lung
cancer cell lines [14] in which TRPM2 reportedly may foster
cell death [15].

Ca2+-Signaling by TRPM2, Bcl-2, and Mitochondria. ROS-
induced TRPM2 channel activation most probably occurs
indirectly via formation of adenosine diphosphate ribose
(ADPR) which activates the channel by binding to a special
domain located at the C-terminus of the channel [16]. ADP-
ribose polymers are formed duringDNAdamage response by
poly(ADP-ribose) polymerases (PARPs). Upon DNA repair
ADPR is released from the ADPR polymers by glycohydro-
lases [17, 18]. Another main source of ADPR is the mito-
chondria [19].

Mitochondrial Ca2+ absorbance exerts Ca2+ buffering
function (for review see [20]). The mitochondrial respiratory
chain and the mitochondrial permeability transition pore
(PTP) are regulated by Ca2+. Moderate mitochondrial Ca2+
increase may disinhibit the respiratory chain leading to ΔΨ

𝑚

hyperpolarisation [21] which in turn is accompanied by
increasing superoxide anion formation [22]. Mitochondrial
Ca2+ overload, in contrast, opens the PTP leading toΔΨ

𝑚
dis-

sipation, cytochrome C release, and apoptotic cell death [20].
The antiapoptotic protein Bcl-2 is a key player in cellular

Ca2+ homeostasis. In some cell models, overexpression of
Bcl-2 reportedly may increase the Ca2+ leakage through IP

3

receptor subtypes in the ER membrane and decrease the
ER Ca2+ filling. More recent studies, in contrast, suggest an
inhibition of IP

3
-receptor-mediated Ca2+ release by Bcl-2.

Like Bcl-2-caused Ca2+ store depletion, Bcl-2-mediated IP
3
-

receptor inhibition is thought to prevent proapoptotic bulk
Ca2+ release from the ER (for review see [23–26]).

Direct and Indirect Oxidative Stress Conferred by Ionizing
Radiation. Most energy of ionizing radiation (IR) is absorbed
by cell water leading to formation of hydroxyl radicals (for
review see [27]). Oxidative stress- andDNA repair-associated
release of ADP-ribose is supposed to increase the plasma
membrane Ca2+ permeability by activating TRPM2 channels.
Subsequent changes in free[Ca

2+
]i and mitochondrial func-

tion are under the control of Bcl-2. Together, this hints to a
crosstalk between Ca2+ and ROS signaling involving TRPM2
Ca2+-permeable channels in the plasmamembrane, theCa2+-
regulated ΔΨ

𝑚
across the inner mitochondrial membrane,

and the antiapoptotic protein Bcl-2 in the ER and outer
mitochondrial membrane of irradiated cells.

Aim of the Study. The present study aimed to define this
crosstalk in human T cell leukemia cells subjected to ionizing
radiation. To this end, Jurkat cells stably transfected with
Bcl-2 or the empty control vector were irradiated with 0, 5,
or 10Gy by 6MV photons. Ion channel activity, Ca2+ sig-
naling, mitochondrial superoxide anion formation, cell cycle
control, and cell death were assessed by patch-clamp whole-
cell recording, fura-2 Ca2+ imaging, immunoblotting, and
flow cytometry in irradiated and nonirradiated cells, respec-
tively. In addition, mRNA data of hematopoietic and lym-
phoid tissue cancer cell lines of the Novartis and Broad

Institute Cancer Cell Line Encyclopedia were queried for
TRPM2 and Bcl-2 mRNA abundance.

2. Material and Methods

2.1. Cell Culture. Jurkat E6.1 T cell leukemia cells were
from ATCC (Bethesda, Maryland, USA). Jurkat cells stably
expressing Bcl-2 (Jurkat-Bcl-2) or a control vector (Jurkat-
vector) were prepared as described before [28, 29]. Inducible
Bcl-2 transfectants were generated as described [30]. To
suppress Bcl-2 expression in Tet-off Jurkat cells, Bcl-2 trans-
fectants were treated with 1 𝜇g/mL doxycycline (Clontech,
Heidelberg, Germany) for 48 h. As control cells, the maternal
Jurkat Tet-off cells were used. Cells were grown in RPMI
1640medium supplemented with 10% fetal calf serum (Gibco
Life Technologies, Eggenstein, Germany) and maintained in
a humidified incubator at 37∘C and 5% CO

2
.

2.2. Transfection with siRNA. Transfection with siRNA was
performed as described [31]. In brief, cells were cultured at
a low density to ensure log phase growth. For transfection,
2 × 106 cells were resuspended in 200𝜇L RPMI 1640 without
phenol red. Shortly before transfection, TRPM2 or nontar-
geting siRNA was added at a concentration of 1𝜇M. TRPM2
ON-TARGET SMARTpool and the siCONTROL NON-
TARGETING pool siRNA were purchased from Dharmacon
(Chicago, IL, USA). Cells were electroporated in a 4mm
cuvette in an EPI2500 electroporator (Fischer, Heidelberg,
Germany) at 370V for 10ms. Immediately after transfection,
cells were resuspended in 6mL prewarmed medium and
continued to be cultured as described above. Transfection
efficiency as well as viability was determined by transfecting
the cells with 400 nM green fluorescence siRNA (siGLO
from Dharmacon, Chicago, IL, USA) followed by propidium
iodide exclusion dye and flow cytometric analysis.

2.3. Patch-ClampRecording. Maternal, Bcl-2-overexpressing,
and control vector-transfected Jurkat cells were irradiated
(IR) with 0, 5, or 10Gy 6MV photons by the use of linear
accelerator (LINAC SL25 Philips) at a dose rate of 4Gy/min
at room temperature. Whole-cell currents were evoked by
9–11 voltage pulses (700ms each) to voltages between −100
(−80)mV and +100 (+80)mV delivered in 20mV increments.
Mean steady state current values were analyzed 2–49 h after
IR. The liquid junction potentials between the pipette and
the bath solutions were estimated according to [32], and data
were corrected for the estimated liquid junction potentials.
Applied voltages refer to the cytoplasmic face of the mem-
branewith respect to the extracellular space. Inward currents,
defined as flow of positive charge from the extracellular to
the cytoplasmic membrane face, are negative currents and
depicted as downward deflections of the original current
traces.

Cells were superfused at 37∘C temperature with NaCl
ringer solution (in mM: 125 NaCl, 32 n-2-hydroxyethylpiper-
azine-n-2-ethanesulfonic acid (HEPES), 5 KCl, 5 d-glucose,
1 MgCl

2
, and 1 CaCl

2
, titrated with NaOH to pH 7.4). Upon

GΩ-seal formation and entry into the whole-cell recording
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mode, cells were recorded with NaCl bath solution (in mM:
140 NaCl, 10 HEPES titrated with NaOH to pH 7.4), KCl
bath solution (in mM: 140KCl, 10 HEPES titrated with KOH
to pH 7.4), CaCl

2
bath solution (in mM: 100 CaCl

2
, 10

HEPES, titrated with Ca(OH)
2
to pH 7.4), or n-methyl-d-

glucamine-Cl (NMDG-Cl) bath solution (in mM: 180mM
n-methyl-d-glucamine titrated with HCl to pH 7.4). The K-
d-gluconate/KCl pipette solution contained (in mM) 60K-
d-gluconate, 80KCl, 5 HEPES, 1 MgCl

2
, 1 K
2
-EGTA, and

1 K
2
-ATP, titrated with KOH to pH 7.4. To activate TRPM2

channels, ADP-ribose (1 𝜇M, Sigma, Taufkirchen, Germany)
was added to the pipette solution. To inhibit TRPM2 and IK
channels N-(p-amylcinnamoyl)anthranilic acid (ACA, 0 or
20𝜇M) and TRAM-34 (0 or 10 𝜇M, both from Sigma, both
prepared from a 10mM stock solution in DMSO) were added
to the bath solution, respectively.

2.4. Querying the Cancer Genome Atlas (TGCA) Data Sets.
Via the cBIOportal Web resource [33, 34], 178 hematopoietic
and lymphoid tissue cancer cell lines of the Novartis and
Broad Institute Cancer Cell Line Encyclopedia [35] were
queried for TRPM2 and Bcl-2 mRNA abundance.

2.5. Western Blotting. Irradiated Jurkat cells (0, 5, or 10Gy,
2–4 h after IR) were lysed in a buffer (containing in mM 50
HEPES, pH 7.5, 150 NaCl, 1 EDTA, 10 sodium pyrophosphate,
10 NaF, 2 Na

3
VO
4
, 1 phenylmethylsulfonyl fluoride (PMSF)

additionally containing 1% triton X-100, 5𝜇g/mL aprotinin,
5 𝜇g/mL leupeptin, and 3𝜇g/mL pepstatin) and separated
by SDS-PAGE under reducing condition. In some experi-
ments, cells were preincubated (0.25 h), irradiated (5Gy), and
postincubated (4 h) in the presence of the TRPM2 channel
inhibitor ACA (20𝜇M). Segregated proteins were electro-
transferred onto PVDF membranes (Roth, Karlsruhe, Ger-
many). Blots were blocked in TBS buffer containing 0.05%
Tween 20 and 5% nonfat dry milk for 1 h at room tem-
perature. The membrane was incubated overnight at 4∘C
with the following primary antibodies: rabbit anti-phospho-
CaMKII (Thr286) antibody (Cell Signaling #3361, New
England Biolabs, Frankfurt, Germany, 1 : 1000), rabbit anti-
CaMKII (pan) antibody (Cell Signaling #3362, 1 : 1000), rabbit
anti-phospho-cdc25b (Ser187) antibody (Epitomics #T1162,
Biomol Hamburg, Germany, 1 : 1000), rabbit anti-cdc25b
antibody (Cell Signaling #9525, 1 : 1000), rabbit-anti TRPM2
(Bethyl Laboratories Inc., #A300-414A-2, Montgomery, TX,
USA, 1 : 300), or mouse anti-Bcl-2 antibody (Santa Cruz Bio-
technology, sc-509, Heidelberg, Germany, 1 : 1000). Equal
gel loading was verified by an antibody against 𝛽-actin
(mouse anti-𝛽-actin antibody, clone AC-74, Sigma #A2228
1 : 20,000). Antibody binding was detected with a horseradish
peroxidase-linked goat anti-rabbit or horse anti-mouse IgG
antibody (Cell Signaling #7074 and #7076, resp.; 1 : 1000–
1 : 2000 dilution in TBS-Tween/5% milk) incubated for 1 h at
room temperature and enhanced chemoluminescence (ECL
Western blotting analysis system,GEHealthcare/Amersham-
Biosciences, Freiburg, Germany) was detected by film autog-
raphy.

2.6. Fura-2 Ca2+ Imaging. Fluorescence measurements were
performed using an inverted phase-contrast microscope
(Axiovert 100; Zeiss, Oberkochen, Germany). Fluorescence
was evoked by a filter wheel (Visitron Systems, Puchheim,
Germany) mediated alternative excitation at 340/26 or 387/
11 nm (AHF, Analysentechnik, Tübingen, Germany). Excita-
tion and emission light was deflected by a dichroic mirror
(409/LP nm beamsplitter, AHF) into the objective (Fluar
x40/1.30 oil; Zeiss) and transmitted to the camera (Visitron
Systems), respectively. Emitted fluorescence intensity was
recorded at 587/35 nm (AHF). Excitation was controlled and
data acquired by Metafluor computer software (Universal
Imaging, Downingtown, PA, USA). The 340/380 nm fluo-
rescence ratio was used as a measure of cytosolic free Ca2+

concentration ( free[Ca
2+
]i). The cells were irradiated (0 or

5Gy) and loaded with fura-2/AM (2 𝜇M for 30min at 37∘C;
Molecular Probes, Goettingen, Germany) in supplemented
RPMI medium. free[Ca

2+
]i was determined 1.5–5 h after IR

at 37∘C during superfusion with NaCl ringer (see above),
upon Ca2+ depletion with Ca2+-free NaCl ringer solution (in
mM: 125 NaCl, 32 HEPES, 5 KCl, 5 d-glucose, 1 MgCl

2
, and

0.5 EGTA, titrated with NaOH to pH 7.4), and during Ca2+
readdition in NaCl ringer solution additionally containing
ACA (0 or 20𝜇M).

2.7. Flow Cytometry. To test for mitochondrial production of
superoxide anion, Jurkat cells were irradiated (0 or 10Gy),
further cultured for 6 h, harvested, washed, and incubated
for 10min at 37∘C in NaCl ringer solution (see above) con-
taining 5 𝜇M of the superoxide anion-sensitive dye MitoSOX
(Invitrogen) and 0 or 20𝜇M ACA, and superoxide anion-
sensitive fluorescence was recorded by flow cytometry in flu-
orescence channel Fl-2 (logarithmic scale, 488 nm excitation
and 564–606 nm emission wavelengths). To confirm equal
fluorescence dye loading, samples were oxidized (10mM
tert-butylhydroperoxide) for 12min and recorded (data not
shown).

To monitor mitochondrial function, Jurkat cells were
irradiated (0 or 10Gy) and further cultured for 6 h.Thereafter,
cells were harvested, washed, and incubated for 30min at
37∘C in NaCl ringer solution (see above) containing 25 nM of
the inner mitochondrial membrane potential (ΔΨ

𝑚
) specific

dye tetramethylrhodamine ethyl ester perchlorate (TMRE,
Invitrogen) and ΔΨ

𝑚
was analyzed by flow cytometry in

fluorescence channel FL-2 (logarithmic scale).
For cell cycle analysis, Jurkat cells were preincubated

(0.25 h), irradiated (0, 5 or 10Gy), and incubated for fur-
ther 24 h in supplemented RPMI 1640 medium additionally
containing either ACA or clotrimazole (Sigma, 0 or 20𝜇M,
each). Cells were permeabilized and stained (0.5 h at room
temperature) with unsteril (i.e., not RNase-free) propidium
iodide (PI) solution (containing 0.1% Na-citrate, 0.1% triton
X-100, 10 𝜇g/mL PI in phosphate-buffered saline, PBS), and
the DNA amount was analyzed by flow cytometry (FACS
Calibur, Becton Dickinson, Heidelberg, Germany, 488 nm
excitation wavelength) in fluorescence channel FL-3 (linear
scale, >670 nm emission wavelength). In parallel, cells with
degraded DNA were defined by the subG

1
population of the
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PI histogram recorded in fluorescence channel FL-2 (loga-
rithmic scale).

For determination of free[Ca
2+
]i cells were loaded inNaCl

ringer solution (see above) for 0.5 h with fluo-3-AM (2 𝜇M
in NaCl ringer, Calbiochem; Bad Soden, Germany) and
recorded in fluorescence channels FL-1 (logarithmic scale,
515–545 nm emission wavelengths). As loading control for
fluo-3, cells were incubated with the Ca2+ ionophore iono-
mycin (1 𝜇M for 10min) prior to analysis by flow cytometry.
Datawere analyzedwith the FCSExpress 3 software (DeNovo
Software, Los Angeles, CA, USA).

2.8. Statistics. Data are expressed as means ± SE and statis-
tical analysis was made by normal or Welch-corrected two-
tailed 𝑡-test or ANOVA where appropriate using InStat soft-
ware (GraphPad Software Inc., San Diego, CA, USA).

3. Results and Discussion

3.1. Modulation of on Channel Activity by Ionizing Radiation.
To assess the effect of ionizing radiation (IR) of ion channel
activity, Jurkat cells were irradiated with 10Gy and whole-
cell currents were recorded at different time periods after IR.
As shown in Figures 1(a) and 1(b), IR induced an increase in
whole-cell currents 2–6 h after IR. Substitution of Na+ in the
bathing solution by Ca2+ or the impermeable Na+ substitute
NMDG+ indicated both cation-selectivity and Ca2+ perme-
ability of the IR-induced currents (Figures 1(c)–1(e)).

Next, the functional expression of TRPM2 channels and
its dependence on Bcl-2 was determined in Jurkat cells. Such
dependence was suggested by a positive correlation of the
TRPM2 and Bcl-2 mRNA abundances in 178 hematopoietic
and lymphoid tissue cancer cell lines of the Novartis and
Broad Institute Cancer Cell Line Encyclopedia (Figure 2(a)).
In the Jurkat cell model, in contrast, TRPM2 protein abun-
dance seemed to be lower in Bcl-2-overexpressing (Jurkat-
Bcl-2) cells as in the control vector-transfected (Jurkat-vec-
tor) cells as suggested by immunoblotting (Figure 2(b)). IR
did not modify total TRPM2 protein content of the cells
(Figure 2(b)).

To activate TRPM2 in Jurkat cells, whole-cell currents
were recorded with the TRPM2 agonist ADP-ribose in the
pipette and compared in unpaired experiments with those
recorded under control conditions. Intracellular ADP-ribose
stimulated a whole-cell current fraction which was sensi-
tive to the unspecific TRPM2 inhibitor ACA [36] (Figures
2(c) and 2(d)). Importantly, ADP-ribose-stimulated currents
exhibited unitary current transitions with a unitary conduc-
tance of some 50 pS as reported for heterologously expressed
TRPM2 channels [37] (Figure 2(e)). Together, these data
indicated functional expression of TRPM2 in Jurkat cells.

3.2. Mitochondrial Superoxide Anion Formation: Effect of Ion-
izing Radiation, Bcl-2 Overexpression, and TRPM2 Inhibition.
To assess IR-stimulated formation of superoxide anion by
mitochondria and to estimate a potential role of TRPM2
channels herein, Jurkat-Bcl-2 and Jurkat-vector cells were
irradiated (0 or 10Gy), postcultured for 6 h, and incubated

for 10min with the superoxide anion-sensitive fluorescence
dye MitoSOX. The dye incubation was performed in the
absence or presence of the TRPM2 inhibitor ACA. As shown
in Figure 3(a), upper panel, and Figure 3(b), three distinct
cell populations with low, intermediate, or high MitoSOX
fluorescence were apparent. The latter two showed lower cell
sizes as compared to the low-fluorescent population, sug-
gestive of superoxide anion formation-associated cell shrink-
age. Staining of the cells in parallel experimentswith the inner
mitochondrial membrane potential (ΔΨ

𝑚
) specific dye

TMRE indicated dissipation of ΔΨ
𝑚
in most of the shrunken

cells (Figure 3(a), lower panel) suggesting that the vastmajor-
ity of cells with intermediate and highMitoSOX fluorescence
underwent apoptotic cell death.

The low-fluorescent, nonshrunken cell population was
larger and exhibited significant lower superoxide anion for-
mation in Jurkat-Bcl-2 cells as compared to this population in
Jurkat-vector cells (open bars in Figures 3(c) and 3(d), left).
In the low-fluorescent populations, irradiation significantly
increased the superoxide formation only in Jurkat-Bcl-2 cells
to levels which still remained below those of control or
irradiated Jurkat-vector cells (compare open and closed bars
in Figure 3(c)). Importantly, ACA slightly but significantly
(𝑝 ≤ 0.05, ANOVA) decreased superoxide anion formation
in unirradiated (from 20.9 ± 0.21 to 18.2 ± 0.22 relative units,
𝑛 = 4) and irradiated (from 23.8 ± 0.26 to 21.6 ± 0.79 rel.
units, 𝑛 = 4) low-fluorescent Jurkat-Bcl-2 cells while having
no inhibiting effect on superoxide anion formation in low-
fluorescent Jurkat-vector cells (data not shown). IR effects
on the intermediate- or high-fluorescent populations of both
cell clones, in contrast, were not apparent (Figure 3(a)).
ACA markedly decreased the superoxide formation of the
intermediate- or high-fluorescent populations in all control
or irradiated cells (compare Figures 3(a) and 3(b)) resulting in
the disappearance of the high-fluorescent cells (Figure 3(e)).

Combined, these data demonstrate lower mitochondrial
superoxide anion formation in Jurkat-Bcl-2 cells as compared
to Jurkat-vector cells. Only in the former cells, IR induced an
increase in superoxide anion formation. In addition, super-
oxide anion formation was lowered by the TRPM2 inhibitor
ACA in cells of both clones independent of IR stress. This
might suggest a contribution of TRPM2-mediated Ca2+
uptake to mitochondrial ROS formation.

3.3. Ionizing Radiation-Stimulated Ca2+ Uptake: Regulation
by Bcl-2 and Involvement of TRPM2 Channels. To determine
IR-induced changes in TRPM2 activity, irradiated (0 or
5Gy) Jurkat-Bcl-2 and Jurkat-vector cells were whole-cell
recorded in the absence and presence of ACA (Figures 4(a)–
4(c)). The ACA-sensitive current fraction of nonirradiated
cells was higher in Jurkat-vector than in Jurkat-Bcl-2 cells
(compare 1st with 3rd and 5th with 7th bar in Figure 4(c),
resp.) whichmight reflect the observed differences in TRPM2
protein abundance and which is in accordance with the
observed differences in mitochondrial ROS formation. IR
(5Gy) stimulated an increase in the ACA-sensitive currents
predominately in Jurkat-Bcl-2 cells (Figure 4(c)) which again
might be mirrored by the observed IR sensitivity of mito-
chondrial ROS formation exclusively in Jurkat-Bcl-2 cells.
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Figure 1: Ionizing radiation (IR) increases the cation and the Ca2+ conductance of the plasma membrane in human Jurkat T cell leukemia
cells. (a, b) Current density-voltage relationships (I/V curves, a) and conductance densities (b) of Jurkat cells at different time periods (as
indicated) after IR with 0Gy (control, open circles and bar) or 10Gy (closed symbols and bars). Currents were recorded in whole-cell voltage-
clamp mode with K-gluconate/KCl pipette and NaCl bath solution and elicited by 9 voltage square pulses to voltages between −80mV and
+80mV (20mV increments). Conductance densities were calculated for the inward currents as shown by the blue and red line in (a) for
control cells and irradiated cells (2–6 h after IR), respectively. (c, d) I/V curves of control (c) and irradiated Jurkat cells (2–6 h after 10Gy, d)
recorded as in (a) with NaCl bath solutions (circles) or after replacement of Na+ with Ca2+ (squares) or the impermeable cation n-methyl-d-
glucamine (NMDG, triangles). (e) Ca2+ conductance density of control cells (open bar) and irradiated Jurkat cells (2–6 h after 10Gy, closed
bar). The blue and red line in (c) and (d), respectively, show the voltage range used for calculation of the Ca2+ conductance densities. Data
are means ± SE, 𝑛 = 5 for the 46–49 h values in (a) and 𝑛 = 8–15 for all other data. ∗ and ∗∗ indicate 𝑝 ≤ 0.05 and 0.01 as tested by ANOVA
(b) and Welch-corrected 𝑡-test (e), respectively.

In accordance with an IR-induced increase in TRPM2
activity, IR stimulated an ACA-sensitive Ca2+ uptake as
measured by fura-2 Ca2+ imaging using an extracellular
Ca2+ depletion/repletion protocol (Figure 4(d)). In contrast
to the ACA-sensitive basal whole cell currents (Figure 4(b)),
basal (ACA-sensitive) Ca2+ uptake was higher in Jurkat-
Bcl-2 than in Jurkat-vector cells (compare 1st with 5th
bar in Figure 4(e)). Similarly to the whole-cell currents, IR
(5Gy) stimulated a larger Ca2+ uptake in Jurkat-Bcl-2 as
compared to Jurkat-vector cells (compare 2nd with 6th bar
in Figure 4(e)). In the presence of ACA, Ca2+ uptake did not

differ between control and irradiated Jurkat-vector and Jur-
kat-Bcl-2 cells (3rd, 4th, 7th, and 8th bar in Figure 4(e)).
Together, these observations indicated an IR-stimulated Bcl-
2-regulated Ca2+ uptake in Jurkat cells which probably
involves TRPM2 channels.

3.4. Role of TRPM2Channels in Ionizing Radiation-Stimulated
Activation of Ca2+ Effector Proteins Involved in Cell Cycle Ar-
rest. This IR-stimulated Ca2+ uptake might be hazardous for
the cells leading to Ca2+ overflow and subsequent cell death.
In fact, 24 h after IR with 10Gy, some 25% of the Jurkat cells
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Figure 2: T cell leukemia cells functionally express TRPM2 Ca2+-permeable cation channels and TRPM2 expression correlates with that of
the antiapoptotic protein Bcl-2. (a) Dot blot showing the relative mRNA abundances of TRPM2 and Bcl-2 in 178 hematopoietic and lymphoid
tissue cancer cell lines. Data are from the Novartis and Broad Institute Cancer Cell Line Encyclopedia. (b) Immunoblots fromwhole lysates of
irradiated (0, 5, or 10Gy, 4 h after IR) stably transfected control (Jurkat-vector) and Bcl-2-overexpressing (Jurkat-Bcl-2) cells probed against
Bcl-2, TRPM-2, and 𝛽-actin. (c) Current tracings recorded as in Figure 1(a) in Jurkat-Bcl-2 cells with vehicle alone (1st tracings) or in an
unpaired experiment with the TRPM-2 activator ADP-ribose (1𝜇M) in the pipette (2nd–4th tracings).The recordings with ADP-ribose were
performed before (2nd tracings, control), during (3rd tracings, ACA), and after (4th tracings, wash-out) bath application of the TRPM-2
inhibitor n-(p-amylcinnamoyl)-anthranilic acid (ACA, 20𝜇M, zero currents are shown by red lines). (d) I/V curves of the mean whole cell
currents (± SE, 𝑛 = 3) of Jurkat-Bcl-2 cells recorded the absence (left) or presence of the TRPM2-activator ADP-ribose (right) in the pipette
before (open circles) and after bath superfusion with the TRPM2 inhibitor ACA (closed triangles). (e) Single channel characteristics of the
ADP-ribose-stimulated channel. Unitary current transitions were apparent in whole-cell currents tracings as depicted here for −100mV and
+100mV clamp-voltage in the upper panel.The lower panel shows the relationship between unitary current transitions and voltage indicating
a unitary conductance of about 50 pS.
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Figure 3: IR increases mitochondrial superoxide anion formation in Bcl-2-overexpressing cells. (a, b) Dot plots showing forward scatter
and the superoxide anion-selective MitoSOX fluorescence (a, upper panel, and b) as well as the inner mitochondrial membrane potential
ΔΨ
𝑚
-specific TMRE fluorescence (a, lower panel) of Jurkat-vector- (1st and 2nd panels) and Jurkat-Bcl-2 cells (3rd and 4th panels) 6 h after

irradiation with 0Gy (1st and 3rd panels) or 10Gy (2nd and 4th panels). Incubation (10min at 37∘C) with the superoxide anion-sensitive
fluorescence dye was carried out in the absence (a) or presence (b) of the TRPM2 inhibitor ACA (20𝜇M).Three distinct cell populations with
low (black), intermediate (lilac), or high (blue) superoxide anion formation were apparent.Themajority of intermediate and high superoxide
anion-forming cells exhibited a low forward scatter which was associated with dissipation of ΔΨ

𝑚
(a, lower panel). (c) Mean (± SE, 𝑛 = 4)

MitoSOX fluorescence intensity in the low-fluorescent populations of 0Gy- (open bars) or 10Gy-irradiated (closed bars, 6 h after irradiation)
Jurkat-vector- (left) and Jurkat-Bcl-2 cells (right). (d, e) Mean (± SE, 𝑛 = 4) fraction of MitoSOX low-fluorescent (d) and high-fluorescent
Jurkat-vector- (1st, 2nd, 5th, and 6th bars) and Jurkat-Bcl-2 cells (3rd, 4th, 7th, and 8th bars) 6 h after irradiation with 0Gy (open bars) or
10Gy (closed bars).The incubation with the fluorescence dye was carried out in the absence (1st–4th bars) or presence (5th–8th bars) of ACA
(20 𝜇M). ∗∗ and ∗ ∗ ∗ indicate 𝑝 ≤ 0.01 and 𝑝 ≤ 0.001, respectively, ANOVA.
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Figure 4: IR stimulates Ca2+ entry through TRPM2 channels especially in Bcl-2-overexpressing Jurkat cells. (a) Whole-cell current tracings
recorded in Jurkat-Bcl-2 cells irradiated with 0Gy (1st and 2nd tracings) or 5Gy (3rd and 4th tracings, 2 h after IR). Records were obtained
in unpaired experiments as described in Figure 1(a) before (1st and 3rd tracings) and during bath application of the TRPM2 inhibitor ACA
(20 𝜇M, 2nd and 4th tracings). (b) Relationship of the mean (± SE, 𝑛 = 7–10) current density and the voltage recorded as in (a) in Jurkat-
Bcl-2 cells irradiated with 0Gy (open circles) or 5Gy (closed triangles). (c) Mean (± SE, 𝑛 = 6–12) conductance density of control (0Gy,
open bars) and irradiated (5Gy, 2–5 h after IR) Jurkat-vector (left) and Jurkat-Bcl-2 cells (right) recorded as in (a) in the absence or presence
of ACA. Conductance densities were calculated for the outward currents as shown by the blue and red line in (b) for control and irradiated
cells, respectively. (d, e) Mean (± SE, 𝑛 = 197–336) fura-2 340/380 nm ratio (d) and delta fura-2 ratio (e) as measures of cytosolic free Ca2+
concentration and Ca2+ entry in Ca2+-depleted cells, respectively. Ca2+-specific fura-2 fluorescence was recorded by imaging in control (0Gy,
open circles and bars) and irradiated (5Gy, closed triangles and bars, 1.5–5 h after IR) Jurkat-vector and Jurkat-Bcl-2 cells using extracellular
Ca2+ removal/readdition protocol. Ca2+ readdition was performed in the absence (vehicle) or presence of ACA (20𝜇M). ∗ ∗ ∗ indicates
𝑝 ≤ 0.001, ANOVA.
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Figure 5: IR induces Ca2+ signaling and a G
2
/M cell cycle arrest in Jurkat cells. (a) Dot plot recorded by flow cytometry showing the Ca2+-

specific fluo-3 fluorescence intensity in dependence on side scatter of Jurkat cells 24 h after IR with 0Gy (grey) or 10Gy (red). (b) Mean (±
SE, 𝑛 = 4) percentage of control and irradiated Jurkat cells with high cytosolic free Ca2+ concentrations (determined by fluo-3 fluorescence
in flow cytometry as described in (a), ∗∗ indicates 𝑝 ≤ 0.01, Welch-corrected 𝑡-test). (c) Immunoblots from whole lysates of irradiated (0
or 5Gy, 4 h after IR) Jurkat cells probed against phosphorylated and total Ca2+/CaM-dependent kinase II (CaMKII) isoforms, against the
phosphorylated and total phosphatase cdc25b, the phosphorylated cell division cycle protein 2 (cdc2), and 𝛽-actin for loading control. (d)
Flow cytometry histogram depicting the fluorescence intensity of the DNA-specific dye propidium iodide (PI) in Jurkat cells 24 h after IR
with 0 (black) or 5Gy (red).

exhibited a highly increased free[Ca
2+
]i as deduced fromfluo-

3 flow cytometry (Figures 5(a) and 5(b)). Ca2+ uptake might
also contribute to Ca2+ signaling that is required for DNA
damage response of the irradiated T cell leukemia cells. IR
(5Gy) stimulated autophosphorylation and activation of
Ca2+/calmodulin-dependent protein kinase II (CaMKII) iso-
forms and phosphorylation-dependent inactivation of the
CaMKII downstream target cdc25b as suggested by immun-
oblotting (Figure 5(c)). Inactivation of the phosphatase
cdc25b was parallel by radiation-induced phosphorylation-
dependent inactivation of the cdc25b substrate cdc2

(Figure 5(c)). This might hint to an involvement of Ca2+
effector proteins such as CaMKII in G

2
/M arrest as observed

in PI flow cytometry 24 h after IR (5Gy, Figure 5(d)).
To confirm an involvement of TRPM2 and CaMKII in

the stress response of Jurkat cells, Jurkat-Bcl-2 and Jurkat-
vector cells were irradiated (0 or 5Gy) and postincubated
in the presence or absence of the TRPM2 inhibitors ACA
or clotrimazole [38, 39] and kinase activities of the CaMKII
isoforms and cdc2 and cell cycle distribution and cell death
were analyzed by immunoblotting and PI flow cytometry, 4 h
and 24 after IR, respectively. ACA decreased the basal and
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radiation-induced abundance of phosphorylated CaMKII
in Jurkat-Bcl-2 and Jurkat-vector cells (Figure 6(a), 1st and
2nd blot). Most importantly, ACA blocked the radiation-
induced phosphorylation-dependent inactivation of cdc2 in
both genotypes (Figure 6(a), 3rd blot) suggesting a functional
significance of ACA-sensitive Ca2+ entry for G

2
/M cell cycle

arrest. Accordingly, ACA and clotrimazole decreased the
number of irradiated cells arrested in G

2
/M (Figures 6(b)–

6(e)) and increased the number of dead cells. ACA- and
clotrimazole-induced cell death was more pronounced in
irradiated Jurkat-vector than in Jurkat-Bcl-2 cells (subG

1

population, Figures 6(b)–6(e)).
Finally, the function of TRPM2 in radiation-induced G

2
/

M arrest of Jurkat cells was directly tested by TRPM2 knock-
down. Transfection of Jurkat-vector cells with TRPM2 siRNA
resulted in downregulation of TRPM2 protein level as com-
pared to nontargeting (nt) RNA-transfected cells (Figure 6(f),
insert). Transfected Jurkat cells were irradiated (0 or 5Gy)
and G

2
/M arrest and cell death analyzed 24 h thereafter.

TRPM2 knock-down exerted small but significant effects
on radiation-induced G

2
/M arrest and cell death mimicking

those of ACA and clotrimazole (Figure 6(f)).

3.5. Regulation of TRPM2-Mediated Ca2+ Influx byMitochon-
dria and Bcl-2. ADP-ribose is liberated in the mitochondria
from, for example, NAD-dependent deacetylation intermedi-
ates, from mono- or polyADP-ribosylated proteins, or from
NAD+, and released into the cytosol [19]. Oxidative and
nitrosative stress have been demonstrated to stimulate the
mitochondrial release of ADP-ribose into the cytosol which
in turn activates TRPM2 channels in the plasma membrane
resulting in Ca2+ entry and depolarization of the membrane
potential [16]. Since an elevated free[Ca

2+
]i may disinhibit the

respiration change leading to ΔΨ
𝑚

hyperpolarisation and
superoxide anion formation and, eventually, to mitochon-
drial Ca2+ overload and ΔΨ

𝑚
dissipation, TRPM2 activation

has been proposed to amplify signals that trigger cell death
(for review see [27]).

The present study demonstrates that irradiated human T
cell leukemia cellsmay utilize the TRPM2 “death channel” for
prosurvival Ca2+ signaling. Noteworthy, IR-induced TRPM2
currents and Ca2+ entry were larger in cells overexpressing
Bcl-2 pointing to a crosstalk between Bcl-2 in the ER and
outer mitochondrial membrane and TRPM2 in the plasma
membrane. The correlation between TRPM2 and Bcl-2
mRNA abundances in a panel of lymphohematopoietic can-
cer cell lines (see Figure 2(a)) further suggests a functional
interdependence between both proteins.

In some cell models, Bcl-2-overexpressing cells have been
proposed to counteract the Bcl-2-mediated Ca2+ leakage
from the stores by downregulating Ca2+ uptake through the
plasma membrane (for review see [19]). In line with such
compensatory mechanism might be the observation of the
present study that Bcl-2-overexpressing Jurkat cells exhibited
under basal conditions lower TRPM2 protein abundance,
smaller ACA-sensitive currents in patch-clamp whole-cell
recordings than the control vector-transfected cells (see
Figure 2(b)).

In intact cells (i.e., in fura-2 Ca2+ imaging experiments,
see Figure 4(e)), however, a basal ACA-sensitive Ca2+ uptake
fraction was only apparent in Bcl-2-overexpressing cells sug-
gestive of a TRPM2 inactivity in control cells under resting
conditions. Compared to control cells, the more sustained
Ca2+ uptake in Bcl-2-overexpressing cells (see Figures 4(d)
and 4(e)) suggests that Bcl-2 overexpression might be asso-
ciated with a set-point shift of the resting free[Ca

2+
]i towards

higher levels. Fura-2 Ca2+ imaging and fluo-3 flow cytometry
recordings of the present study indeed demonstrated a
higher basal free[Ca

2+
]i in constitutively and inducibly Bcl-2-

overexpressing Jurkat cells as compared to the respective
control cells (see Supplementary Figure A, in Supplementary
Material available online at http://dx.doi.org/10.1155/2016/
8026702). Elevated free[Ca

2+
]i levels reportedly facilitate

TRPM2 activation by ADP-ribose [40]. The observed basal
ACA-sensitive Ca2+ uptake that occurred exclusively in Bcl-
2-overexpressing cells might, therefore, be simply explained
by a higher basal free[Ca

2+
]i in Bcl-2-overexpressing as com-

pared to control cells.
Noteworthy, despite higher basal free[Ca

2+
]i, Bcl-2-over-

expressing cells exhibited lower basal mitochondrial ROS
formation than control cells (see Figure 3(c)) suggestive of
a Bcl-2-mediated protection of mitochondrial superoxide
anion formation. As amatter of fact, a direct promoting func-
tion of mitochondrial superoxide anion formation has been
attributed to the Bcl-2 opponent Bax in neuronal cells [41].

3.6. Rearrangements of the Ca2+ Signalosome in Tumor Cells:
Functional Significance for Cell Cycle Control and Stress
Response. In many tumor entities rearrangements of the
Ca2+ signalosome have been reported. In prostate cancer, for
instance, malignant progression is reportedly accompanied
by TRPM8-mediated Ca2+ store depletion and downregula-
tion of store-dependent Ca2+ entry across the plasma mem-
brane. In exchange, TRP channels such as TRPV6 are upreg-
ulated in the plasma membrane of advanced prostate cancer
cells which have been proposed to generate in concert with
IKK+ channels survival and growth factor-independent Ca2+
signaling (for review see [42]).

In the present study, IR stimulated the ACA-sensitive
currents of Jurkat cells in patch-clamp recordings and the
ACA-sensitive Ca2+ uptake in fura-2 imaging experiments
suggesting an IR-induced increase in TRPM2 activity. IR-
induced modifications of ion channel activity have been
reported in different tumor entities where they contribute to
stress evasion [43], glucose fueling [44, 45], cell cycle control
[46, 47], or radioresistance [48].

The p53-mutated Jurkat cells [49] accumulate in G
2
M

cell cycle arrest upon IR-mediated DNA damage (see
Figure 5(d)).The proposed IR-stimulated Ca2+ entry through
TRPM2 channels most probably contributed to the G

2
M

cell cycle arrest. This was evident from the observation of
the present study that two nonspecific TRPM2 inhibitors or
TRPM2 knock-down decreased the number of cells accu-
mulating in G

2
and increased the number of dead cells (see

Figure 6). One might speculate that TRPM2 inhibition or
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Figure 6: Ca2+-signaling via ACA-sensitive Ca2+ entry contributes to IR-induced G
2
/M cell cycle arrest and decreases IR-induced cell death

of Jurkat cells. (a) Immunoblots from whole lysates of irradiated (0 or 5Gy, 4 h after IR) Jurkat-vector and Jurkat-Bcl-2 cells probed against
phospho-CaMKII and total CaMKII isoforms, against phospho-cdc2, and against 𝛽-actin. Cells were irradiated and postincubated in the
presence of ACA (0 or 20𝜇M). (b, d) Histograms showing the DNA-specific PI fluorescence intensity of irradiated (5Gy, 24 h after IR) Jurkat-
vector cells pre- (0.25 h) and postincubated (24 h) with 0 𝜇M (black) or 20 𝜇MACA (red) in (b) or 0𝜇M (black) or 20 𝜇M clotrimazole (CLT,
red) in (d). (c, e)Mean (± SE, 𝑛 = 9–12) percentage of irradiated (0Gy, open bars, or 5Gy, closed bars) andACA- in (d) orCLZ- in (e) (both 0 or
20 𝜇M) cotreated Jurkat-vector and Jurkat-Bcl-2 cells arrested inG

2
phase of cell cycle (upper line) or belonging to the dead cells accumulating

in the subG
1
population (lower line). (f) Knock-down of TRPM2 by RNA interference mimics the effect of ACA. Electroporation with

TRPM2-specific siRNA decreases the TRPM2 protein abundance in Jurkat-vector cells to about a half of that of nontargeting RNA- (nt RNA-)
transfected control cells as analyzed by TRPM2 and 𝛽-actin immunoblots, 48 h after electroporation (insert, mock: electroporation without
RNA). Lower line: mean (± SE, 𝑛 = 3–6) percentage of irradiated (0Gy, open bars, or 5Gy, closed bars, 24 h after IR) in G

2
/M arrest (left) or

in subG
1
population as analyzed by PI staining and flow cytometry as shown in (b, d). Cells were either mock-electroporated or transfected

with nt RNA or TRPM2-specific siRNA. Mock and nt RNA data did not differ and were pooled. ∗ and ∗∗∗ indicate 𝑝 ≤ 0.05 and 𝑝 ≤ 0.001,
ANOVA, respectively.
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knock-down overrides G
2
M cell cycle arrest and forces cells

with unrepaired DNA damage into mitosis.
This scenario is strengthened by the observation that IR

promoted the free[Ca
2+
]i-dependent phosphorylation of

CaMKIIs and their downstream targets cdc25b and cdc2 in an
ACA-sensitive manner (see Figures 5(c) and 6(a)). CaMKIIs
phosphorylate and thereby inactivate the phosphatase cdc25b
which results in accumulation of the phosphorylated, inactive
formof themitosis promoting factor subunit cdc2 [47]. Com-
bined, these observations suggest that IR-dependent TRPM2
activation contributes to Ca2+ signals that are able to induce
autophosphorylation and thereby activation of CaMKIIs.

Likewise, irradiated human myeloid leukemia cells have
been shown to generate Ca2+ signals by the concerted action
of TRPV5/6 and Kv3.4 K+ channels in the plasmamembrane.
These Ca2+ signals program G

2
M cell cycle arrest similarly

to proposed mechanism of the present study via CaMKIIs,
cdc25b, and cdc2 [46, 47]. K+ channel activity in close
vicinity to Ca2+ entry pathways maintains a high inwardly
directed driving force for Ca2+ and, thus, is indispensable for
robust Ca2+ signals. In analogy to the leukemia cells [47], IR
induced the coactivation of IK K+ channels in the plasma
membrane of Jurkat cells (see supplementary Figure B). This
points to both a common signaling in irradiated myeloid
and lymphoblastic leukemia cells and the possibility that
functionally equivalent Ca2+ signals can be generated during
DNA damage response by different sets of TRP and K+
channels in the plasma membrane.

3.7. Conclusions. Plasma membrane TRPM2 channels have
been attributed tumor suppressor function in several tumor
entities.TheCa2+ signalosome of human T cell leukemia cells
comprises TRPM2 channels that are activated during DNA
damage response. In particular, irradiated Jurkat cells utilize
TRPM2 to control theG

2
/M cell cycle arrest probably via acti-

vation of the Ca2+ effector protein CaMKII and subsequent
inhibition of cdc25b and cdc2.The antiapoptotic protein Bcl-
2 in the ER or outer mitochondrial membrane even fosters
TRPM2 activity presumably by inducing higher free[Ca

2+
]i

levels and decreases at the same time mitochondrial ROS
formation. By doing so, Bcl-2-overexpressing cells may har-
ness TRPM2-generated Ca2+ signals without running into
the risk of hazardous mitochondrial ROS formation. Thus,
Bcl-2 function onmitochondrial integrity and stress-induced
TRPM2-mediated Ca2+ signaling cooperate in resistance to
radiation therapy in T cell leukemia cells.
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Oxidative stress might contribute to the occurrence of cancers, including the hematological ones. Various genetic polymorphisms
were shown to increase the quantity of reactive oxygen species, a phenomenon that is able to induce mutations and thus promote
cancers. The purpose of the study was to evaluate the association between CAT C262T, GPX1 Pro198Leu, MnSOD Ala16Val,
GSTM1, GSTT1, and GSTP1 Ile105Val gene polymorphisms and acute myeloid leukemia risk, in a case-control study comprising
102 patients and 303 controls. No association was observed between AML and variant genotypes of CAT, MnSOD, GSTM1, and
GSTT1 polymorphisms. Our data revealed a statistically significant difference regarding the frequencies of GPX1 Pro198Leu and
GSTP1 Ile105Val variant genotypes between AML patients and controls (𝑝 < 0.001). Our results showed no association in the
distribution of any of the CAT C262T, GPX1 Pro198Leu, GSTM1, GSTT1, and GSTP1 polymorphisms regarding age, gender, FAB
subtype, cytogenetic risk groups, FLT3 and DNMT3 gene mutations, and overall survival. Our data suggests that the presence of
variant allele and genotype of GPX1 Pro198Leu and GSTP1 Ile105Val gene polymorphisms may modulate the risk of developing
AML.

1. Introduction

Acute myeloid leukemia (AML) is a complex disease char-
acterized by the accumulation of blasts in the bone marrow
and uncontrolled proliferation, in which excess production of
oxygen derived radicals compromises the antioxidant defense
system thereby leading to oxidative stress [1]. Excessive

cellular reactive oxygen species (ROS) or deficiencies in
antioxidant defenses are generators of oxidative stress [2],
and as previously demonstrated, tumor cells show higher
susceptibility to oxidative stress, compared to normal cells.

Oxidative stress has been frequently observed in cancer
and was also reported in several hematopoietic malignancies
including acute lymphoblastic leukemia [3], acute myeloid
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leukemia [4], myelodysplastic syndrome (MDS), and chronic
myeloid leukemia (CML) [5].

Elevated and persistent ROS levels produce oxidative
DNA damage and lead to single-stranded and double-
stranded DNA breaks, thus promoting mutagenesis [2].

According to Udensi and Tchounwou, ROS may lead
to cancer development by causing gene mutations and/or
chromosomal aberrations [6]. Increased production of ROS
can lead to acquisition of genomic changes, thereby pro-
ducing genomic instability. This environment can sustain
tumor formation and disease progression [7, 8]. Sallmyr et
al. suggested that FLT3/ITD mutations (FMS-like tyrosine
kinase 3, internal tandem duplications) in acute myeloid
leukemia (AML) result in ROS production [7].This may lead
to DNA damage and defective repair mechanisms in myeloid
leukemia, besides additional chromosomal aberrations and
gene mutations.

The antioxidant defense system includes MnSOD (man-
ganese superoxide dismutase), GPX (glutathione peroxi-
dase), and catalase (CAT) which inactivate ROS [1, 9].

Manganese superoxide dismutase (MnSOD), an antiox-
idant enzyme, has a critical role in protecting cells against
oxidative stress by eliminating superoxide radicals after their
conversion to H

2
O
2
and oxygen [5, 10, 11].

Several MnSOD polymorphisms were found to cause an
increased superoxide dismutase activity and increased H

2
O
2

(hydrogen peroxide) quantities that may produce high levels
of ROS, which if not subsequently neutralized represent
contributing factors to the neoplastic transformation of cells
[5, 12].

Glutathione peroxidase (GPX1), an antioxidant defense
enzyme, detoxifies hydrogen peroxide into water and oxygen
[13]. It has been reported that GPX1 gene polymorphism
(GPX1 Pro198Leu) is associated with decreased enzyme
activity, thereby conferring an increased risk of developing
cancer in Caucasians [14].

Catalase (CAT), an important enzyme of the antioxidant
system, converts H

2
O
2
to water and molecular oxygen [15].

The expression of catalase is influenced by gene polymor-
phisms, which may lead to differences in susceptibility of
individuals to oxidative damage caused by ROS [15]. Accord-
ing to an up-to-date meta-analysis performed by Shen et al.,
CAT C262T polymorphism may be a risk factor for cancer,
with cancer type-specific effects [16].

Glutathione S-transferase (GST) enzymes are involved
in the metabolism and detoxification of a wide variety of
oxidative stress products, xenobiotics, and carcinogens [3].

Glutathione S-transferases (GSTs), phase II metabolizing
enzymes, are encoded by GST genes and have an important
role in cellular defense and therefore in protecting tissues
against oxidative damage [5, 17].

GST gene polymorphisms are associatedwith deficiencies
in enzyme activity and have been implicated in susceptibility
to acute leukemia, but study results are still controversial [4,
18, 19].

To the best of our knowledge, even though the role of
oxidative stress and GSTM1, GSTT1, GSTP1, CAT, and GPX1
as well as MnSOD2 in the pathogenesis of cancer have been
previously investigated, no studies on the association of all

these six polymorphisms with acute myeloid leukemia have
been previously published.

The purpose of the study was to investigate possible asso-
ciations between glutathione S-transferases (GSTM1, GSTT1,
and GSTP1), superoxide dismutase (MnSOD Ala16Val),
glutathione peroxidase (GPX1 Pro198Leu), catalase (CAT
C262T) gene polymorphisms, and AML susceptibility in a
Romanian population.

2. Material and Method

2.1. Patients and Controls. The research was conducted at
the Department of Genetics, University of Medicine and
Pharmacy of Targu Mures. The study group consisted of 102
unrelated AML patients (46 males and 56 females; mean age
51.70 ± 16.761 SD, standard deviation, years) and 303 (174
males and 129 females; mean age 46.46 ± 14.501 SD years)
unrelated healthy controls with no known malignancies.

The patients were diagnosed with AML according to
French-American-British (FAB) subtype and also according
to WHO standards [20, 21] at the Hematology Clinics from
TarguMures, Romania, between 2010 and 2013. AMLpatients
were stratified by French-American-British (FAB) subtype as
follows: 9 M0, minimally differentiated AML (8.8%); 25 M1,
AML without maturation (24.6%); 26 M2, AML with matu-
ration (25.5%); 3 M3, acute promyelocytic leukemia (2.9%);
19M4, acute myelomonocytic leukemia (18.6%); 15M5, acute
monocytic leukemia (14.7%); 1 M6, erythroleukemia (0.9%);
and 4 M7, megakaryoblastic leukemia (3.9%).

Based on WHO 2008 standards and available data, AML
cases included in the present study were classified as follows:
14 AML with recurrent cytogenetic anomalies (13.72%), 9
AML dysplasia related (8.82%), 0 myeloid neoplasia therapy
related (0%), 0 myeloid sarcoma (0%), 0 myeloid prolif-
erations Down syndrome related (0%), and 79 AML not
otherwise specified (77.45%).

Regarding the cytogenetic risk group, favorable group
comprised 10 AML patients (9.9%) and intermediate risk
group comprised 66 cases (64.7%) while unfavorable (or high
risk) cytogenetic group comprised 12 patients (11.7%).

For induction treatment, the standardized protocol con-
sisting of a combination of anthracycline and cytarabine-ara
(Ara-C) in the well-known 7 + 3 days’ protocol was used.
The anthracycline used was daunorubicin or idarubicin. Ara-
C was administered as a bolus every 12 hours or continuous
infusion over 7 days. All the transretinoic acid (ATRA) was
administered in patients with a diagnosis of acute promye-
locytic leukemia (APL). In AML, intensive consolidation was
used, the standard dose for consolidation being 1.5 g/m2 every
12 hours. Reduced intensity conditioning was used in some
cases in patients above 60 years of age or in those with poor
performance (due to the associated diseases) before the start
of chemotherapy.

Both patients and healthy controls were from the central
region of Romania. AML cases were followed-up till their
death or the beginning of 2015. From the investigated AML
patients, 57 cases achieved complete remission (CR) from
which 31 relapsed, 23 attained partial remission (PR), and 21
were refractory to treatment.
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2.2. Genotyping Procedures. Fresh whole blood samples were
collected at the time of diagnosis in tubes containing ethylene
diamine triacetic acid (EDTA). Genomic DNA was extracted
usingQuick-gDNAMiniPrep kits (ZymoResearch, USA) and
Wizard Genomic DNA Purification kits (Promega, Madison,
WI, USA) according to the manufacturers’ instructions.

FLT3 (fms-like tyrosine kinase 3) and DNMT3A (DNA
methyltransferase)mutationswere assessed using PCR-based
methods in all AMLpatients, as previously described [22, 23].

CAT C262T, GPX1 Pro198Leu, MnSOD Ala16Val, and
GSTP1 Ile105Val polymorphisms were genotyped by poly-
merase chain reaction and restriction fragment length poly-
morphism (PCR-RFLP) methods as previously described
with minor modifications to the PCR protocol and digestion
step for superoxide dismutase gene which consisted of expos-
ing PCR amplicons obtained byThermo Scientific FastDigest
HaeIII (BsuRI) for 20 minutes [15, 24–26].

Genotyping of the GSTM1 and GSTT1 polymorphisms
was carried out by multiplex polymerase chain reaction as
described by Sharma et al. [27].

2.3. Statistical Analysis. Nominal variables were described
as absolutes and relative frequencies (%) and the associa-
tion between them was analyzed by Pearson’s Chi-square
test or Fisher’s Exact Test. The size effect for statistically
significant associations was expressed as an odds ratio (OR)
with 95% confidence interval associated. Each polymor-
phism of interest was analyzed univariately as a possible
predictor for AML using simple binary logistic regression.
The independent effect of a polymorphism was tested using
multiple binary logistic regression. Multivariable model was
defined considering all exogenous variables whose estimated
significance level in univariate logistic regression was 𝑝 <
0.25, the polymorphism’s effects being adjusted for possible
confounders (gender variable).The best predictivemodel was
chosen comparing nested models based on Akaike informa-
tion criterion (AIC), Bayesian information criterion (BIC),
and Likelihood Ratio Test (LR). All the regression models
were additive models that resulted from no significance of
interaction terms.

The performance of the final logistic model was evaluated
with respect to goodness of fit (Nagelkerke 𝑅2 coefficient,
Brier score), discrimination (predictive and classificatory
ability) [28], and calibration aspects [29]. Discrimination was
established using 𝑐-index which is equal to the area under
receiver operating characteristic curve (AUC), while Somers’
𝐷 index, discrimination slope, and calibration were analyzed
by graphical representation of the concordance between
predicted model probabilities and observed proportions of
criterion variable. The unreliability index (𝑈), quality index
(𝑄), maximal error, and mean squared error were used
for measuring model miscalibration. In order to assess the
reproducibility of the logistic model we performed internal
validation by bootstrap resampling method [30]. Using 1000
bootstrap resamples, we calculated unbiased optimism cor-
rected for all estimates of model performance indices.

The Kaplan-Meier estimates were determined for each
polymorphism and survival distributions were compared
using DeLong test.

The level of statistical significance for all two-sided tests
was set at 𝑝 < 0.05.

Statistical analysis was performedwith the R software ver-
sion 3.1.3 (R Foundation for Statistical Computing, Vienna,
Austria) using rms libraries.

The study protocol was approved by the Ethics Commit-
tees of theUniversity ofMedicine and Pharmacy TirguMures
and informed consents were signed by the patients.

3. Results

FLT3mutations were found in 24AML cases while DNMT3A
mutations were identified in 12 patients. The frequency of
CAT 262T allele in AML cases was 25.9% while in controls it
was 26.5% (𝑝 = 9.269). The frequency of GPX1 198Leu allele
was significantly higher in AML cases (83.3%) compared
to healthy controls (57.2%) (𝑝 < 0.0001, OR = 3.707, and
95%CI: 2.48–5.541). Variant allele frequencies of theMnSOD
Ala16Val polymorphism in case and control groups were
47.3% and 54.5%. The frequency of variant GSTP1 105Val
allele was 33.8% in AML group and 26.9% in control group.
There was a significant difference between distributions of
GSTP1 Ile105Val allele frequencies in AML group and control
subjects (𝑝 < 0.0001, OR = 2.357, and 95% CI: 1.649–3.368).
In AML patients, the frequencies of GSTM1 and GSTT1 null
genotypes were 57.8% and 23.5%, respectively. The genotype
distributions of CAT, GPX, MnSOD, GSTP1, GSTM1, and
GSTT1 gene polymorphisms in AML cases and controls are
shown in Table 1.

There were no significant differences between variant
genotype and AML risk for CAT C262T (Chi-square test,
𝜒
2
= 0.03, df = 2, and 𝑝 = 0.985),MnSOD2 (Chi-square test,
𝜒
2
= 4.022, df = 2, and 𝑝 = 0.134), GSTM1 (Chi-square test,
𝜒
2
= 0.026, df = 1, and 𝑝 = 0.873), and GSTT1 (Chi-square

test, 𝜒2 = 0.339, df = 1, and 𝑝 = 0.560) polymorphisms.
Our data revealed a statistically significant difference

regarding the frequencies of GPX1 Pro198Leu genotypes
between AML patients and controls (Chi-square test, 𝜒2 =
62.399, df = 2, and 𝑝 < 0.001).

Also, a significant difference in the frequency of GSTP1
Ile105Val variant genotype was found between AML group
and controls (Chi-square test, 𝜒2 = 27.606, df = 2, and 𝑝 <
0.001).

The distribution of investigated polymorphisms’ com-
bined variant (heterozygous and homozygous) genotype in
AML patients stratified by age, gender, FAB subtype, cytoge-
netic risk group, and FLT3 and DNMT3A mutations criteria
is presented in Table 2.

Presence of the variant genotype of CAT C262T, GPX1
Pro198Leu, MnSOD Ala16Val, and GSTP1 Ile105Val, as well
as null GSTM1 and GSTT1 genotype in AML group was
further analyzed in relation to gender and age. There was
no significant difference regarding the variant genotype
according to gender and age in AML patients (𝑝 > 0.05 for
all these comparisons).

Furthermore, genotype frequencies for all six gene poly-
morphisms were compared with French-American-British
(FAB) subtype and cytogenetic risk group.
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Table 1: Distribution of CAT, GPX,MnSOD, GSTP1, GSTM1, and GSTT1 genotypes among AML patients and controls.

Polymorphism AML patients
𝑛 (%)

Controls
𝑛 (%)

𝑝 value, OR (95% CI)
AML versus controls

CAT C262T
CC 55 (53.9) 161 (53.1) Reference
CT 41 (40.2) 123 (40.6) 0.985, 0.98 (0.61–1.56)
TT 6 (5.9) 19 (6.3) 0.985, 0.92 (0.35–2.43)
CT + TT 47 (46.1) 142 (46.9) 0.89, 0.969 (0.618–1.519)

GPX1 Pro198Leu
Pro/Pro 3 (2.9) 34 (11.2) Reference
Pro/Leu 28 (27.5) 190 (62.7) 0.588, 1.670 (0.480–5.80)
Leu/Leu 71 (69.6) 79 (26.1) <0.0001, 10.186 (2.997–34.622)
Pro/Leu + Leu/Leu 99 (97.1) 269 (88.8) 0.012, 4.171 (1.252–13.886)

MnSOD Ala16Val
Ala/Ala 24 (23.5) 54 (17.8) Reference
Ala/Val 60 (58.8) 168 (55.4) 0.464, 0.803 (0.457–1.413)
Val/Val 18 (17.6) 81 (26.7) 0.074, 0.50 (0.248–1.009)
Ala/Val + Val/Val 78 (76.5) 249 (82.2) 0.206, 0.705 (0.409–1.214)

GSTP1 Ile105Val
Ile/Ile 39 (38.2) 205 (67.7) Reference
Ile/Val 57 (55.9) 88 (29.0) <0.001, 3.405 (2.111–5.491)
Val/Val 6 (5.9) 10 (3.3) 0.0393, 3.154 (1.083–9.183)
Ile/Val + Val/Val 63 (61.8) 98 (32.3) <0.0001, 3.379 (2.120–5.386)

GSTM1
Present 43 (42.2) 125 (41.3) Reference
Null 59 (57.8) 178 (58.7) 0.873, 0.964 (0.612–1.518)

GSTT1
Present 78 (76.5) 240 (79.2) Reference
Null 24 (23.5) 63 (20.8) 0.56, 1.172 (0.686–2.002)

No association was found between FAB subtype and
some of the investigated gene polymorphisms, namely, CAT
C262T, GPX1 Pro198Leu, GSTP1 Ile105Val, GSTM1, and
GSTT1. A positive association was obtained betweenMnSOD
Ala16Val variant heterozygous and homozygous genotype
and FAB subtype (𝑝 = 0.014), precisely acute monocytic
leukemia (M5).

In the case of cytogenetic classification according to the
risk group, it was not associated with variant genotype of the
investigated gene polymorphism (𝑝 > 0.5 for all comparisons
performed).

Furthermore, we analyzed whether there are any asso-
ciations between DNMT3A and FLT3 gene mutations and
investigated gene polymorphisms in AML patients. We
observed no significant differences (𝑝 > 0.05) between
AML patients with DNMT3A or FLT3 gene mutations and
variant genotype in the case ofCAT C262T, GPX1 Pro198Leu,
MnSOD Ala16Val, GSTP1 Ile105Val, GSTM1, and GSTT1.

We also investigated if there are any associations between
AML patients’ outcome and different parameters such as
DNMT3A, FLT3 gene mutations, and variant genotypes of
all investigated polymorphisms. Only FLT3 gene mutations

were associated with patient outcome (Pearson Chi-Square
test, 𝑝 = 0.011). In addition, from multinomial logistic
regression, the presence of FLT3 mutation was a predictor
only for relapse (𝑝 = 0.005, OR = 4.95, 95% CI: 1.63–15.06,
and reference category = CR) not for PR (𝑝 = 0.451, OR =
1.60, 95% CI: 0.47–5.45, and reference category = CR).

In addition, we analyzed the frequency of combined
variant genotypes of CAT C262T, GPX1 Pro198Leu, MnSOD
Ala16Val, GSTP1 Ile105Val,GSTM1, andGSTT1 in AML cases
and controls.

Taking into account the observed frequencies of different
combined genotypes of the investigated polymorphisms in
relation to the number of variant genotypes, we tested the
hypothesis of leukemia association with the presence of more
than two variant genotypes. Our data revealed an association
between the presence of leukemia and the presence of more
than two variant gene polymorphisms (Chi-square test, 𝜒2 =
12.16, df = 4, and 𝑝 = 0.016).

In case of the presence of 3 variant genotypes in our AML
patients, the crude OR was 2.45 (95% CI crude OR: 1.23–
4.88), in case of 4 variant genotypes the crude OR was 1.79
(95% CI crude OR: 0.89–3.60), in case of 5 variant genotypes
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Table 3: The effect of predictors on outcome variable (results from
univariate logistic regression).

Variables Statistics 𝑍 𝑝
∗ Crude OR 95% CI for

crude OR
Gender 2,152 0,031 1,64 1,05–2,58
CAT262 −0,138 0,89 0,97 0,62–1,52
MnSOD2 −1,260 0,208 0,70 0,41–1.21
GPX198 2,328 0,02 4,17 1,25–13,88
GSTM1 −0,160 0,873 0,96 0,61–1,52
GSTT1 0,582 0,561 1,17 0,69–2,00
GSTP1 5,118 <0,001 3,38 2,12–5,39
∗Wald’s test crude𝑝 values; reference categories: gender =women; CAT262 =
normal; SOD2 = normal; GPX198 = normal; GSTM1 = present; GSTT1 =
present; GSTP1 = present.

Table 4: The final multivariate logistic model.

Variables 𝑏∗ SE 𝑝
+ Adjusted

OR
95% CI for
adjusted OR

Gender 0,41 0,24 0,092 1,5 0,94–2,41
SOD2 −0,38 0,29 0,196 0,69 0,39–1,22
GPX198 1,09 0,63 0,081 2,98 0,88–10,15
GSTP1 1,12 0,24 <0,0001 3,08 1,92–4,94
Constant −2,54 0,67 0,0001 0,08 0,02–0,26
∗Estimated unstandardized regression coefficients; SE = standard error;
+Wald’s test adjusted 𝑝 value.

the crude OR was 2.72 (95% CI crude OR: 1.20–6.19),
and in case of 6 variant genotypes the crudeORwas 5.79 (95%
CI crude OR: 1.63–20.52).

The level of statistical significance of the estimated regres-
sion coefficient associated with each of the independent
variables was estimated by univariate logistic regression and
is described in Table 3. A statistically significant dependency
relation was observed between three variables and leukemia
(𝑝 < 0.05).

Table 4 presents the final logistic model, considered the
best predictor of leukemia, consistent with the concerning
data. From the set of all considered predictors, only GSTP1
Ile105Val polymorphism can be considered an independent
predictor or an independent risk factor for leukemia (𝑝 <
0.0001) while GPX1 Pro198Leu and patient gender had a
positive effect on the risk of leukemia but only with a
tendency towards statistical significance (𝑝 = 0.09; 𝑝 = 0.08,
resp.).

Figure 1 points out the intensity of the relation between
model predictors (gender,GPX198, andGSTP1) and presence
of AML leukemia, the existence of such a relationship being
highlighted by a significance level of 0.05 and 0.10.

The model goodness-of-fit indices showed acceptable
data fit, the discrimination indices revealed that the model
had a good capacity to differentiate between AML subjects
and healthy persons, the values close to zero ofmiscalibration
indices showed a well-calibrated nomogram, and the internal
validation procedure demonstrated the stability of selection
of independent variables (Table 5).

0.1 0.5 1.0 1.5 4.0 12.0

Gender—1:0

SOD2—1:0

GPX198—1:0

GSTP1—1:0

Figure 1: Graphical representation of estimated effects (OR) and
associated confidence interval for each factor. Note: black = 90%
confidence interval of multivariable adjusted OR; grey = 95%
confidence interval of multivariable adjusted OR; 0 = reference
category; 1 = variant category.

In Figure 2, the calibration graph suggested a predictive
model with an acceptable level of concordance between
predicted and observed probabilities.

4. Discussion

Certain genetic disorders, environmental carcinogens,
physical (ionizing radiation) and chemical exposure,
and chemotherapy may lead to acute myeloid leukemia,
a heterogeneous disease [18, 31]. Sustained environmental
stressmay lead to overproduction of ROS and thus significant
cell damage and occurrence of somatic mutations. This in
turn favors the neoplastic transformation. MnSOD2, GPX,
and CAT enzymes are involved in the prevention of DNA
damage by ROS [32]. It was reported that MnSOD2, GPX,
and CAT gene polymorphisms decrease the enzymatic
activity and therefore may increase the risk of cancer by
inducing oxidative DNA damage [14, 33].

Also, GST gene polymorphisms were associated with a
decreased capacity of detoxification for certainmutagens and
carcinogens [34].

In the present study, we investigated the oxidative stress
enzyme polymorphisms on AML risk in a Romanian popu-
lation, from the country’s central region.

GST gene polymorphisms have been extensively studied
in AML and GSTM1 and GSTT1 null genotypes have been
found to increase the risk of AML in both Caucasians and
Asians [4, 17, 18, 35, 36].

In the current study, we observed no significant dif-
ferences between distributions of GSTM1 and GSTT1 null
genotypes in patients with AML and controls. Similar results
were found when we analyzed combined GSTM1 and GSTT1
null genotypes. Therefore, we may consider that GSTT1 and
GSTM1 null genotypes are not associated with the risk of
AML in Romanian patients. Our findings are similar to those
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Table 5: Assessment of final model fit.

Performance measure Final predictive model Internal validation∗

Global measure of goodness of fit
Brier 0,17 0,18
𝑅
2 (Nagelkerke) 0,13 0,10

Discrimination
AUC = 𝐶 stat (95% CI) 0,68 (0,63–0,75) 0,67
Somers’𝐷 index 0,36 0,34
Discrimination slope 1,00 0,90

Calibration
Hosmer-Lemeshow goodness-of-fit test (𝜒2, 𝑝 value) 6,29 (0,39)
Unreliability index 𝑈 −0,005 0,004
Quality index 𝑄 0,09 0,06
Maximal error <0,001 0,04
Mean squared error 0,00061 0,00057

∗Evaluated by bootstrapping method (number of resampling, 𝐵 = 1000); the optimism corrected indices values.

Ideal
Nonparametric
Grouped patients

Intercept
Slope
C (ROC)
Brier scaled

0.00
1.00
0.68
0.09
0.13

1
0

0.0

0.2

0.4

0.6

0.8

1.0

O
bs

er
ve

d 
re

sp
on

se
s w

ith
 fi

na
l m
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el

0.2 0.4 0.6 0.8 1.00.0
Predicted risk with final model

R2

Figure 2: Calibration of the nomogram for AML prediction. The
horizontal axis contains the predicted probability of AML; the
vertical axis described the observed probability of AML. Perfect
prediction corresponds to the dashed oblique line (45∘). Bars
correspond to CI of estimated grouped proportions and the arrow
corresponds to the cut-off of 20% risk of AML.

reported in a recent study performed on chronic myeloid
leukemia (CML) in a Romanian population [5].

In contradiction, a recent meta-analysis performed by He
et al. showed that GSTM1 null genotype was associated with
the risk of developing AML in East Asians while GSTT1 null
genotype was a risk factor for AML in Caucasians [37]. The
same study revealed that the presence of both GSTM1 and
GSTT1 null genotypes might increase significantly the risk of
AML in both Asians and Caucasians [37].

In a study performed on 147 ALL and 143 AML patients
by Dunna et al., the homozygous variant genotype of the
GSTP1 Ile105Val polymorphism was associated with the
risk of developing acute leukemia and was associated with
poor prognosis [19]. In agreement with the previous study,
our research indicated that the presence of variant GSTP1
Ile105Val genotype significantly increases the risk of AML.
In contradiction, in a meta-analysis performed by Tang et al.
GSTP1polymorphismwas not associatedwith acute leukemia
risk in Asians [18]. Similar results to those reported by Tang
et al. were observed by He et al. [37].

Taking into account that the relationship between all
six gene polymorphisms and overall survival has not been
previously investigated, we analyzed the effect of predictors
(variant genotype) on survival time by using DeLong’s test
crude 𝑝 values.

Our findings revealed that GSTP1 Ile105Val variant geno-
types and GSTT1 and GSTM1 null genotypes did not modify
overall survival in AML patients.

Data obtained from our study show that the presence of
variant genotypes of CAT C262T andMnSOD Ala16Val gene
polymorphisms is not associated with the risk of AML. Our
findings are consistent with a previous study performed on
patientswithCML fromRomania [5]. Similarly, a recent case-
study performed on Persian (Caucasians) Muslims living
in Shiraz (Iran), a heterogeneous population, and a meta-
analysis reported no significant association between CAT
C262T gene polymorphism and susceptibility to breast can-
cer [38].

Results from Kaplan-Meyer analysis showed no differ-
ence in overall survival between patients with variant and
wild-type genotype for CAT C262T gene polymorphism or
for GPX1 Pro198Leu gene polymorphism.

Similar results were reported in a research performed on
89 AML patients regarding overall survival between carriers
of the variant and wild-type genotypes of CAT C262T and
GPX1 Pro198Leu polymorphisms [11].

Regarding MnSOD Ala16Val gene polymorphism and
overall survival, our results showed that variant genotypes
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were not associated with significantly shorter survival in
AML, compared to the wild-type genotype. Of the studied
variables, only FLT3 mutation has a significant effect on
survival time (Cox regression, 𝑝 < 0.001).

In contradiction to our findings, in the study conducted
by Koistinen et al. a significant overall survival (𝑝 = 0.02)
was observed for AML patients carrying Val allele ofMnSOD
Ala16Val polymorphism compared to cases with Ala/Ala
genotype [11].

Regarding GPX1 Pro198Leu genotypes, we observed that
the presence of variant genotype is associated with a statisti-
cally significant risk of AML. Our findings are in contradic-
tion with those previously observed on CML patients from
the same region (central part) of Romania [5].

According to Liu et al. in a meta-analysis which included
8.102 patients with breast cancer no statistically significant
association was found betweenMnSOD gene polymorphism
and risk for breast cancer, excepting the variant allele in
premenopausal women [39].

Our study is the first to evaluate the association of all
six genes’ polymorphisms (CAT C262T, GPX1 Pro198Leu,
MnSODAla16Val,GSTT1,GSTM1, andGSTP1 Ile105Val) with
AML among de novo patients.

Univariate logistic regression revealed that combined
variant (heterozygous + homozygous) genotype of CAT,
GPX1,MnSOD, andGSTP1 gene polymorphisms is associated
with an increased risk of developing AML (𝑝 = 0.003, OR =
12.68, and 95% CI: 2.36–68.01).

A positive association was observed between combined
variant (heterozygous + homozygous) genotype of CAT,
GPX1, MnSOD, andGSTP1 and null genotype forGSTM1 and
AML risk (𝑝 = 0.017, OR = 7.34, and 95% CI: 1.43–37.67).
We have found a statistically significant correlation between
variant genotypes for GPX1 Pro198Leu, MnSOD Ala16Val,
GSTP1 Ile105Val, and GSTM1 null genotype and AML in our
study (𝑝 = 0.004, OR = 10.33, and 95% CI: 2.12–50.26).
Based on our data, wemay suggest that the presence of one of
the three possible combined genotypes may represent a risk
factor for AML.

We could not find a statistically significant association
in the distribution of any of the six gene polymorphisms
regarding gender, cytogenetic risk group, and FLT3 and
DNMT3A gene mutations.

To our knowledge, the relationship between the inves-
tigated gene polymorphisms and FLT3 and DNMT3A gene
mutations and AML FAB subtype has not been previously
investigated.

In addition, this study is the first on the distribution
of CAT C262T, GPX1 Pro198Leu, MnSOD Ala16Val, GSTT1,
GSTM1, and GSTP1 Ile105Val polymorphisms in Romanian
AML patients.

Our study has some limitations, such as the relatively
small group size, the lack of investigation of RUNX1 gene
mutation (and other mutations), and the lack of antioxidant
enzyme activity determination.

In conclusion, our present study reveals that the presence
of variant allele and genotype of GPX1 Pro198Leu and
GSTP1 Ile105Val gene polymorphisms may increase the risk
of developing AML. As the number of patients is small,

additional studies performed on larger cohorts are required
to establish the relationship between these polymorphisms
and AML risk.
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Oxidative stress has long been known as a pathogenic factor of ulcerative colitis (UC) and colitis-associated colorectal cancer
(CAC), but the effects of secondary carbonyl lesions receive less emphasis. In inflammatory conditions, reactive oxygen species
(ROS), such as superoxide anion free radical (O

2

∙−), hydrogen peroxide (H
2
O
2
), and hydroxyl radical (HO∙), are produced at high

levels and accumulated to cause oxidative stress (OS). In oxidative status, accumulated ROS can cause protein dysfunction andDNA
damage, leading to gene mutations and cell death. Accumulated ROS could also act as chemical messengers to activate signaling
pathways, such as NF-𝜅B and p38MAPK, to affect cell proliferation, differentiation, and apoptosis. More importantly, electrophilic
carbonyl compounds produced by lipid peroxidation may function as secondary pathogenic factors, causing further protein and
membrane lesions. This may in turn exaggerate oxidative stress, forming a vicious cycle. Electrophilic carbonyls could also cause
DNA mutations and breaks, driving malignant progression of UC. The secondary lesions caused by carbonyl compounds may be
exceptionally important in the case of host carbonyl defensive system deficit, such as aldo-keto reductase 1B10 deficiency. This
review article updates the current understanding of oxidative stress and carbonyl lesions in the development and progression of
UC and CAC.

1. Introduction

Reactive oxygen species (ROS) refer to a class of special
oxygen chemical forms or oxygen-containing compounds
that have much higher chemical activity than the oxygen.
Oxidative stress (OS) occurs if the generation of ROS exceeds
the defensive capability of the antioxidant system in the
cell [1]. As a largest endocrine and immune organ, the
intestinal tract abundant with microorganisms is important
in stress response, such as oxidative stress [2]. Superoxide
anion free radical (O

2

∙−) and nitric oxide free radical (NO∙)
are two main endogenous reactive oxygen/nitrogen species
(ROS/RNS), from which other reactive free radicals, such
as hydrogen peroxide (H

2
O
2
), hydroxyl radical (HO∙), and

peroxynitrite anion (ONOO−), are derived [3]. There are

several sources of ROS in the digestive tract [4]. Luminal
microbes produce a large amount of ROS; inside cells,
superoxide anion, hydrogen peroxide, and hydroxyl radicals
are produced as byproducts of mitochondrial respiration in
aerobic metabolism and in cytochrome P450 detoxifying
reactions; and in the process of chronic inflammation, a large
amount of ROS is produced by neutrophil phagocytosis of
bacteria, granular materials, or soluble irritants [5, 6].

In normal condition, intestinal ROS have bactericidal
effects, participating in the intestinal defensive function.
However, oxidative stress derived from excessive ROS pro-
duction over the buffering capability of antioxidant defense
in the host would cause lipid peroxidation, intestinal mucosal
barrier damage, bacterial translocation, and inflammatory
response [2, 7]. Ulcerative colitis (UC) is a type of chronic
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inflammatory bowel disease (IBD) in which oxidative stress
plays a critical role in its pathogenesis andmalignant progres-
sion to colorectal cancer (CRC) [8, 9]. UC affects the distal
colon and rectum but often extends to the proximal colon
and eventually to the whole colon. Clinically, patients with
UC usually experience an intermittent course for a lifetime
and colectomy is the only curative option [10, 11]. A worse
scenario of UC is the increased risk of developing colorectal
cancer, so-called colitis-associated colorectal cancer (CAC)
[12]. This review article focuses on the oxidative stress and
secondary carbonyl (lipid peroxide) lesions in the pathogen-
esis of UC and CAC.

2. Oxidative Stress and Carbonyl Lesions
in Ulcerative Colitis

UC is essentially an immune-inflammatory disease. Inflam-
mation is a process that consists of a series of protective
responses, such as immune cell infiltration and cytokine
expression, to eliminate pathogens/insults and initiate dam-
age repair of the tissue. Acute inflammation is the immediate
response of the body to pathogens and characterized with
recruitment of leukocytes, particularly granulocytes. Chronic
inflammation is a prolonged inflammatory process and char-
acterized by simultaneous damage and healing of tissues at
the inflammatory spot, resulting in a progressive shift of
cell types. Therefore, chronic inflammation often leads to
progressive diseases in the host [13].

Ulcerative colitis (UC) is a chronic inflammation de-
scribed with remission and reactivation [10]. In active phase,
UC is characterized with diffusive inflammatory cell infil-
tration and small intestinal mucosal crypt abscesses. In
the inflammatory colon, mucosa, submucosa, and lamina
propria are often infiltrated with neutrophils, lymphocytes,
plasma cells, and eosinophils [14]. The infiltrated neutrophils
produce a large amount of ROS, triggering oxidative stress,
and proteolytic enzymes. The proteolytic enzymes and ROS
act on endothelial cells and cause cell injury and subsequent
epithelial barrier permeability and luminal pathogen inva-
sion, which in turn exaggerate inflammatory cell infiltration
and inflammatory damage, eventually leading to intestinal
mucosal necrosis and ulceration [15]. Meanwhile, epithelial
regeneration starts to cover the ulcerative area under stimu-
lation of mitogenic cytokines and prostaglandins produced
in inflammatory response. In this circumstance, intestinal
mucosal hyperemia, edema, and hyperplasia polyps may
appear.

Etiopathology of UC is complicated, including bacterial
or viral infection, changes of colon microbiota, excessive
immune response, and oxidative stress injury [16, 17]. Host
genetic factors also play an etiological role in the devel-
opment and progression of UC. It has been reported that
the chromosomal loci 3, 7, and 12 in humans are associated
with individual sensitivity to inflammatory bowel disease,
including UC [18]. Recent studies from our laboratory have
demonstrated that aldo-keto reductase 1B10 (AKR1B10) is
a potential etiopathogenic factor of UC and CAC [19].
Among these etiopathological factors, the abnormal immune

response is considered a key ofUC.Thenormal colonmucosa
plays an immune, endocrine, and barrier function. Injuries
occurring in the intestinal mucosa insult its barrier function;
increased intestinal mucosal permeability allows microbes
and antigens to invade and excessively stimulate immune
response, triggering intestinal inflammation. Excessive ROS
are produced leading to oxidative stress during the inflam-
matory response, exaggerating inflammatory lesions in the
pathogenesis of UC.

2.1. Redox in the Intestine. In the intestine, main ROS include
hydroxyl free radical (OH∙), superoxide anion radical (O

2

∙−),
and hydrogen peroxide (H

2
O
2
) while superoxide dismu-

tase (SOD), glutathione peroxidase (GSH-PX), and catalase
(CAT) are main antioxidant enzymes [20]. Peroxisomes are
important organelles in biological oxidation in cells and
participate in production and clearance of free radicals.
Peroxisomes are enriched with hydrogen peroxide enzymes,
oxidases, and peroxidases [21, 22]. Oxidases catalyze 𝛽-
oxidation of fatty acids for energetic metabolism, producing
H
2
O
2
. H
2
O
2
is in turn transformed into OH∙ or other active

free radicals [23]. In addition, xanthine oxidase and uric acid
oxidase produce electronics in oxidative metabolic pathways
[24, 25]. Hydrogen peroxide enzyme and SOD reduce H

2
O
2

into H
2
O. In the process of chronic intestinal inflammation,

a large amount of ROS, such as O
2

∙− and H
2
O
2
, is produced

by neutrophils during phagocytosis. This phagocytic process
activates nicotinamide adenine dinucleotide phosphate oxi-
dase (NOX) in the membrane, leading to rapid depletion of
oxygen and production of superoxide anion [5, 6].

Cells evolve an antioxidant defense system to maintain
homeostasis between the oxidant and antioxidant species [26,
27]. Excessive generation of free radicals beyond the capacity
of defense leads to failure of this homeostatic process and
oxidative injuries, such as lipid peroxidation and DNA dam-
age, so-called oxidative stress.The antioxidant defense system
in cells consists of enzymatic and nonenzymatic antioxidant
molecules (Table 1). In addition to the endogenous cellu-
lar antioxidant species, natural food is also an important
resource of antioxidants. For example, quercetin (3,5,7,3,4,
pentahydroxyflavone), a flavonoid present in numerous fruits
and vegetables, demonstrates appreciable antioxidant activity
by eliminating free radicals and quenching singlet oxygen
[28]. Resveratrol, a phenolic substance in red wines, is also
a natural antioxidant and anti-inflammatory molecule [29].

2.2. Oxidative Stress Insults inUlcerative Colitis. While a basal
level of ROS may play a protective role in the intestine,
the oxidative stress derived from imbalance between ROS
production and antioxidant system is harmful, being an
important pathogenic factor of UC. ROS are highly active
chemical forms that target macromolecules, such as proteins,
lipids, and nucleic acids, leading to lipid peroxidation, pro-
tein dysfunction, and DNA mutations (Figure 1). Therefore,
excessive ROS cause cell and tissue damage, exaggerate
inflammation, and lead to far-reaching effects, such as car-
cinogenesis. Herein we will discuss the protein and lipid
damage and cellular effects induced by oxidative stress.Nuclei



Oxidative Medicine and Cellular Longevity 3

O

NH

NH
SO O

O

NH

NH

NH

NH

S

O

OO

NH

+NH
NH

HS

O

O

R1

R1

R1
R2

R2

R2

CH3

CH3

CH3

H2OHO∙ + 2

(a) Oxidative damage of proteins

R OH

O

R OH

O

R OH

OO R
O

HO

O O

OH

O

O

HO∙ + + O2

O∙

(b) Oxidative damage of unsaturated fatty acids

N

HN

N

N

O

O

OH

HO

N

HN

N

N

O

OH

O

OH

HO

H2N H2N
HO∙

+

(c) Oxidative damage of DNA

NH
NH

O

R OO

NH N
H

N
H

O

R OO

NH

N
N

OO

H2N

R2 R2R1 R1
+

NH2

(d) Carbonyl damage of proteins

N

HN

NH

N

O

N

N

NH

N

N

O

OO H2N
+

(e) Carbonyl damage of DNA

Figure 1: Schematic formulas. Reactive oxygen species and carbonyl compounds are highly reactive, causing protein, lipids, andDNAdamage.

acid damage and carcinogenic effects of oxidative stress will
be addressed in Section 3.

2.2.1. Protein Damage Induced by Oxidative Stress. Oxidative
stress insults proteins. Highly active ROS can readily interact
with protein amino acid residues, such as His, Pro, Trp,
Cys, and Tyr residues, and cause protein structure changes,
polypeptide chain cracking, and loss of the biological activity.

For example, ROS can oxidize sulfhydryl groups (-SH) in
the amino acid residues to form disulfide bonds (-S-S-)
and cross-link (Figure 1). ROS could also attack the methyl-
sulfide group (CH

3
-S-) in methionine (Met) and affect

hydrolysis and carbonylation of proteins [30, 31].

2.2.2. Lipid Peroxidation Triggered by Oxidative Stress. Lipid
peroxidation (LPO) is a serious cellular damage. Reactive
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Table 1: Oxidant species and antioxidant defense.

Oxidant species

Reactive oxygen species (ROS)

Superoxide anion (∙O
2

−)
Peroxide (O

2

−2)
Hydrogen peroxide (H

2
O
2
)

Hydroxyl radical (∙OH)
Hydroxyl ion (OH−)

Reactive nitrogen species
(RNS)

Nitric oxide (∙NO)
Peroxynitrite (ONOO−)
Nitrogen dioxide (∙NO

2
)

Dinitrogen trioxide (N
2
O
3
)

Nitrosoperoxycarbonate (ONOOCO
2

−)

ROS resources

Mitochondrial electron transition
Enzyme reactions: peroxisomal oxidases, cytochrome P-450, NAD(P)H oxidases,
and xanthine oxidase
Xenobiotics, drugs, and radiation: cisplatin, doxorubicin, and so forth.

RNS resources
Nitric oxide (∙NO) from nitric oxide synthase 2 (NOS2)
Other RNS from reaction of nitric oxide (∙NO) with superoxide anion (∙O

2

−) and
other reactive species.

Antioxidant defense

Nonenzymatic antioxidants

Glutathione (GSH)
Cysteine
Metallothionein
Coenzyme Q (CoQ)
Uric acid

Enzymatic antioxidants

Superoxide dismutase (SOD)
Catalase (CAT)
Peroxiredoxin (Prx)
Glutathione reductase (GR)
Glutathione peroxidases (GPx)
Glutathione-S-transferases (GST)
Thioredoxin and thioredoxin reductase

Natural (food) antioxidants
Vitamin A/C/E
Flavonoid
Resveratrol

ROS readily bind to unsaturated fatty acids in lipids that
contain multiple double bonds, “steal” electrons, and trigger
a free radical chain reaction (Figure 1).This oxidative process
usually consists of initiation (production of a fatty acid rad-
ical), propagation (creation of a peroxyl-fatty acid radical),
and termination (production of electrophilic carbonyls) [32].
This lipid peroxidation process produces twomajor biological
effects, that is, direct membrane damage and permeability
and production of lipid peroxides [33]. The common lipid
peroxides created by lipid peroxidation includemalondialde-
hyde (MAD), 4-hydroxynonenal (HNE), crotonaldehyde,
and acrolein [34]. These lipid peroxides are 𝛼,𝛽-unsaturated
and highly reactive to cellular proteins and nucleic acids. In
UC pathogenesis, lipid peroxides are important secondary
injury factors of oxidative stress.

Phospholipids are primary ingredients of cell and
organelle membrane and are enriched with unsaturated fatty
acids. Therefore, the lipid peroxidation induced by oxidative
stress mainly occurs in the membrane, and attacking by
ROS would lead to direct structural and functional changes
of membranes [33]. Mitochondrial membrane is the site
of the respiratory chain that generates ROS in the normal
cells. Therefore, mitochondria are the main organelles that
are produced and attacked by ROS [35]. In the status of
oxidative stress, excessive ROS attack oxidation respiratory
chain and lead to obstacle of oxidative phosphorylation, pro-
ducing more ROS. Excessive ROS also make Ca2+ overload
in the mitochondria and lead to mitochondrial membrane
depolarization and permeability, releasing free radicals into
cytoplasm and causing cellular damage in general. Increased
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membrane permeability also releases cytochrome C (Cyt-
C) and apoptosis inducing factor (AIF) into cytoplasm and
activates caspase cascade for apoptosis [36, 37]. Therefore, in
oxidative status ROS production by respiratory chain, mito-
chondrial membrane insults, and ROS release into cytoplasm
form a vicious cycle, causing cell death and tissue injury.
We will discuss the lesions induced by lipid peroxides in
Section 2.3.

2.2.3. Cell Signaling Triggered by Oxidative Stress. ROS could
function as secondmessengers to activate intracellular signal-
ing pathways, such as NF-𝜅B, a major modulator of UC [38–
42]. In the normal intestinal epithelium, NF-𝜅B maintains
intestinal epithelial barrier function and coordinates epithe-
lial immune response tomicroorganisms. On the other hand,
as transcription factors, deregulation of NF-𝜅B signaling,
such as oxidative activation, stimulates expression of a variety
of proinflammatory cytokines in the intestinal epithelial cells,
such as TNF-𝛼, IL-1, IL-8, and COX-2, and promotes inflam-
mation and carcinogenesis. In static state,NF-𝜅B in the cells is
bound to I𝜅B, inhibitors of 𝜅B, and hooked in the cytoplasm.
Activation of NF-𝜅B consists of I𝜅B kinase (IKK) activation,
I𝜅B phosphorylation and ubiquitinated degradation by 26S
proteasomes, and nuclear translocation and DNA binding
of free NF-𝜅B, finally promoting target gene expression
[43]. Oxidative stress can activate IKK and stimulate nuclear
translocation of NF-𝜅B (Figure 2). In the diseased colon
tissues of UC patients, NF-𝜅B expression, particularly the p65
(Re1A) and p52/p100 (NF-𝜅B2), is increased, and blockade
of NF-𝜅B activity is considered practical treatment of UC
[44]. In addition, the activation of p50, c-Rel, and p65 is
documented in macrophages in the lamina propria of UC
patients [45].

Oxidative stress also activates mitogen-activated protein
(MAP) kinase (MAPK) signaling pathways. MAPKs are
highly conserved serine/threonine protein kinases func-
tioning in various fundamental cellular processes, such as
growth/proliferation, differentiation, motility, and apopto-
sis/survival, as well as stress response [46]. Conventional
MAPKs include the extracellular signal-regulated kinases 1
and 2 (Erk1/2), the c-Jun N-terminal kinases 1–3 (JNK1–
3)/stress activated protein kinases (SAPK), the p38 iso-
forms (p38𝛼, 𝛽, 𝛾, and 𝛿), and the Erk5. These MAPKs
can be activated by growth factors and mitogens, as well
as various stresses. These stimuli activate MAPKK kinases
(MAPKKKs) via receptor dependent and independentmech-
anisms, followed by phosphorylation and activation of a
downstream MAPK kinase (MAPKK) and then MAPKs.
Activated MAPKs phosphorylate and activate specific target
protein kinases, such as RSK, MSK, or MNK to mediate
biological processes [47]. The increased ROS can activate
ERKs, JNKs, or p38 MAPKs [48, 49]. The exact mechanism
by which the ROS activate these kinases is unclear, but a plau-
sible mechanism may be relative to oxidative modifications
and resultant activation of the signaling effector proteins and
inactivation and/or degradation of MAPK phosphatases (see
[50] for more details). Nevertheless, the p38 and JNK signal-
ing activated by ROS is involved in the disease progression of
UC [51–54]. In UC tissues, p38 MAPK signaling changes are

a molecular signature of UC and proportional to the degree
of inflammation [55, 56].

2.3. Carbonyl Stress and a Vicious Cell Damage Cycle. A class
of carbonyl compounds is called 𝛼,𝛽-unsaturated carbonyls,
also referred to as electrophilic carbonyls. These include
acrolein, glyoxal, methylglyoxal, crotonaldehyde, malondi-
aldehyde, and 4-hydroxynonenal (Table 2). As byproducts,
these electrophilic carbonyl compounds are constantly pro-
duced during the metabolism of lipids, carbohydrates, amino
acids, biogenic amines, vitamins, and steroids, as well as
some antitumor agents, such as cyclophosphamide [57–63].
Besides endogenous production, daily food consumption
may represent the most dangerous exposure of human
gastrointestinal (GI) tract to exogenous electrophilic car-
bonyls which are pervasively present in various beverages
and foodstuffs [64–66]. For instance, humans are exposed
to crotonaldehyde through the consumption of vegetables
(1.4–100 𝜇g/kg), fruits (5.4–78𝜇g/kg), fish (71.4–1000𝜇g/kg),
meat (10–270 𝜇g/kg), and alcoholic beverages, such as wine
(300–700𝜇g/L) andwhisky (30–210 𝜇g/L) [66]. Furthermore,
methylglyoxal is a constituent of coffee [67, 68], and acetalde-
hyde is a carcinogenic metabolite of alcohol consumed [69,
70]. Therefore, human GI tract is repeatedly exposed to
carbonyl threats, which are important factors of GI inflam-
matory and neoplastic lesions (Table 3).

In organisms, there are three main pathways responsible
for elimination of intracellular carbonyls, through which
carbonyls are oxidized to carbonic acids, conjugatedwith glu-
tathione, or reduced to less toxic alcohols. Aldehyde dehydro-
genases mediate the oxidative pathway of carbonyls, forming
carbonic acids [71, 72]; glutathione-S-transferases (GST)
catalyze the conjugation of carbonyls with glutathione [73–
75]; and aldehyde reductase and aldo-keto reductases (AKRs)
are responsible for the reduction of carbonyls to alcohols
with NAD(P)H as a coenzyme [75–77]. AKR1B10 is the sole
carbonyl-detoxifying enzyme with intestine-specific expres-
sion identified thus far [78] and plays a critical role in the
inflammatory lesions andmalignant progression of the colon
[19]. Therefore, in normal conditions human consumption
or endogenous production of the cytotoxic carbonyls may
be subcytotoxic. However, in oxidative stress, excessive ROS
oxidize unsaturated fatty acids and produce a large amount
of highly reactive 𝛼,𝛽-unsaturated carbonyl compounds, that
is, lipid peroxides. For instance, 4-hydroxynonenal (HNE) is
at 0.1 to 3.0 𝜇M in normal tissues but increases to ∼10 𝜇M in
the condition of oxidative stress [79]. Carbonyl accumulation
due to overproduction and/or impaired clearance, such as
AKR1B10 deficiency [19], would lead to carbonyl stress.

Due to their high reactivity, 𝛼,𝛽-unsaturated lipid per-
oxides are highly cytotoxic and genotoxic. They can interact
with free amino groups of proteins (e.g., lysine residue),
peptides, and amino acids, with sulfhydryl groups of amino
acid residues (e.g., cysteine residue), and with histidine
and other residues, forming covalently modified adducts
[57, 80–86]. The covalent modifications could lead to pro-
tein dysfunction, resistance to proteolysis, or depolymer-
ization. Protein adducts can also act as special second
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Figure 2: NF-𝜅B signaling pathway, inflammation, and carcinogenesis induced ROS. Excessive reactive oxygen species (ROS) derived from
mitochondrial membrane, xenobiotics, and enzyme reactions activate IKK. Activated IKK phosphorylates I𝜅B and leads to ubiquitination
and proteasome degradation of I𝜅B, releasing NF-𝜅B proteins, such as p50 and p65. The free p50 and p65 translocate into nuclei and drive
target gene expression, such as inflammatory cytokines, leading to inflammatory lesions and carcinogenesis.

Table 2: Carbonyl compounds and clearance.

Carbonyl compounds Carbonyl clearance
Acrolein (CH

2
=CHCHO)

Glyoxal (OHCCHO)
Methylglyoxal (CH

3
COCHO)

Crotonaldehyde (CH
3
CH=CHCHO)

Malondialdehyde (OCHCH
2
CHO)

4-Hydroxynonenal
(OCHCH=CHCH(-OH)(CH

2
)
4
CH
3
)

(1) Glutathione-S-transferases (GST) catalyze carbonyl-glutathione conjugation
(2) Aldehyde reductase and aldo-keto reductases (AKRs) catalyze reduction to alcoholic forms
(3) Aldehyde dehydrogenases catalyze oxidation to carbonic acids

messengers or autoantigens, promoting macrophage accu-
mulation, retention, and activation, thus increasing ROS gen-
eration. Furthermore, carbonyl-induced protein dysfunction
may impair mitochondrial respiratory chain reactions and
membrane potential, leading to increased ROS production
and release into cytosol. Therefore, in inflammatory condi-
tions (i.e., UC), the carbonyl lesions may create a vicious
loop with oxidative stress, aggravating cell and tissue damage
[19, 87].

3. Oxidative Stress and Carbonyl Lesions in
Colitis-Associated Colorectal Cancer

Colorectal cancer (CRC) is the third most common cancer
worldwide with mortality ranked within top four [88, 89].

According to International Agency for Research on
Cancer of WHO (http://globocan.iarc.fr/Pages/fact sheets
cancer.aspx), about 1.36 million of new CRC cases were
diagnosed globally in 2012, accounting for approximately
69,000 deaths. Clinically, there are two main types of CRC,
that is, sporadic colorectal cancer (SCC) and hereditary
colorectal cancer (HCC). The latter includes familial
adenomatous polyposis (FAP) and hereditary nonpolyposis
colorectal cancer (HNPCC). Colorectal adenoma, colorectal
nonadenomatous polyposis, and inflammatory bowel disease
are precancerous lesions associated with CRC. The UC
patients have an increased risk of developing colorectal
cancer, so-called colitis-associated colorectal cancer (CAC)
[90], and the cancer risk increases exponentially with the
duration of disease [91–93]. A UC patient with 10 years of

http://globocan.iarc.fr/Pages/fact_sheets_cancer.aspx
http://globocan.iarc.fr/Pages/fact_sheets_cancer.aspx
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Table 3: Carcinogenic role of carbonyl compounds.

Diseases/genotoxicity Species Carbonyl association References
Colitis-associated colorectal
neoplasms Mice Coupled with high carbonyl levels, for

example, malondialdehyde [19, 153]

Stomach hyperplasia, squamous
papilloma, and carcinoma Rats 2,4-Hexadienal exposure [73]

Precancerous gastritis and gastric
cancer Humans High serum malondialdehyde levels [154, 155]

Colorectal cancer Humans High serum lipid peroxide levels [156]
Colon and gastric cancers Humans Acetaldehyde from alcohol [69, 70]
Colorectal adenocarcinoma Humans High protein carbonyl levels [157]
Precancerous colorectal adenopolyps Humans High protein carbonyl levels [158]
Colorectal cancer Humans High lipid peroxide levels in tissues [159–161]

Genotoxicity Humans High carbonyl DNA adduct levels in
tissues [58, 162, 163]

Genotoxicity Cell lines/in vitro studies Production of carbonyl DNA adducts [164–167]

disease duration has 10-fold higher CRC risk than the general
population.

Etiopathogenesis of CAC is complex. In UC, intesti-
nal epithelial and immune cells produce and secrete a
variety of mitogenic cytokines that stimulate cell growth
and proliferation. Massive ROS and inflammatory cytokines
produced in UC tissues activate multiple signal pathways,
such as NF-𝜅B, STAT3, p38 MAPK, and Wnt/𝛽-catenin
pathways, which mediate cell proliferation, differentiation,
and apoptosis/survival [94]. Finally, DNA damage induced
by oxidative and carbonyl stresses plays an essential role in
the carcinogenic transformation of the disease. Therefore,
malignant progression ofUC toCAC is a complicated process
and oxidative and carbonyl stresses are key factors in this
process.

3.1. Sporadic Colorectal Cancer and Colitis-Associated Col-
orectal Cancer. CRC is a multistaged, complicated disease
associated with multiple oncogene and tumor suppressor
gene mutations, such as p53, K-ras, and adenomatous poly-
posis coli (APC) mutations [95]. In pathogenesis, spo-
radic CRC often demonstrates an “adenoma-carcinoma”
progression, but the CAC experiences a unique sequence
of “inflammation-dysplasia-carcinoma” [96]. Patients with
UC may experience a long course of dysplasia. Three types
of atypical hyperplasia may appear in the carcinogenic
process of UC: (1) normal mucosa or mucous membrane
with regeneration, also named dysplasia negative type, (2)
dysplasia uncertain type, (3) dysplasia positive type. UC
patients with high or moderate grade dysplasia are at high
risk of developing CAC [97].

CAC also demonstrates a different time line and involve-
ment of gene mutations. In sharp contrast to sporadic CRC,
p53 mutation occurs early and is an important step in the
progression of CAC. The p53 mutations are often detected
in mucosa that is even nondysplastic [98, 99], but APC
mutations are present at the late stage of CAC [100–103]. K-
rasmutation plays a rare role in CAC development [104], but

DNAmethylation is an early event in UC [105], although less
common than in sporadic CRC [106, 107].

3.2. Inflammatory Cytokines and CAC Progression. Inflam-
matory cytokines produced by intestinal epithelial cells
and infiltrated inflammatory cells in UC include IL-1, IL-
6, TNF-𝛼, and TGF-𝛽. These cytokines activate mitogenic
signaling pathways, stimulate cell proliferation and survival,
and thus promote inflammation-associated tumorigenesis.
For instance, the plasma level of IL-6 is significantly ele-
vated in patients with IBD, and the increased IL-6 activates
STAT3/JAKl signaling, promoting cell proliferation, evolu-
tion, and tumorigenic progression [94]; inhibition of JAKl
signaling or IL-6 deficiency by targeted disruption diminishes
CRC incidence and progression [108, 109].

Tumor necrosis factors (TNF) are proinflammatory
cytokines which are produced and secreted mainly by
monocyte-macrophages. In this family, TNF-𝛼 is an impor-
tant member that functions in inflammation, immune
response, and tumorigenesis. Animal experiments have
demonstrated that TNF-𝛼 can increase the plasma level of
IL-6 [110] and initiate colorectal carcinogenesis mediated
by chronic inflammation [111]. To date, TNF-𝛼 monoclonal
antibody is used for IBD treatment and has demonstrated
promising results; this antibody may also be effective in
prevention of CAC [112].

TGF-𝛽 and family members are secretory signal trans-
duction peptides that regulate cell proliferation and apop-
tosis. In the normal cells, the major function of TGF-𝛽 is
to arrest cell division in the early stage of DNA synthesis,
induce cell differentiation, or promote apoptosis. Literature
reports indicate that mutations in TGF-𝛽 signal transduction
pathway occur in patients with UC before the formation of
colorectal cancer [113]. For example, TGF-𝛽RII mutations
have been detected in UC dysplasia and are associated with
CAC progression [114].

Finally, inflammatory cytokine IL-1𝛼 increases in UC and
may be involved in CAC development [115], but compared
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to other cytokines, the role of IL-1𝛼 in the development and
progression of CAC is more complicated. IL-1𝛼may promote
cancer progression by stimulating angiogenesis [116]; IL-1𝛼
may also promote epithelial repair and prevent CAC by
inducing the expression of cyclooxygenase 2 (COX-2), a key
enzyme of prostaglandin E

2
(PGE
2
) synthesis from arachi-

donic acid (AA) [117]. PGE
2
is a prominent prostaglandin in

the intestine; through binding to E prostanoid (EP) receptor,
PGE
2
mediates intestinal epithelial cell proliferation and

apoptosis [118, 119]. This is considered favorable to injury
repair and remission of UC. In fact, ulcerogenic response
of nonsteroidal anti-inflammatory drugs (NSAIDs) in the
intestine is ascribed to inhibition of cyclooxygenases and
resultant PGE

2
deficiency [120]. In dextran sodium sulfate-

(DSS-) induced colitis, COX-2/PGE
2
promotes epithelial

cell proliferation; inhibition of COX-2 decreases epithelial
proliferation, exacerbates colitis, and prolongs injury phase,
thus promoting intestinal injury and dysplasia [121–123].
Therefore, evaluation of IL-1𝛼 in CAC development and
progression needs to be more cautious.

3.3. Oxidative DNA Damage in CAC Progression. DNA
mutations and resultant protooncogene activation and/or
tumor suppressor gene inactivation are a hallmark of cell
carcinogenesis, which reprograms cell growth, division, and
gene transcription. The high risk of UC patients to develop
colorectal cancer is essentially attributed to the increased
DNA damage induced by inflammatory oxidative stress and
carbonyl lesions. DNA is a ready target of active oxygen free
radicals, leading to oxidative DNA damage.Through abstrac-
tions and addition reactions, highly reactive hydroxyl radicals
react with the heterocyclic DNA bases and sugar moiety, pro-
ducing carbon-centered sugar radicals and OH- or H-adduct
radicals of heterocyclic bases [124]. Further reactions of these
radicals yield numerous effects, such as 8,5-cyclopurine-2-
deoxynucleosides, tandem lesions, clustered sites, and DNA-
protein cross-links [124, 125]. Among types of oxidative DNA
damage induced by ROS, 8-hydroxy-2-deoxyguanosine (8-
OHdG) or 8-oxo-7,8-dihydro-2-deoxyguanosine (8-oxodG)
is a predominant form and a valuable biomarker widely used
for endogenous oxidative damage to DNA (Figure 1). For
instance, the urinary 8-OHdG is used as a biomarker for
risk assessment of cancers and degenerative diseases [126,
127].

GC to TA transversion is a major type of DNAmutations
resulting from 8-OHdG adducts [128]; two common target
genes of the 8-OHdG damage are Ras and p53, leading to
activation of the protooncogene Ras and inactivation of p53
tumor suppressor, driving tumorigenesis [129, 130]. ROS also
cause DNA methylation, single- and double-strand breaks,
and shortening of telomeres. DNA methylation is an early
event in the progression ofUC toCAC [105], but less common
than in sporadic CRC [106, 107]. Oppositely, DNA breaks and
telomere shortening occur more often in the UC-associated
tumorigenesis [131, 132]. The telomere shortening induced by
ROS could induce chromosome instability, leading to chro-
mosomal loss, heteroploid, amplification, and translocation,
driving tumorigenesis [133, 134].

Apoptosis

Carbonyls
(MAD, 4-HNE)

DNA damage

p53- (Ser15)P

ATM/ATR Chk1/Chk2

Lipid peroxidation

p53-

p53

(Ser20)P

Fas-R, Bax, 
Puma, and Noxa p53R2

Cell cycle arrest
DNA damage repair

ROS

p21Waf1/CIP1

Figure 3: DNA damage induced by oxidative and carbonyl stresses
and p53-dependent DNA damage response (DDR). Reactive oxygen
species (ROS) and 𝛼,𝛽-unsaturated carbonyl compounds produced
by lipid peroxidation, such as MDA and HNE, trigger DNA
damage, such as double-strand DNA breaks. ATM/ATR senses
the breaks and activates p53 by phosphorylating Ser15; ATM/ATR
also phosphorylates Ser345 of Chk1/Chk2 and activates Chk1/Chk2,
which further activates p53 by phosphorylating Ser20. In cells with
mild DNA damage, p53 drives expression of p21Waf1/CIP1 and p53R2,
leading to cell cycle arrest and DNA damage repair. In cells with
severe DNA damage, p53 drives Fas-R, Bax, Puma, Noxa, Apaf-
1, and Pidd expression, activating intrinsic and extrinsic apoptotic
pathways.

3.4. Carbonyl DNA Damage in CAC Progression. Carbonyl
stress derived from lipid peroxidation is also an important
DNA damage factor in UC. Electrophilic carbonyls can
readily react with DNA forming covalently modified DNA
adducts (Figure 1). The DNA adducts can block DNA semi-
conservative replication performed by DNA polymerases or
arrest transcription driven by RNA polymerases [58, 135–
137]. DNA adducts can also cause miscoding and induce
DNA breaks [58, 137–139]. For instance, malondialdehyde
(MDA) can react with deoxyguanosine in DNA to form
an exocyclic adduct, pyrimido[1,2-alpha]purin-10(3H)-one
(M1G), which is mutagenic by resulting in frameshift muta-
tions and base pair substitutions [140]. The 4-HNE-dG
polymer derived from 4-hydroxynonenal can lead to GC
to TA transversion at codon 249 of p53 gene, driving UC
progression to CAC [141, 142].

Of note, DNA breaks induced by carbonyl compounds
may activate cellularDNAdamage response (DDR), inducing
cell cycle arrest for DNA repair or apoptosis (Figure 3). In
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(i) DNA mutations

(v) Biomembrane damage
(iv) Mitochondria damage
(iii) Peroxisome damage
(ii) Protein damage
(i) Lipid peroxidation

(ii) Immune response
(i) Infection

(iii) Wnt/𝛽-catenin
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Figure 4: Hypothetic model of oxidative stress and carbonyl lesions in ulcerative colitis and associated colorectal cancer. Infection and
immune response act as primary initiators to trigger inflammation and inflammatory cell infiltration. In this process, intestinal mucosal crypt
abscesses occur and vast reactive oxygen species (ROS) are produced, thus leading to oxidative stress. Excessive ROS exaggerate inflammatory
lesions and stimulate epithelial cell proliferation through oxidative insults to proteins, lipids, and DNA and also by activation of cell signaling
pathways, eventually leading to ulcerative colitis (UC) and colitis-associated colorectal cancer (CAC). Electrophilic carbonyl compounds play
as important secondary factors of oxidative stress to cause cellular and macromolecular lesions, which, together with oxidative stress, may
form a vicious cycle. Meanwhile, proinflammatory cytokines produced by epithelial cells and infiltrated inflammatory cells may promote the
progression of UC and CAC.

this DDR process, ATM/ATR functions as a sensor of DNA
breaks, and p53 acts as a key mediator [143, 144]. Sensing the
DNA double-strand breaks, ATM/ATR is activated by phos-
phorylation, which reaches the peak within 30 minutes [145].
The activated ATM/ATR phosphorylates p53 at Ser15 and/or
Chk1/Chk2 at Ser345, and Chk1/Chk2 further phosphorylate
p53 at Ser20 [146]. Activated p53 triggers cell cycle arrest
for DNA damage repair or apoptosis to eliminate cells with
severe DNA damage through selective activation of target
gene expression, such as apoptotic genes Fas-R, Bax, Puma,
and Noxa or cell cycle monitoring and DNA repair genes
p21Waf1/CIP1 and p53R2 [147]. Therefore, DDR is considered
a barrier of carcinogenesis, and mutations of genes in this
pathway are carcinogenic. In fact, p53 mutation is an early
event in CAC and occurs even in noncancerous UC tissues
[148, 149].

4. Conclusion and Perspective

Early in 1863, a German pathologist Virchow proposed that
tumor might be derived from chronic inflammation tissues;
in 2009, Hanahan and Weinberg proposed tumor-related
inflammation as the seventh hallmark of cancer. To date,
the role of chronic inflammation in cancer development

and progression has become an important research focus in
tumormicroenvironment. In UC, the pathogenesis of CAC is
a classical path of nonresolving inflammatory progression to
cancer, featured with a unique sequence of “inflammation-
dysplasia-carcinoma.” Oxidative stress and secondary car-
bonyl lesions are key factors in the development and pro-
gression of UC and CAC; the ROS take an important part
in multiple stages of initiation, promotion, and progression
of UC and CAC and the secondary carbonyl lesions play
an exaggerating role both in oxidative stress itself and in
progression of UC and CAC (Figure 4).

To date, antioxidant prevention and treatment have been
investigated in experimental animals of colitis and in clinical
patients of UC. In animals, antioxidantG. biloba extract (EGb
761) showed effectiveness in prevention and treatment of
DSS-induced colitis in mice [150], and the Zingiber officinale
extract demonstrated efficacy in modulating extent and
severity of colitis in rats [151]. In humans, consumptions
of antioxidant food, such as blueberries, cherries, toma-
toes, squashes, and bell peppers have been suggested as
supplementary treatment of active UC and prevention of
reactivation. More impressively, a clinical trial of rectal d-
alpha tocopherol, a powerful vitamin E antioxidant, has
shown that “all 14 patients responded clinically to the therapy
and remission was induced in 9 of them (64%)”; no adverse
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events were reported and no patients were hospitalized
for “worsened disease activity” [152]. These preclinical and
clinical approaches suggest that antioxidant treatment may
be a novel mode of UC management and prevention of
malignant progression. Further studies are warranted.
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[72] N. E. Sládek, “Human aldehyde dehydrogenases: potential
pathological, pharmacological, and toxicological impact,” Jour-
nal of Biochemical and Molecular Toxicology, vol. 17, no. 1, pp.
7–23, 2003.

[73] A. Nyska, C. R. Moomaw, L. Lomnitski, and P. C. Chan, “Glu-
tathione S-transferase Pi expression in forestomach carcinogen-
esis process induced by gavage-administered 2,4-hexadienal in
the F344 rat,”Archives of Toxicology, vol. 75, no. 10, pp. 618–624,
2001.

[74] B. F. Coles and F. F. Kadlubar, “Detoxification of electrophilic
compounds by glutathione S-transferase catalysis: determinants
of individual response to chemical carcinogens and chemother-
apeutic drugs?” BioFactors, vol. 17, no. 1–4, pp. 115–130, 2003.

[75] S. Srivastava, A. Chandra, A. Bhatnagar, S. K. Srivastava, and
N. H. Ansari, “Lipid peroxidation product, 4-hydroxynonenal
and its conjugate with GSH are excellent substrates of bovine
lens aldose reductase,” Biochemical and Biophysical Research
Communications, vol. 217, no. 3, pp. 741–746, 1995.

[76] L. Zhong, Z. Liu, R. Yan et al., “Aldo-keto reductase family
1 B10 protein detoxifies dietary and lipid-derived alpha, beta-
unsaturated carbonyls at physiological levels,” Biochemical and
Biophysical Research Communications, vol. 387, no. 2, pp. 245–
250, 2009.

[77] Y. Shen, L. Zhong, S. Johnson, and D. Cao, “Human aldo-keto
reductases 1B1 and 1B10: a comparative study on their enzyme
activity toward electrophilic carbonyl compounds,” Chemico-
Biological Interactions, vol. 191, no. 1–3, pp. 192–198, 2011.

[78] D. Cao, S. T. Fan, and S. S. M. Chung, “Identification and
characterization of a novel human aldose reductase-like gene,”
The Journal of Biological Chemistry, vol. 273, no. 19, pp. 11429–
11435, 1998.

[79] H. Esterbauer, P. Eckl, and A. Ortner, “Possible muta-
gens derived from lipids and lipid precursors,” Mutation
Research/Reviews in Genetic Toxicology, vol. 238, no. 3, pp. 223–
233, 1990.

[80] H. Li, J. Wang, B. S. Kaphalia, G. A. S. Ansari, and M. F. Khan,
“Quantitation of acrolein-protein adducts: potential biomarker
of acrolein exposure,” Journal of Toxicology and Environmental
Health Part: A, vol. 67, no. 6, pp. 513–524, 2004.

[81] M. Hashimoto, T. Sibata, H. Wasada, S. Toyokuni, and K.
Uchida, “Structural basis of protein-bound endogenous alde-
hydes. Chemical and immunochemical characterizations of
configurational isomers of a 4-hydroxy-2-nonenal-histidine
adduct,” The Journal of Biological Chemistry, vol. 278, no. 7, pp.
5044–5051, 2003.

[82] K. Uchida and E. R. Stadtman, “Modification of histidine
residues in proteins by reaction with 4-hydroxynonenal,” Pro-
ceedings of the National Academy of Sciences of the United States
of America, vol. 89, no. 10, pp. 4544–4548, 1992.

[83] J. G. Alvarez and B. T. Storey, “Assessment of cell damage caused
by spontaneous lipid peroxidation in rabbit spermatozoa,”
Biology of Reproduction, vol. 30, no. 2, pp. 323–331, 1984.

[84] K. Okada, C. Wangpoengtrakul, T. Osawa, S. Toyokuni,
K. Tanaka, and K. Uchida, “4-Hydroxy-2-nonenal-mediated



Oxidative Medicine and Cellular Longevity 13

impairment of intracellular proteolysis during oxidative stress.
Identification of proteasomes as target molecules,” The Journal
of Biological Chemistry, vol. 274, no. 34, pp. 23787–23793, 1999.

[85] K. Uchida and E. R. Stadtman, “Selective cleavage of thioether
linkage in proteins modified with 4-hydroxynonenal,” Proceed-
ings of the National Academy of Sciences of the United States of
America, vol. 89, no. 12, pp. 5611–5615, 1992.

[86] S. Hauptlorenz, H. Esterbauer, W.Moll, R. Pümpel, E. Schauen-
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The presence of ROS is a constant feature in living cellsmetabolizingO
2
. ROS concentration and compartmentation determine their

physiological or pathological effects. ROSoverproduction is a feature of cancer cells and plays several roles during the natural history
of malignant tumor. ROS continuously contribute to each step of cancerogenesis, from the initiation to the malignant progression,
acting directly or indirectly. In this review, we will (a) underline the role of ROS in the pathway leading a normal cell to tumor
transformation and progression, (b) define the multiple roles of ROS during the natural history of a tumor, (c) conciliate many
conflicting data about harmful or beneficial effects of ROS, (d) rethink the importance of oncogene and tumor suppressor gene
mutations in relation to the malignant progression, and (e) collocate all the cancer hallmarks in a mechanistic sequence which
could represent a “physiological” response to the initial growth of a transformed stem/pluripotent cell, defining also the role of
ROS in each hallmark. We will provide a simplified sketch about the relationships between ROS and cancer. The attention will be
focused on the contribution of ROS to the signaling of HIF, NF𝜅B, and Sirtuins as a leitmotif of cancer initiation and progression.

1. Introduction

ROS (Reactive Oxygen Species) production has been strictly
associated with cancer [1], ageing [2], diabetes [3], obesity
[4], neurodegeneration [5], and other age-related diseases
such as age-related retinopathy, cochlear degeneration, and
chronic inflammatory diseases [6]. How can ROS contribute
to so many apparently different clinical entities and what
are the common molecular targets and pathways altered by
ROS? In recent years, a great amount of information has
been produced to answer these questions. Interestingly, such
information stems from the study of the roles of ROS along
the tumorigenesis sequence [7].

The complexity of relationships between ROS and cancer
pathogenesis is primarily due to the diverse species of ROS
produced by O

2
metabolism and their properties, such

as chemical nature, half-life, reactivity and specificity for

their biological targets, ability to diffuse and travel among
subcellular compartments, type of changes produced in target
molecules, and, finally, the importance of affected biological
functions [8]. Moreover, it is difficult to identify the molecu-
lar targets and the numerous redundant pathways modified
by ROS, with a significant role in cancerogenesis. Besides,
biologically active or toxic concentrations of ROS result-
ing from the ratio between production and detoxification
introduce additional important variables to be considered in
describing the ROS/cancer relationships [9].

Cancer pathogenesis may be described as a multistep
process including transformation, growth promotion and, in
clinically evident tumors, malignant progression [10]. During
the natural history of cancer a large number of genes,
molecules, and pathways contribute first to transformation
and promotion then to the manifestation of the malignant
cancer phenotype; most of these molecules and pathways
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interact with ROS in the cytosol, nucleoplasm, and intraor-
ganellar space.

A transformed cell is identified by the loss of control
of proliferation and deregulation of apoptosis producing an
excess of cell number and forming a mass (tumor). The
disruption of cell cycle and apoptosis regulation is due to
mutations of genes with a gain-of-function (oncogenes) and
a loss-of-function (oncosuppressor genes), both leading to
an excessive proliferative signal [11, 12]. The deregulation
of apoptosis is due to mutations of genes involved in the
signaling controlling programmed cell death, with a gain-
of-function of genes (oncogenes) protecting from apoptosis
and a loss-of-function (oncosuppressor genes) promoting
apoptosis. Upstream, alterations of DNA repair mechanisms
may often facilitate the accumulation of crucial mutations
in a single stem cell giving rise to the transformed stem cell
responsible for the growth of the early small tumor [13].

The initial growth of a small tumor occurs with absent,
insufficient, or abnormal angiogenesis. This produces areas
of hypoxia of different severity in which ROS increases,
favoring tumor cell survival, adaptation, and progression
[14]. Even though the precise mechanism through which
hypoxia increases ROS is still a matter of debate, it seems
that ROS production is due to the effects of hypoxia on the
mitochondria electron transport chain (ETC). In particular,
hypoxia would drive ROS increase by acting on complexes I,
II, and III of the ETC [15, 16]. In fact, the use of inhibitors for
each one of these complexes resulted in the inhibition of ROS
accumulation [15, 16]. Moreover, such ROS are mainly rep-
resented by H

2
O
2
since forced expression of catalase or glu-

tathione peroxidase-1 completely reversed hypoxia-induced
ROS expression in isolated pulmonary artery myocytes [15,
16]. Interestingly, hypoxia-driven ROS increase would then
leave the mitochondria causing destabilization of Prolyl
Hydroxylases (PHD) and stabilization of HIF1𝛼 [15, 16].

HIF is the major transcription factor responsible for
triggering tumor progression [17]. In addition, in this phase,
ROS further increases contributing to the involvement of
NF𝜅B and Sirtuins in the full acquisition of malignant
phenotype [18].

Here we will shortly review the contributions and mech-
anisms of ROS from cell transformation to the acquisition
of every single hallmark of a clinically significant malignant
tumor, trying to correlate specific molecular targets to ROS
role.

2. ROS Compartmentation and Production

Five main compartments contain ROS: mitochondria, cyto-
sol, single membrane-bound organelles (peroxisomes, endo-
somes, and phagosomes), exosomes released by plasma
membranes by shedding, and extracellular fluids including
plasma [9]. As schematized in Table 1 and Figure 1, ROS
are produced in different subcellular compartments by the
action of different enzymes and then they can travel through
channels or vesicles. In particular, mitochondria produce
large amount of ROS that can be either detoxified or can leave
the organelle through channels such as voltage dependent

1. Mito-ROS

3. Redoxosomes

5. Extracellular
ROS

2. Cytosolic ROS

4. Exosome ROS

Secretion granules

Exosomes

Peroxisomes
Phagosomes

Signaling to distant 
tissues and cells

Intracellular
signaling

Toxicity-local/paracrine 
signaling

Figure 1: Subcellular compartmentation of ROS. 1. Mitochondrial
ROS which can travel to cytoplasm through VDAC (superoxide) or
through aquaporin (peroxides). 2. Cytosolic ROS. 3. Redoxosomes,
such as peroxisomes and endoplasmic reticulum derived vesicles. 4.
ROS included into exosomes and vesicles shedding from damaged
plasma membranes. 5. Extracellular ROS in extracellular fluids and
plasma, partly crossing the plasma membrane through aquaporin,
partly secreted with granules (i.e., activated leukocytes).

anion channel (VDAC) or aquaporin. Similarly ROS can be
produced by NADPH-oxidases (NOX) and other cytosolic
enzymes as well as by peroxisomes. Finally, ROS can be
released in the extracellular space through aquaporin or
exosomes (Figure 1).

Three broad classes of ROS may be produced: hydroxyl
radicals, superoxides, and hydroperoxides, with distinctive
characteristics regarding their reactivity, half-life, target
specificity, localization, and, very importantly, biological and
pathological effects (Table 1). At present, the acronym ROS
may include also several nitrogen-containing compounds
or RNS (Reactive Nitrogen Species), such as nitric oxide
(NO), nitroxyl anion (NO−), and peroxynitrite (ONOO−).
NO is produced by the activity of inducible nitric oxide
synthase (iNOS) and reacts with superoxide to give rise to
the other RNS. ROI (Reactive Oxygen Intermediates) and
RNI (ReactiveNitrous Intermediate) are additional acronyms
used to indicate ROS [8, 19].

ROS are produced in the mitochondria as by-products of
fatty acid (FA)metabolism and oxidative phosphorylation for
ATP synthesis [8, 19]. Hydroxyl anion half-life is extremely
short (10−9 sec) interacting with and sometimes damaging
any biological molecule in its range. Superoxides encounter
two destinies: rapid detoxification by mitochondrial MnSOD
(Mn-dependent superoxide dismutase) as hydrogen peroxide
or mitochondrial membrane crossing through the VDAC.
Hydroperoxides travel easily to cytosol through membrane
aquaporin [8] (Figure 2).

Cytosol can produce ROS from many endogenous
(growth factors, cytokines, and metabolisms) or exogenous
sources (nutrients, radiation, microbiome, and xenobiotics).
On the other hand, cytosol can accumulate ROS produced
by mitochondria and redoxosomes, especially superoxide



Oxidative Medicine and Cellular Longevity 3

Table 1: Classes of ROS and their properties.

Radical Structure Reactivity Half-life Production/localization Diffusion Targets Biological
effect

Pathological
effect

Hydroxyl
radical OH∙ High 10−9 sec

Mitochondria
Phagosome

Endoplasmic reticulum
(ER)

Highly
localized
where is
produced

Any cell
component Unknown Toxicity

Superoxide O
2

− Low 1–15 minutes
Mitochondria cytosol

ER
Peroxisome

Localized, it
can diffuse
through an

anion channel

Fe-S centers
Nitric oxide

Protein
modification
(activation or
inhibition)

Protein
damage

Hydrogen
peroxide H

2
O
2

Moderate
Reversible Hours to days

Mitochondria cytosol
ER

Peroxisome

Diffuse, it can
travel through
aquaporins

Iron-sulphur
Cysteine residues

Activation of
signaling

Mutation,
accumulation,
and genomic
instability

Extracellular ROS

Leukocyte
granule
secretion

Release

Mito-ROS

Cytosolic ROS

HIF

HDACs
Sirtuins

Growth factors
Cytokines

Metabolism
Microbiome

Aquaporins
(hydrogen peroxide)

VDAC
(superoxide)

Adaptation
Defense
Repair

Inducible
production

NOX
iNOS
COX-2
5-LOX
HO-1

Target genes
Defense,
damage,

damage signaling
for distant tissues

Endogenous

Xenobiotics
Drugs

Radiations
UV

Nutrients
Microbiome

Exogenous

Oxygen

Other TFs

Redoxosomes

NF𝜅B

Figure 2: ROS are producedmainly in the mitochondria. Superoxides are rapidly detoxified bymitochondrial MnSOD as hydrogen peroxide
or can cross mitochondrial membranes through the VDAC. Hydroperoxides travel easily to cytosol through membrane aquaporin. In
addition to ROS coming frommitochondria, cytosolic ROS can originate frommany endogenous or exogenous sources, including nutrients,
radiation, microbiome, growth factors, cytokines, and other metabolisms. Proinflammatory inducible enzymes such as NADPH-oxidases
(NOX), inducible nitric oxide synthase (iNOS), inducible cyclooxygenase (COX2), 5-lipoxigenase, and inducible heme-oxigenase-1 (HO-1)
may produce an additional burst of ROS. HIF1𝛼, NF𝜅B, and HDACs, especially Sirtuins, are activated by ROS in synergy with the specific
signaling from receptors andmetabolism. Target genes of activated TFs are aimed at adaptation to hypoxia, proinflammatory harmful agents’
inactivation, and damage repair. ROS are also released in the extracellular space by secretion of granules of activated leukocytes or crossing
plasma membrane through anionic channels (superoxides) or aquaporins (hydroperoxides). Extracellular ROS are important for defense (as
in case of ROS released by eosinophils against macroparasite) and produce collateral damage not only in adjacent healthy tissues but also in
distant tissues and organs, signaling the local damage and activating improper mechanisms of adaptation, remodeling, and chronic damage.

and hydroperoxides. ROS and RNI, accumulating into the
cytosol, can diffuse easily (depending on half-life) into the
nucleoplasm, interacting with nucleic acids and other nuclear
components [20].

In the cytosol and redoxosomes, proinflammatory
inducible enzymes such as NADPH-oxidases (NOX),
inducible nitric oxide synthase (iNOS), inducible
cyclooxygenase (COX2), inducible 5-lipoxygenase (5-LOX),
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and inducible heme-oxygenase-1 (HO-1) may produce an
additional burst of ROS.

In particular, the different isoforms of NOX, identified
in many tissues and cells, are an important source of ROS
in response to different stimuli including hypoxia [21]. NOX
is a multisubunit enzyme complex generating superoxide by
one-electron reduction of oxygen using reduced NADPH as
the electron donor [21]. NOX is widely distributed among
different species, suggesting that such enzyme plays an
important role in the cell. However, the precise physiological
role of NOX is still unclear, whereas its pathophysiological
role is definitely lined to ROS production and ROS-induced
damage [22]. Finally, as for HIF (see below), mitochondrial
ROS accumulation following hypoxia can, in turn, activate
NOX through a mechanism requiring protein kinase C𝜀 and
leading to further ROS increase and cellular damage [23].

Hypoxia-induced ROS accumulation also increases
expression and activity of 5-LOX in pulmonary artery
endothelial cells with production of leukotrienes and
induction of cell proliferation [24].

The presence of the cytosolic CuSOD (Cu-dependent
superoxide dismutase) and of a number of scavenging
molecules, that is, peroxiredoxins and glutathione perox-
idase, [22, 25, 26] detoxifies the excess of cytosolic ROS
(Figure 2).

A special case of ROS production and utilization occurs
in the redoxosomes. A number of oxidases are localized in
specialized stable (peroxisomes) or transient (phagosomes,
multivesicular bodies, endosomes, etc.) single-membrane
bound organelles that can produce substantial amount of
ROS as typically occurs in the respiratory burst of activated
leukocytes (macrophages and eosinophils) or during peroxi-
some proliferation in response to xenobiotics [27].

Members of NOX family (NADPH-oxidases) and
myeloperoxidase are induced and confined in the vacuole
microenvironment where they produce a large amount
of ROS mainly aimed at killing bacteria and inactivating
harmful substances. This represents an efficient defense
mechanism against bacteria and parasites [28].

Variable ROS concentrations have been measured in
many extracellular fluids, such as blood plasma and sper-
matic, peritoneal, and pleural fluid [29, 30]. Free extracellular
ROShave twoorigins: fromcytosol crossing the plasmamem-
brane through aquaporins (hydroperoxides) and some anion
channels (superoxides) and by secretion (external opening
of phagosomes and granules) as typically occurs in activated
degranulating leukocytes [31, 32]. The range of action of
extracellular ROS is determined by their half-life, reactivity,
velocity of diffusion, and the possibility to travel with plasma.
More reactive and short-living ROS (hydroxyl anion and
superoxide) act in a short range damaging local biological
structures (i.e., macroparasites and adjacent tissue cells),
while hydroperoxides may travel with plasma contributing to
determining the redox levels of the blood and thus influenc-
ing the activity and the life of blood cells and of important
plasma proteins [33, 34]. ROS are also released in the extracel-
lular space by secretion of granules of activated leukocytes or
crossing plasmamembrane through chloride and other anion
channels (superoxides) and aquaporins (hydroperoxides)

[35]. Extracellular ROS are important for defense (as in case
of ROS released by eosinophils against macroparasite) and
produce collateral damage not only in adjacent healthy tissues
but also in distant tissues and organs, signaling the local
damage and activating improper mechanisms of adaptation,
organ remodeling, and chronic damage (Figure 2).

Recent literature has recognized the functional impor-
tance of exosomes. Exosomes are small (50–90 nm) vesicles
originating from invagination of multivesicular bodies and
plasma membrane and are released in small amount by
normal cells and in large number by cell under various
types of stress and by cancer cells, diffusing and traveling
through extracellular biological fluids [36, 37]. Their content
is largely determined by the local cytosolic composition
where exosomes are formed and therefore, their content,
includeswater, ions, solublemetabolites proteins nucleic acid,
and ROS. Their membrane contains membrane-associated
proteins including ligands which can allow exosomes to
interact with distant cells and tissues expressing the corre-
sponding receptor. After this interaction external and internal
molecules can enter target cells initiating signal cascades that
can influence cell physiology and pathology. In particular,
exosomalmicroRNAandproteins have been demonstrated to
play a role in distant organ remodeling and damage develop-
ing multiorgan diseases as observed in complex patients [37].

3. ROS Biological Functions and
Damaging Effects

The increase of ROS following hypoxia has been extensively
documented using different techniques. However, precise
numbers indicating the level of ROS generation in tumors are
difficult to obtain due to the multiple antioxidant pathways
and molecular mechanisms activated by tumors to survive to
such an increase and to thrive. An important aspect is the
interaction of ROS with different cellular components that
produces different types of changes depending on the classes
of ROS. In particular, as shown in Table 1, hydroxyl radicals
are highly reactive causing sublethal or lethal degradation
(toxicity), whereas superoxide and hydrogen peroxide have
a lower reactivity but can cause local damage or activation
of signaling cascade when present at physiological concen-
tration. Lipids, proteins, and nucleic acids (sugar backbone
and N-bases) are the most significant targets of ROS-induced
damage [38].

Chronic oxidative stress exerts detrimental effects during
the multistage process of carcinogenesis, including DNA
damage, impaired DNA repair, mutations in tumor suppres-
sor genes, epigenetic changes, altered apoptosis, disruption of
signal transduction pathways responsible for maintaining the
normal cellular homeostasis, angiogenesis, and metastasis.
For a comprehensive description of ROS-induced DNA
damage we refer the reader to the reviews of Ziech et al. and
Caputo et al. [39, 40].

Lipoperoxidation has the most significant impact on
plasma membrane structure and permeability. Plasma mem-
brane damage disrupts ionic gradients: the entry of Na+
and water leads to cell swelling (one of the most frequent
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cell alterations in mammalian tissue pathology). However,
the necrotic catastrophe is associated with the entry of
extracellular Ca++. Disruption of Ca++ homeostasis leads to a
rapid cell degradation through (1) a further increase of ROS
production and damage [41], (2) an abnormal function of
cytoskeletal components (supercontracture) [42, 43], and (3)
an abnormal activation of Ca++-dependent proteases, such as
calpains, caspases, and proteasomes [44]. To this effect it is
important to consider that Ca++ homeostasis maintenance
depends on the cellular compartment roughly as follows:
(i) cytosolic ([pCai

++] = 10−9M); (ii) endoplasmic reticulum
cisternae ([pCa++] = 10−6M); (iii) mitochondrial ([pCam

++]
= 10−5M); (iv) extracellular ([pCae

++
] = 10−3M).

Superoxides react rapidly with iron-sulphur groups of
proteins or with NO generating peroxynitrite, which, in turn,
acts on proteins (tyrosine nitration and S-glutathionylation)
[45]. Hydroperoxides act by oxidizing cysteine residues in
proteins and influencing deeply their activity. Mitochondrial
DNA and nuclear DNA undergo several alterations that may
result inmutation accumulation and genomic instability [46].
Mitochondria undergo mtDNA alterations and metabolic
dysfunction with increase in ROS production. Nuclear DNA
undergoes point mutations, breaks and consequent deletion,
inversion, and translocation, all conditions that can activate
oncogenes or inactivate oncosuppressor genes.

Several proteins, targets of ROS, play a crucial role during
tumor progression. Herewith we will focus the attention on
HIF, NF𝜅B, and Sirtuins. It is interesting to note that a full
activation of HIF, NF𝜅B, and Sirtuins occurs in synergy with
specific signaling from receptors or other pathways following
a previous interaction with ROS.

3.1. ROS May Induce Cell Transformation through Mutations.
ROS are at the early origin of cancer. Radiations, UV,
xenobiotics, chemical carcinogens, nutrients, and chronic
inflammation are sources of mitochondrial and cytosolic
ROS. In the nucleus they damage in different ways DNA
producing random mutations including those that allow a
normal cell to lose the control of cell cycle and of the apoptosis
[47]. Most of the times, mutations are corrected by one of
the DNA repair mechanisms such as double strand break
(DSB) repair, base excision repair (BER), mismatch repair
(MMR), and, possibly, nucleotide excision repair (NER)
[48]. Alternatively, the cell can undergo apoptosis. In these
conditions, the chances to select a transforming combination
of mutations are substantially increased by defective DNA
repair mechanisms, by predisposing germline mutations and
by defective ROS detoxifying systems. In conclusion, ROS
mediate the mutagenic action of a number of carcinogenetic
agents playing a prevalent role in the initial transformation of
a normal cell into a tumor cell.

3.2. ROS Promote Growth and Genomic Instability in Already
Transformed Cells. A second contribution to cancerogenesis
is given by additional ROS constitutively produced in trans-
formed cells by mutated oncogenes. In particular, oncogenes
such as Ras andMyc, often overexpressed in tumor cells, have
been linked to deregulation of cell proliferation with increase

of ROS that, in turn, cause DNA damage [49]. In fact, both
Ras and Myc induce metabolic reprogramming of cancer
cells with increased glucose and glutamine metabolism and,
consequently, increased proliferation and ROS production.
In this case, ROS species are represented by superoxide that
accumulates after Ras and Myc overexpression. However, the
precise mechanism through which Ras and Myc induce ROS
increase is still unknown and does not depend on mitochon-
drial superoxide production [50]. Another important family
of transcription factors linked to Ras is represented by the
STAT family that is inactivated by increased ROS through
oxidation of cysteine residues [51]. Alternatively, increased
STAT3 and 5 determine a decrease in mitochondrial ROS
production [51]. Interestingly, malignant transformation of
mouse embryo fibroblasts by activated Ras oncogene also
requires mitochondrial STAT3 and decreased ROS accumu-
lation [52].

4. ROS and Hypoxia: Tumor Necrosis
and Adaptation

Initial growth of transformed cells, leading to the initial
tumor mass, occurs in the absence of or with inefficient
angiogenesis. When tumor diameter and the intercapillary
distances reach 200 𝜇m (which is the diffusion limit of the
oxygen from blood) the tumor tissue becomes hypoxic, with
important effects for the tumor microenvironment and for
the metabolism of transformed cell itself that becomes more
glicolytic [53] (Figure 3). In order to better understand the
characteristics of the tumor microenvironment, it is impor-
tant to consider that average oxygen partial pressure (pO

2
)

of tumors, measured by a polarographic pO
2
sensor, is about

8–10mmHg or 1.1–1.3%. By contrast, pO
2
in various human

tissues has an average of 35mmHg or 4.6% [54]. Therefore, it
is now a consolidated fact that hypoxia is a characteristic of
solid tumors and represents a negative prognostic indicator
[54].

As previously described, during this phase, a third
prominent role of ROS is evident: hypoxia produces ROS
which activate HIF1𝛼, by inactivating its inhibitor, PHD
(Prolyl Hydroxylase Domain) [53]. Even though this review
is focused on the interplay among ROS, HIF1𝛼, and NF𝜅B,
it is important to keep in mind that hypoxia-driven ROS
activates also other transcription factors such as NRF2.
NRF2 has an important role in regulating transcription of
proteins involved in antioxidant defense thereby reducing
ROS accumulation [55]. Importantly, NRF2 and HIF1𝛼 may
act together or independently in regulating, for example,
HO-1 expression. Moreover, HIF1𝛼 regulates NRF2 in some
colorectal cell lines [55], whereas silencing NRF2 expression
results in HIF1𝛼 and VEGF reduction indicating a complex
and yet unraveled network between these players [55]. In
addition, the situation gets complicated by the observation
that many human cancers show a significant upregulation
of NRF2 correlating with a poor prognosis [55]. For an
exhaustive description of NRF2 function in physiological and
pathological conditions, we remand the reader to the recent
review by Moon and Giaccia [56].
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In the early tumor growth, in the absence of angiogenesis, the central regions of tumoral mass, more distant from vessels, undergo necrosis,
while peripheral regions survive and adapt to the hypoxia thanks to the HIF-dependent gene expression. Cancer stem cells seem to adapt
more easily than differentiated cancer cells [53].

A further ROS increase causes DNAdouble strand breaks
with increase in mutations (genomic instability) and cell
damage (lipoperoxidation) leading to necrosis of cells that
are more distant from vessels. However, the activation of
HIF1𝛼 by ROS in sublethally damaged tumor cells closer to
the vessels allows the expression of HIF1𝛼-driven genes that
contribute to their survival and growth thereby increasing
their commitment to malignancy.

Necrotic damage includes plasma membrane fragmenta-
tion and release of intracellular molecules, some of which
constitute alarmins or DAMPs (Damage-AssociatedMolecu-
lar Patterns) [57]. The interaction of released alarmins with
their receptors triggers a proinflammatory gene expression
in various cell types: resident innate immunity cells or
leukocytes, usually expressing a number of alarmin receptors
[58]. Importantly, tumor cells may also express alarmin
receptors following hypoxia and HIF1𝛼 activation. Alarmin
receptor signaling leads to the activation of NF𝜅B and then to
the proinflammatory gene expression. This proinflammatory
microenvironment can contribute to tumor progression (see
below).

Activation of HIF1𝛼 leads to the expression of hundreds
of genes. Some important HIF1𝛼-dependent genes with their
role in cancer cell as well as the effect of ROS are reported in
Table 2. Many of these genes provide a first impulse (com-
mitment) toward tumor progression. For example, VEGFs
and their receptors are responsible for neoangiogenesis and
for the possibility to grow above the limit of 400 microns
in diameter [59]. Telomerase activation increases the prolif-
erative potential [60]. Finally, changes in intermediate and
energymetabolismprovide a growth advantage to tumor cells
that can quickly use glucose and glutamine [61, 62].

5. ROS, HIF1𝛼, and HIF1𝛼-Dependent Genes

ROS produced during hypoxia have a central role in sta-
bilizing and activating HIF1𝛼 which in turn triggers the
molecular mechanisms important, for instance, to sustain
survival, growth, motility, metastasis, and metabolic changes
of a transformed cell. However, in some cases, ROS can also
directly influence the activity of a number of gene families
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Table 2: HIF-dependent genes in hypoxia adaptation in determining malignancy hallmarks.

HIF-dependent genes Adaptation phenotype ROS effect References
VEGFs and VEGFRs Neoangiogenesis, repair Indirect [63–65]
TERT (telomerase) ↑ telomere length and proliferative potential Direct and indirect [66–69]
Cyclin D1, cyclin D2 Increased proliferation Indirect [70]
TERT; c-Myc, SOX2, OCT4, KLF4, Notch Stem cell renewal, differentiated cell reprogramming Indirect [71, 72]
ABC transporter Drug resistance Indirect [75–77]
ALDA, PGK, GLUT-1 Changes in energy metabolism Indirect [61, 78]
PDGF, chemokine receptors Motility and polarized migration Indirect [104, 105]
MMP9, MMPs Integrity of basement membrane; invasiveness Direct and indirect [97–100]
Alarmin (DAMPs) receptors NF𝜅B activation; IRR gene express Indirect [80–82]

playing a critical role in pushing a transformed cell toward
the acquisition of many hallmarks of malignancy.

5.1. ROS and VEGFs and VEGFRs. Increased expression of
VEGFs and their receptors VEGF-R1 and R2 is due to the
activation of HIF1𝛼 by ROS and has the fundamental role
of activating a tumor-specific neoangiogenesis, allowing the
early tumor to grow over the dimensions (200–300𝜇m),
imposed by the simple diffusion of oxygen and nutrients
[63]. Alternatively, ROS can also activate the MAPK pathway
leading, again, to the increased expression of VEGF [64].
Interestingly VEGF, VEGF-R1, and R2 are expressed in
human colorectal samples as well as in human colon cancer
cell line, whereas no expression is observed in human normal
colonic cell lines. This suggests that VEGF can be produced
and secreted by cancer cells to sustain their proliferation and
migration. Accordingly, VEGF silencing in colon cancer cells
resulted in decreased growth and motility of colon cancer
cells [65].

5.2. ROS and Telomerase. There are indications about a
direct role of ROS on telomerase activity in hepatocellular
carcinoma [66]. However, it is believed that the role of
ROS may depend on their amount in the cells with low or
mid levels being able to activate and high levels to inhibit
telomerase activity [67]. Moreover, the effect of ROS on
telomerase activity may depend on HIF1𝛼 as previously
demonstrated [68]. Recently, a role of telomerase in regulat-
ing cell survival, signaling, and mitochondrial function has
been also proposed [69].

5.3. ROS and Proliferation. A further contribution to the
proliferative potential is given by the HIF1𝛼-dependent acti-
vation of typical proproliferative genes such as c-Myc and
cyclinD1 [70]. As discussed below, the increased proliferation
of tumor cells, in which HIF1𝛼 is active, is also linked to the
metabolic reprogramming of these cells.

5.4. ROS and Stem Cell Maintenance and Reprogramming. In
addition, HIF1𝛼 activates OCT4 and Notch facilitating stem
cell renewal, contributing to the immortalization and increas-
ing survival of cancer stem cells [71, 72]. These observations
derive from studies conducted using hematopoietic stem cells

(HSC). In fact, HSC pool is present in hypoxic regions of
the bone marrow and shows a high expression of HIF1𝛼 that
is essential to maintain stem cell cycle quiescence through a
mechanism involving p16/p19 proteins [73]. Moreover, SOX2
andKLF4 can also be activated alongwith ROS accumulation
in glioblastoma cells thereby increasing the number of stem
cells [74]. The observation that the canonical stemness genes
are all overexpressed suggests the possibility that reprogram-
ming differentiated tumor cells can have a role in increasing
and maintaining the tumor stem cell compartment.

5.5. ROS and Resistance to Chemotherapy. Resistance of
tumor cells and particularly of cancer stem cells is achieved
by overexpression of ABC transporters driven by the HIF1𝛼
transcription factor activated by reduced oxygen tension
and/or ROS in the tumor microenvironment [75]. In partic-
ular, HIF1𝛼 has been shown to increase expression of MDR1
[76]. Interestingly, also in this case, the level of ROS achieved
inside tumor cells plays an important role. In fact, high levels
have been shown to reducedHIF1𝛼 andMDR expression and
survival in spheroids from prostate tumor cells [77].

5.6. ROS and Changes in TumorMetabolism. ROS andHIF1𝛼
activation are responsible for the large metabolic reprogram-
ming of cancer cells that requires other transcription factors
such asMyc and proceeds with the overexpression of proteins
such as glucose transporter 1 (GLUT1) for glucose uptake,
glutaminase for glutamine usage, hexokinase II (HKII) for
glycolysis, and carbonic anhydrase IX (CAIX) for control of
intracellular pH, which assures the glucose and glutamine
dependency and the fast growth of tumors [61, 78].

5.7. ROS Contribution to Invasion and Metastasis. ROS
increase in tumor cells contributes to the activation of
proteases involved in the recognition and degradation of
basement membrane as well as in the formation of invadopo-
dia [79]. Importantly, most of the invasion and metastasis
genes are cocontrolled by HIF1𝛼 and by NF𝜅B, as also
discussed in the next paragraph. In particular, ROS activates
intracellular signaling mechanisms involving MAPK that
depend on NF𝜅B and are upstream of MMPs [79]. Moreover,
ROS also activates the recruitment of a series of actin-
associated proteins such as cofilin and fascin as well as
adhesion (integrins) and signaling (c-Src tyrosine kinases)
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Table 3: NF𝜅B-dependent genes and their role in tumorigenesis.

NF𝜅B-dependent gene families Proinflammatory phenotype and malignancy hallmark ROS effect References
Inducible enzymes Vasodilatation, migration Indirect [87–89]
Cytokines and receptors Local amplification of IRR Direct and indirect [90–94]
MMPs and TIMPs Invasion, migration Direct and indirect [97–100]
Adhesion molecules and their counterreceptors Detachment, homing Indirect [101–103]
Chemokines and receptors Migration, homing Direct and indirect [104, 105]
VEGFs and VEGFRs Angiogenesis, repair Indirect [63–65, 106]
Growth and survival factors Proliferation, antiapoptosis, repair Indirect [107, 108]
Acute-phase proteins IRR amplification, chemotaxis, repair Indirect [109–113]
SOCS-1 Negative regulator of IRR Indirect [114–116]

proteins that assemble together to form the invadopodia [79].
Therefore, themetastatic potential of transformed tumor cells
can be increased following upregulation of ROS production.

5.8. ROS and Receptors for Alarmins. In the presence of
a hypoxic environment a number of cell types, including
cancer and normal stem cells, express de novo or overexpress
different alarmin receptors (similar to those present in
activated leukocytes or CD45+ cells) [80, 81]. RAGES, P2X7,
TLRs, and others, upon activation by alarmins released by
necrotic cells, converge in the activation of NF𝜅B with a
robust proinflammatory gene expression. This represents the
key event to bridge the hypoxia to the adaptation with the
expression of hundreds of genes related to the IRR and, very
importantly, to the acquisition of classical properties of the
malignant phenotype.This picture includes also the so-called
EMT (epithelial-mesenchymal transition), in which involved
genes can be HIF1𝛼- and/or NF𝜅B-dependent target [82].

6. ROS, NF𝜅B Activation, and the Full
Acquisition of Hallmarks of Malignancy

The inflammatory response is finalized to defend cells by
eliminating or detoxifying the harmful agents and to repair
cell/tissue damage through differentiation of resident or
recruited stem cells or by forming a scar of connective tissue.
ROS are important players in both defensive and repairing
functions of the inflammatory-reparative response (IRR).
However, ROS can also cause cell damage, depending on the
type, on the local concentration, and on how long and how
specifically they interact with cell components [38, 83].

In the classical (“physiological”) IRR, defense and repair
are efficiently coordinated by NF𝜅B [84]. This transcrip-
tion factor becomes fully activated through many synergic
and confirming signals, such as cytosolic ROS, exogenous
alarmins (i.e., virus, bacteria, other parasites, crystals, and
fibers), and endogenous alarmins released by damaged and
necrotic cells [85]. This signaling leads to NF𝜅B nuclear
translocation and activation and expression of ROS produc-
ing enzymes such as NADPH-oxidases, COX2, iNOS, and 5-
lipoxygenases [86].

Once NF𝜅B has been activated, a complex gene response
occurs, with the expression of genes belonging to spe-
cific gene families including a large number of members

functionally related to the inflammatory and reparative
response (see Table 3). Individually most of these genes have
been implicated in the acquisition of crucial properties of
the malignant phenotype, providing a coherent theoretical
framework to explain the acquisition ofmost of themalignant
hallmarks as an integrated response and adaptation to the
tumor environment.

6.1. ROS and Inducible Enzymes (NOX, COX2, 5-LOX, and
iNOS). Inducible enzymes produced in activated leukocytes
upon activation of NF𝜅B are responsible for the production
of mediators such as prostaglandins, leukotrienes, plasmalo-
gens, and NO, leading to the manifestation and amplification
of the IRR. Their presence in tumor microenvironment and
their expression by tumor cells have been two of the earliest
observations involving inflammation in the pathogenesis and
progression of cancer [87]. Molecules produced by these
enzymes contribute to many aspects of tumor progression
such as neoangiogenesis, recruitment of leukocyte to the
tumormicroenvironment, and changes for EMT [88]. Almost
15 years ago a landmark epidemiological study suggested that
the use of low-dose aspirin for cardiovascular prevention
drastically reduced the risk for colon cancer [89]. These
epidemiological observations stimulated a number of other
retrospective studies and controlled clinical trials on aspirin
and other COX2 inhibitors in preventing tumors and their
progression, giving rise to a new era in understanding the role
of inflammation in tumor pathogenesis.

6.2. ROS, Cytokines, and Their Receptors. ROS have been
shown to induce cytokine synthesis in different systems either
directly or following activation of NF𝜅B [90, 91]. Cytokines
have a direct influence on IRR by targeting leukocytes, by
polarizing the response as Th1 or Th2 and by stimulating
the proliferation of target cells (CD45+) to reinforce and
amplify the IRR [92]. Cytokines are present in most human
tumor microenvironment, being produced by cancer cells
themselves and/or by leukocyte infiltrate [93, 94]. Interest-
ingly, tumor cells also express receptors for various cytokines
in parallel with their degree of malignancy [92]. Therefore,
thanks to the presence of cytokine receptors, tumor cells can
be strongly influenced in their biology, such as proliferation
rate (IL-2), and in their polarization (Th1 cytokines) and,
probably, in the expression of adhesion molecules and their
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counterreceptors, thus influencing the homing for metastasis
[95, 96].

6.3. ROS and MMPs and TIMPs. Matrix metalloproteinases
(MMPs) and tissue inhibitor of metalloproteinases (TIMPs)
are HIF1𝛼- and NF𝜅B-dependent genes normally expressed
in activated leukocytes. ROS can activate MMP synthesis
either directly [97] or, more frequently, through NF𝜅B [98,
99]. It is well known that disruption of the MMP/TIMP
activity ratio with a gain-of-function of proteasic activity
over basement membrane and extracellular matrix proteins
is present in malignant tumors and parallels the invasive
potential [100]. Therefore, the key event for demolishing the
physiological tissue barrier and starting invasion is basically
controlled by both HIF1𝛼 and NF𝜅B through the expression
of these genes.

6.4. ROS, Adhesion Molecules, and Their Counterreceptors.
The activation of NF𝜅B in leukocytes finely reprograms
the expression of adhesion molecules for migration and for
homing at constitutive district tissue or at damaged site. A
ROS-induced NF𝜅B-dependent and/or cytokine-dependent
new expression of adhesive molecules occurs also in tumor
cells, allowing for a number of biological changes typically
related with malignancy [101, 102]. These changes include the
ability to detach from the original tissue (i.e., cadherins), the
ability to migrate following a specific chemotactic gradient
and a path of ECM molecules (receptors for chemokines
and integrins), and, finally, the identification of the homing
site represented by activated endothelial or other tissue cells
(ICAM-1, selectins, and their counterreceptors) [103].

6.5. ROS, Chemokines, and Their Receptors. Tumor cells
express both chemokines and their receptors in parallel
with their degree of malignancy [104]. The production
of chemokines gives rise to a gradient which is probably
the main responsible for the attraction of leukocytes and
mononuclear infiltration in advanced tumors [104]. More
importantly, the expression of chemokine receptors is a
crucial event for the occurrence of metastasis. In fact,
detachment from the primary tumor tissue must be fol-
lowed by a vectorial migration along a chemotactic gradient,
which implies the presence of specific receptors for the
chemoattractant. CXCR4, a receptor for SDF1𝛼, is the best
characterized receptor in tumor cells and has been definitely
associated with progression and prediction of metastasis in
many human tumors [104]. Interestingly, ROS can enhance
CXCR4 function in prostate cancer cells [105]. Moreover,
chemokines and their receptors are under the control of
NF𝜅B and can be, therefore, induced by ROS.

6.6. ROS, VEGFs, and VEGFRs. As also described above
when talking about the role of ROS in inducing HIF1𝛼 and
VEGF, in order to be clinically relevant and detectable by
the present imaging techniques, a tumor needs to grow at
the dimension of a few mm in diameter. At the same time,
this tumor must activate a process of neoangiogenesis, with
an adequate expression of VEGFs and VEGFRs. VEGFs can

be produced by activated leukocytes and mesenchymal cells
present in the tumor microenvironment or, more impor-
tantly, by tumor cells themselves under the influence of acti-
vated HIF1𝛼 and NF𝜅B [63, 106]. In the last case, it has been
demonstrated that cancer cells (probably tumor stem cells
and progenitors) may express also VEGFRs, suggesting the
possibility that tumor cells can contribute to the formation of
their new vascular tree [65].

6.7. ROS, Growth, and Survival Factors. HIF1𝛼 and NF𝜅B
control a number of growth and survival factors and their
receptors.This has been demonstrated in activated leukocytes
(involved in tissue repair) and in hypoxia activated tumor
cells. This is an additional advantage for tumor growth
and a prerequisite for the establishment of a secondary
metastatic tumor. The “seed and soil” hypothesis predicts
that a favorable tissue environment is relevant for the
occurrence of a metastasis [107]. In this case, growth and
survival factors can be provided by activated leukocytes or
mesenchymal cells of the microenvironment and by tumor
cells themselves in which proliferative pathways are already
activated (transforming oncogenes) or in which these genes
are overexpressed upon ROS-dependent NF𝜅B activation
[108].

6.8. ROS and Acute-Phase Proteins. Acute-phase proteins
have been considered as plasma markers useful to evaluate
the systemic IRR. They include soluble and cell bound
isoforms, such as C reactive protein, pentraxin-3, and other
pentraxins; their functions are only partially elucidated. Sim-
ilar to the other NF𝜅B-dependent genes, they are expressed
or overexpressed in hypoxia-activated tumor cells and in
activated leukocytes. Their function in tumor progression is
still debated. On one hand, they seem to inhibit tumor cell
proliferation and to decrease with progression [109]; on the
other hand they can be highly expressed in malignant cells
compared to the host normal tissue [110–113].

6.9. ROS, SOCS, and Negative Regulators. NF𝜅B activation
includes also the expression of a number of proteins that
function as negative key-regulator of IRR, such as SOCS-1
[114].This latter protein is amember of SOCS family that sup-
presses the cytokine signaling via JAK/STAT, downregulates
TLR expression and signaling, and decreases NF𝜅B activity
and duration [115]. This family and other negative regulators
are considered as part of the normal feedback control of the
IRR. As predicted by our hypothesis, SOCS-1 decreased in
hypoxia-activated cells, as a physiological response of HIF1𝛼-
NF𝜅B integrated activation [116].

7. ROS and Sirtuins in Modulating Cell Redox
Status and HIF1𝛼/NF𝜅B Pathway

In mammals there are seven Sir2 homologs (SIRTs 1–7). Sir-
tuins are either class III nicotinamide adenine dinucleotide-
(NAD+-) dependent deacetylase, desuccinylase, demalony-
lase, deglutarylase, or ADP-ribosyltransferases [117, 118].
Their dependence on NAD+ directly links Sirtuins activity
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to the metabolic state of the cells and to ROS. For this
reason, Sirtuins have been implicated in many physiological
functions such as gene silencing, cell death, longevity, inflam-
mation, cancer and, importantly, the regulation of ROS levels
through both ROS production and detoxification [117]. In
addition, Sirtuins deacetylate and then directly regulate the
activity of both HIF1𝛼 and NF𝜅B. However, while only for
SIRT1, 2, 3, and 6 this regulatory function has been clearly
demonstrated, it is now clear that also the other Sirtuins
influence a number of metabolic pathways, converging in
ROS regulation.

7.1. SIRT1. SIRT1 can be a target of damaging ROS and this
may cause its relocalization, inactivation, and degradation. In
particular, ROS can oxidize SIRT1 cysteine residues thereby
inhibiting its activity and targeting the protein towards pro-
teasomal degradation [119]. In fact, oxidative stress associated
with inflammation downregulates the expression and the
activity of SIRT1 and [119, 120] SIRT1 can be cleaved in
inflammatory conditions [121, 122].

Another mechanism through which ROS can reduce
SIRT1 activity involvesNAD+. In fact, oxidative stress reduces
the cellular level of NAD+ suppressing the SIRT1-mediated
signaling [123]. Interestingly, the increase of oxidative stress
observed during aging in several rat tissues is accompanied
by a concurrent decrease in the level of NAD+ and in the
activity of SIRT1 [124]. Similar changes were observed in
human skin [125]. Recently, it was shown that, in mammalian
cells, oxidative stress (H

2
O
2
) causes a cytosol to nucleus

translocation of SIRT1 followed by its chromatin binding
[126]. At least part of the SIRT1 pool appears to be targeted to
double strand breaks, where it promotes repair and genomic
stability. Genes that are normally silenced by SIRT1 become
derepressed, leading to an altered pattern of transcription
that resembles that of the aging brain, which is known to
be subjected to significant oxidative stress. Finally, oxidative
stress also activates PARP-1, which consumes cellular NAD+
storage thereby decreasing SIRT1 activity [127].

On the other hand, downstream effects of SIRT1 on
various transcription factors can affect directly ROS produc-
tion and decrease or increase ROS resistance by influenc-
ing ROS detoxifying/scavenging systems. Importantly, SIRT1
deacetylates both HIF1𝛼 and NF𝜅B. In the case of NF𝜅B,
SIRT1 has been shown to deacetylate and inactivate the
p65/relA component with inhibition of the NF𝜅B complex
[128]. In fact, both in vitro and in vivo observations have
shown that SIRT1 or activation of SIRT1 by resveratrol
and other polyphenols decreases inflammatory response by
deacetylating and inhibiting NF𝜅B [129]. These results are
particularly interesting considering the central role of NF𝜅B
in many cellular pathways involved, for instance, inflam-
mation, aging, and cancer. Controversial results have been
reported, instead, for SIRT1/HIF1𝛼 signaling. In fact, it is
not yet clear if SIRT1 is influenced or not by hypoxia. Some
reports indicate that hypoxia increases SIRT1 levels, whereas
others indicate that hypoxia decreases SIRT1 [130, 131]. Under
hypoxia SIRT1 deacetylates HIF1𝛼; however, such reaction
in some cases decreases HIF1𝛼 activity, whereas in others

it increases HIF1𝛼 activity. Obviously, more data must be
accumulated on different cell lines, tissue, in vivo models,
and tumors before the real function of SIRT1 on HIF1𝛼 can
be delineated. Moreover, it is also possible that SIRT1 action
of HIF1𝛼 differs in different tissues and organs. Given the
widespread actions of SIRT1 in mammalian cells, it is likely
that we have only scratched the surface of how this Sirtuin
influences and interacts with ROS.

7.2. SIRT2. The connection between SIRT2 and ROS is
still at the beginning. However, some results have shown
that oxidative stress increases SIRT2 expression and nuclear
accumulation. Nuclear SIRT2 then deacetylates and acti-
vates DNA binding of Foxo3a transcription factor that, in
turn, results in increased transcription of its target genes
and finally a decrease of ROS [132]. SIRT2 has also been
shown to inhibit ROS production following LPS treatment
of macrophages by suppressing NF𝜅B activation [133]. In
fact, SIRT2 has been shown to deacetylate subunit p65 of
NF𝜅B on lysine 310 (K310) in the cytoplasm [134]. In this way
SIRT2 inhibits NF𝜅B activation and transcription of NF𝜅B
target genes following TNF stimulation [134]. In fact, SIRT2
silenced cells have an increased activation of NF𝜅B and a
lower percentage of cell death following TNF exposure [134].
Finally, addition of a cell permeable PEP-1-SIRT2 protein to
murinemacrophages resulted in a reduction of ROS due to an
increase in antioxidant enzymes such asMnSOD and catalase
[135]. The precise role of SIRT2 in tumors is still a matter
of debate with some reports showing a correlation between
SIRT2 levels and poor prognosis in non-small-cells lung
cancer or progression of cervical cancer [136, 137], whereas
others report a correlation between low levels of SIRT2 and
non-small lung cancer [138]. However, the current literature
points to an oncogenic role of SIRT2 since its inhibition
results in an impaired growth of lung, cervical, sarcomas,
gliomas, and so forth by regulating cell cycle and autophagy
[139, 140].

7.3. SIRT3. The expression and deacetylating activity of the
mitochondrial Sirtuin SIRT3 have been extensively associated
with a decrease of oxidative stress and an increase of cell vital-
ity and lifespan. In particular, in arsenic-treated adipocytes,
reduction of ROS by SIRT3 is due to the activation of
transcription factors such as FOXO3a that, in turn, increases
expression of ROS scavenging enzymes [141]. Deacetylation
of FOXO3 by SIRT3 decreases proteasomal degradation of
the former and increases resistance to ROS [141]. Decrease
in ROS production after SIRT3 overexpression or activation
(resveratrol) has been documented in different systems and
pathologies such as age-related dysfunction of the auditory
system [142], doxorubicin toxicity of cardiomyocytes due
to oxidative stress [143], and hypoxic stress of endothelial
cells [144]. In fact, SIRT3 control of HIF protein stability is
achieved by controlling ROS levels as well as other metabolic
pathways [145]. In particular, by decreasing ROS levels, SIRT3
stabilizes HIF degrading enzyme Prolyl Hydroxylase (PHD)
lowering HIF1𝛼 levels [146]. Interestingly, SIRT3 deficiency
is associated with tumor growth in xenografts and SIRT3
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expression is lowered in several cancers and cancer cell lines
[146].

7.4. SIRT4. Very little is known about this mitochondrial Sir-
tuin and its role in the regulation of oxidative stress response.
However, SIRT4 ADP-ribosylates and inactivates glutamate
dehydrogenase 1 (GDH-1) decreasing insulin secretion in
pancreatic cells [147]. Interestingly, SIRT4 seems to increase
sensitivity of HeLa cells to oxidative agents and such effect
has been linked to GDH-1 inhibition [148]. The mechanism
involves a SIRT4-dependent opening of the permeability
transition pore in the mitochondria with increased cell death
following exposure of cells to oxidative stress [148]. Given the
fact that SIRT4 is involved in the regulation of mitochondrial
metabolism, it has been postulated that this Sirtuin must play
an important role duringmetabolic reprogramming of cancer
cells [149]. In particular, SIRT4 has been reported to have
a tumor suppressive role because of its ability to suppress
glutamine metabolism by ADP-ribosylation and inhibiting
GDH [150]. In fact, SIRT4 suppresses Myc-induced B cell
lymphoma and survival of human colorectal cancer cells
[151, 152].

7.5. SIRT5. As in the case of SIRT4, the study of the role
of this mitochondrial Sirtuin in oxidative stress response
is still at the beginning. One study has shown that SIRT5
desuccynilates and activates Cu/ZnSOD, an effect that is
accompanied by a reduction of ROS levels [153].Other studies
have, instead, linked SIRT5 desuccynilating activity to the
inhibition of glutamine metabolism that produces glutamate
necessary for the production of the antioxidant glutathione
[154]. Therefore, in this case, SIRT5 could determine an
increase in ROS. Of note, many tumors show a decreased
expression of SIRT5 and an increased glutamine metabolism
[155, 156]. Moreover, increased glutamine metabolism deter-
mines the production and diffusion of ammonia that, in
turn, stimulates autophagy that limits ROS and DNA damage
and inhibits tumor initiation [157]. However, autophagy has
also a central role in the survival of established tumors
by removing damaged organelles and toxic agents [158]. It
must be concluded that the role of glutamine metabolism,
mitochondrial Sirtuins, and ROS depends on the cancer type
and,more interestingly, on the stage and context of the tumor.

7.6. SIRT6. SIRT6 has been linked toROS, inflammation, and
cancer by several studies. In particular, the expression of this
nuclear Sirtuin is reduced in endothelial cells in the presence
of ROS with acquisition of a senescent phenotype [159]. On
the other hand, SIRT6 deacetylation of histone H3 regulates
genes important for metabolism and telomeres maintenance
thereby promoting resistance to oxidative stress damage
[160]. SIRT6 controls cell metabolism by deacetylating and
inactivating transcription factors such asHIF,NF𝜅B, andMyc
[161]. In fact, SIRT6 protects cardiomyocytes from hypoxia
by increasing Bcl-2 and decreasing NF𝜅B expression [162].
The inhibition of NF𝜅B by SIRT6 determines its control
over inflammation. Accordingly, SIRT6 downregulation is
followed by an increase of NF𝜅B transcriptional activity and

release of inflammatory cytokines such as IL-1𝛽 or synthesis
of COX2, MMPs, and adhesion molecules [163]. Moreover,
overexpression of SIRT6 prevented inflammation in a mouse
model of collagen-induced arthritis [164]. Finally, SIRT6 has
also been linked to malignancy. To this effect, SIRT6 is
considered as a tumor suppressor because it deacetylates and
inactivates HIF and NF𝜅B but, more importantly, because it
regulates the activation of the DNA repair machinery after
both double strand breaks (DSB) and base excision repair
(BER). In fact, SIRT6 declines with age or SIRT6 downregu-
lation is associated with a decrease of BER [165]. On the other
hand, however, the increased lifespan associated with SIRT6
could imply that SIRT6 may promote tumor formation and,
in fact, recently an increase of SIRT6 has been associated with
enhancement of tumorigenicity of hepatocellular carcinoma
cells in the presence of TGF-𝛽1, H

2
O
2
, and HOCl [166].

7.7. SIRT7. Initially identified as an activator of RNA poly-
merase I [167], SIRT7 is now also linked to tumor transfor-
mation by controlling cellular proliferation and survival. In
fact, SIRT7 has been shown to reduce DNA damage markers
following doxorubicin treatment of osteosarcoma cells as well
as cell cycle arrest markers such as p21. Moreover, SIRT7
decreased apoptosis and p53 response pathway [168]. Fur-
thermore, SIRT7 inactivation suppresses migration of cancer
cells and tumormetastasis formation in amousemodel [169].
However, SIRT7, at least in cardiomyocytes, has an important
role for cell survival and function because of its ability to
deacetylate and inhibit p53, to protect from oxidative stress,
and to reduce inflammation. In fact, SIRT7-deficient mice
develop cardiac hypertrophy and inflammation and have a
shorter lifespan [170].

In conclusion, giving the fact that Sirtuins regulate
both HIF1𝛼 and NF𝜅B and the central role that these two
transcription factors have during tumor progression, the
possibility to act on Sirtuins in order to control HIF1𝛼
and NF𝜅B has drawn much attention. Therefore, presently,
great deals of efforts have been put in producing Sirtuins
modulators. Several natural compounds such as resveratrol,
quercetin, piceatannol, and other polyphenols have been
shown to modulate Sirtuins function and particularly SIRT1
[171, 172]. However, their action is not limited to SIRT1
but influences other enzymes such as phosphodiesterases
(PDEs) and AMP kinase (AMPK) [173]. Unfortunately, so
far, no specific inhibitors or activators for other Sirtuins are
available.

8. Conclusions

This review has been an occasion to summarize evidences
that cell redox status is the milieu where many players can
contribute initially to the cell transformation and successively
to the progression of the malignancy. Initially there is the
formation of early small tumors in the absence of angiogene-
sis which then progress to grow as a vascularized clinically
evident tumor, with the acquisition of all the hallmarks
of malignant phenotype. From a molecular point of view,
two transcription factors, namely, HIF1𝛼 and NF𝜅B, may be
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mechanisms, HIF, NF𝜅B, and Sirtuins, and the full acquisition of all hallmarks of malignant phenotype.

considered as master regulators of tumor cell adaptation to
ROS. In fact, both HIF1𝛼 and NF𝜅B are induced by ROS
and, in turn, can regulate ROS production to sustain tumor
cell survival and growth. An overview of the different aspects
discussed in this review is summarized in Figure 4 in which
ROS production and signaling as well as ROS effect on tumor
cell metabolism and behavior are indicated. Figure 4 also
indicates the important role of hypoxia and transcription
factors HIF1𝛼 and NF𝜅B in orchestrating the tumor cell
response to ROS. Therefore, it is conceivable that a number
of exogenous agents and strategies aimed at influencing their
activity could be used to reduce tumor transformation and
progression.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgments

The authors acknowledge the support of research Grant no.
RF-2011-02349126 from Ministero della Salute, Italy. This
work was also supported by Fondazione Roma.

References

[1] S. Reuter, S. C. Gupta, M. M. Chaturvedi, and B. B. Aggarwal,
“Oxidative stress, inflammation, and cancer: how are they
linked?” Free Radical Biology and Medicine, vol. 49, no. 11, pp.
1603–1616, 2010.

[2] M.Rinnerthaler, J. Bischof,M. Streubel, A. Trost, andK. Richter,
“Oxidative stress in aging human skin,” Biomolecules, vol. 5, no.
2, pp. 545–589, 2015.

[3] K. Maiese, “New insights for oxidative stress and diabetes
mellitus,” Oxidative Medicine and Cellular Longevity, vol. 2015,
Article ID 875961, 17 pages, 2015.

[4] W. Li, L. Wang, W. Huang et al., “Inhibition of ROS and
inflammation by an imidazopyridine derivative X22 attenuate
high fat diet-induced arterial injuries,” Vascular Pharmacology,
vol. 72, pp. 153–162, 2015.

[5] C. A. Cobb and M. P. Cole, “Oxidative and nitrative stress in
neurodegeneration,” Neurobiology of Disease, 2015.

[6] Y. Quan, L. Xia, J. Shao et al., “Adjudin protects rodent cochlear
hair cells against gentamicin ototoxicity via the SIRT3-ROS
pathway,” Scientific Reports, vol. 5, p. 8181, 2015.

[7] S. S. Sabharwal and P. T. Schumacker, “Mitochondrial ROS
in cancer: initiators, amplifiers or an Achilles’ heel?” Nature
Reviews Cancer, vol. 14, no. 11, pp. 709–721, 2014.

[8] M. M. Briehl, “Oxygen in human health from life to death—an
approach to teaching redox biology and signaling to graduate



Oxidative Medicine and Cellular Longevity 13

and medical students,” Redox Biology, vol. 11, no. 5, pp. 124–139,
2015.
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NF-E2 related factor-2 (NRF2) is an essential transcription factor for multiple genes encoding antioxidants and detoxification
enzymes. NRF2 is implicated in promoting cancer therapeutic resistance by its detoxification function and crosstalk with
proproliferative pathways. However, the exact mechanism of this intricate connectivity between NRF2 and growth factor
induced proliferative pathway remains elusive. Here, we have demonstrated that pharmacological activation of NRF2 by tert-
butylhydroquinone (tBHQ) upregulates theHER family receptors, HER2 andHER3 expression, elevates pAKT levels, and enhances
the proliferation of ovarian cancer cells. Preactivation of NRF2 also attenuates the combined growth inhibitory effects of HER2
targeting monoclonal antibodies, Pertuzumab and Trastuzumab. Further, tBHQ caused transcriptional induction of HER2 and
HER3, while SiRNA-mediated knockdown of NRF2 prevented this and further caused transcriptional repression and enhanced
cytotoxicity of the HER2 inhibitors. Hence, NRF2 regulates both HER2 and HER3 receptors to influence cellular responses to
HER2 targeting monoclonal antibodies. This deciphered crosstalk mechanism reinforces the role of NRF2 in drug resistance and
as a relevant anticancer target.

1. Introduction

The receptor tyrosine kinases (RTKs) are key drivers of nor-
mal cellular proliferation, differentiation, and survival, as well
as determinants of cancer initiation, maintenance, and pro-
gression [1–4]. Dimerization and stimulation of the intrinsic
tyrosine kinase in RTKs lead to the phosphorylation of
tyrosine residues in the intracellular domain of the receptors.
The phosphotyrosine residues serve as docking sites to recruit
a number of signal adapter proteins containing the so-called
SH2 and PTB domains, which link RTKs to different cellular
signaling pathways such as PI3K/AKT/mTOR, MAPK, and
STAT pathways [5, 6]. Among the RTK superfamily receptors
are the type I RTKs that belong to the epidermal growth
factor receptor (EGFR or HER) family. The HER receptor
network contains four members (HER1, HER2, HER3, and
HER4) whose activation kinetics depend significantly on
their expression levels which vary across different cells and
cancers [7]. Likewise it is these variations combined with

receptor interaction that drive and confer complexity in the
HER receptor family behaviour.

The two receptors, HER2 and HER3, are nonautonomous
and possess certain defining features, in that HER2 has
autokinase activity but no known ligands, and HER3 is a
pseudokinase receptor that lacks tyrosine kinase activity.
These features define the interaction between the HER2 and
HER3 receptors and for forming active homodimer and
heterodimer complexes. Specifically, mutation or increased
gene copy number leads to overexpression of HER2 receptors
in cancer cells causing constitutive activation of proliferative
pathways in the absence of ligand through homodimer-
ization and RTK autophosphorylation [1, 5, 6, 10]. HER2
functions as the shared coreceptor for EGFR, HER3, and
HER4 receptors, and these heterodimeric complexes are
activated by the partner ligands [11, 12]. Moreover, HER2
is the preferred heterodimerization partner of HER3, whilst
HER2 overexpression is believed to enhance the signaling
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from HER3 receptor in response to binding of its specific
ligand, neuregulin. As such, HER2-HER3 heterodimers are
known to be the strongest elicitors of the PI3K/AKT/mTOR
pathway [13–17]. Coexpression of the different receptors, the
diversity in their ligand-independent and ligand-dependent
activation, variation in their preference towards dimerization
partners, and receptor-dependent specificity in cells play
a major role in both redundancy in the HER network
interaction and effective drug target identification [17–21].
Further complexity in HER2/HER3 activation and signaling
arises from the complex transcriptional and posttranslational
coregulation of HER2/HER3 receptors and their ligands
following HER receptor specific targeted therapies which
often lead to inconsistent tumour responses [13, 17, 21].

Nuclear factor- (erythroid-derived 2-) like 2 (NRF2) is a
leucine zipper transcription factor and themaster regulator of
the antioxidant response (AR) pathway. It drives both basal
and oxidative stress-induced transcription of a battery of
phases I, II, and III detoxification enzymes and cytoprotective
genes [22–24] as well as other genes of the metabolic and
signal transduction pathways [14, 23, 25]. This is achieved by
heterodimerization of NRF2 with small MAF proteins and
binding to some genome cis-acting factors called antioxidant
response elements (ARE) or electrophile response elements
(EpREs) within the promoters of its target genes [26, 27].
Under basal conditions, only a low level of free NRF2 is
available in the cytoplasm with some translocating into the
nucleus to drive the basal transcription of target genes.

Like the HER receptors [28–31], NRF2 is a recognised
agent in cellular proliferation and adaptation to reactive
oxygen species (ROS) and in conferring therapeutic resis-
tance to cancers [32–34]. Importantly, NRF2 activation
and KEAP1 inactivation mutations leading to permanent
constitutive adaptive activation of the NRF2 pathway are
frequently observed in cancers [35–37]. Also several thera-
peutic strategies such as anticancer radio- and chemotherapy
greatly depend on ROS manipulation to induce cytotoxicity.
Paradoxically, there is a growing body of evidence implicating
HER2/HER3, NRF2, and ROS in the promotion of cellular
proliferation and therapeutic resistance in cancer cells [38,
39]. Cancer cells have been shown to evolve intricate mecha-
nisms of cellular resistance towards bothROS andother cellu-
lar damaging agents as demonstrated by a very robust antiox-
idant sensing and ROS neutralising mechanisms as well as a
highly efficient cytoprotective systems [33, 34, 40–42].

ROS is long not only recognised as the regulator of NRF2
stability and activity but has also been shown to trigger both
the AR and theHER family receptor pathways with concomi-
tant transcriptional upregulation of HER2/HER3 complexes
and subsequent activation of their functions [30, 31, 43, 44].
Hence, ROS might serve as the point of convergence and as
such establish cross relationship between the two pathways.
Furthermore, components of the receptor regulated PI3K and
MAPK have been shown to regulate NRF2 function [45–
47], while many aspects of RTK signaling are regulated by
ROS whose levels are directly modulated by NRF2 function
[48, 49].

Since NRF2 is a transcription factor to several hun-
dreds of genes, including proto-oncogenes, it is feasible that

HER2/HER3 receptors are transcriptional targets of NRF2
via direct or indirect means involving ROS. Thus this study
aims to investigate this and identify crosstalk between the
NRF2 dependent AR pathway and theHER2/HER3 receptors
signaling pathway, in order to determine their potential inter-
dependence in eliciting cellular proliferation, cytoprotection,
and responses to therapies.

By generating gene transcriptional reporter assays, car-
rying out pharmacological activation or SiRNA knockdown
of NRF2, and performing HER2/HER3 functional inhibi-
tion and activation strategies, we have identified a direct
node of functional integration of the two pathways in our
ovarian cancer cell model which converges at NRF2. We
demonstrated that inhibition of NRF2 leads to disruption
of the antioxidant pathway and attenuation of HER2/HER3
signaling and that this is as a consequence of transcriptional
repression of both HER2 and HER3 genes. Furthermore, we
have demonstrated that this functional link could be utilised
to either sensitise or reproduce resistant responses in our
cell model. Thus, this study reveals a new mechanism of
crosstalk between AR and HER2/HER3 pathways and opens
up novel avenues of targeting and manipulating the NRF2-
AR to uncouple and sensitise HER2/HER3 pathways resistant
ovarian cancer cells to targeted immunotherapeutics.

2. Materials and Methods

2.1. Cell Lines, Culture Conditions, and Treatments. Human
ovarian cancer cell lines PEO1 and SKOV3 were maintained
in RPMI 1640 media (Gibco Invitrogen) supplemented with
10% foetal bovine serum (FBS), 2mM glutamine, 1mM
sodium pyruvate, 100 𝜇g/mL streptomycin, and 100U/mL
penicillin in an atmosphere of 5%CO

2
and incubated at 37∘C.

Before experimental treatments, cells were grown for 24 h
in RPMI 1640 media prepared as above but replacing FBS
with 5% double charcoal stripped FBS (Fisher). Heregulin-𝛽1
(HRG, Sigma) was used by preparing 1𝜇mol/L stock solution
made with 5% trehalose and 10% FBS in phosphate buffered
saline (PBS) and diluted to a final concentration of 1 nmol/L
with media during treatments. Monoclonal antibodies tar-
getingHER2 receptor, Pertuzumab and Trastuzumab (RTKi),
were used by directly diluting the drugs in media to a final
concentration of 20𝜇g/mL. Tert-butylhydroquinone (tBHQ)
stock solution (Sigma) was made with Dimethylsulfoxide
(Fisher) and diluted to a final concentration as required with
media. For ROS detection, 2,7-Dichlorofluorescin diacetate
(DCFDA, Sigma) solution was prepared with Dimethylsul-
foxide in amber tubes to a concentration of 50mM and
stored at −20∘C in the dark until used. For cytotoxicity
assay, 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium
Bromide (MTT) was needed by making a stock solution of
5mg/mL in PBS and filter sterilising it. The solution was
stored at 4∘C in the dark until used.

2.2. Reactive Oxygen Species (ROS) Detection. ROS detection
assay was performed by using 2,7-Dichlorofluorescin diac-
etate (DCFDA) staining (Sigma). Briefly, cells were seeded
in triplicate at a density of 0.2 × 105 cells/well of opaque
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flat bottom 96-well tissue culture plates in 100𝜇L media
without phenol red and allowed to grow for 18 h. Following
transfection, cells were washed with PBS and maintained
in 100 𝜇L of phenol red-free medium and further incubated
for 24 h. A 50mM stock solution of DCFDA was added to
each well containing 100 𝜇L preexisting media to achieve a
final concentration of 25𝜇M and incubated for 45min at
37∘C. Fluorescence signal intensities indicating ROS levels
were recorded by taking readings using 96-well fluorescent
multiplate reader (MODULUS, Promega) using excitation
and emission spectra of 485 nm/535 nm. To normalise the
fluorescence signal, cells in the same wells were stained with
Coomassie brilliant blue stain (Sigma) for 1 h and washed
with distilled water and 10% sodium dodecyl sulphate (SDS)
solution was added to release the absorbed dye for 10min
while shaking. The absorbance values at 595 nm were then
recorded using a multiplate absorbance reader (MODULUS,
Promega) data used after normalising the fluorescence values.

2.3. Cloning and Expression Vectors Used in the Study.
Closely 1.5 kb proximal promoter regions of HER2 and
HER3 were cloned and used in the current study. The
HER2 primer sequences used for each construct were HER2
forward: 5-GTGCTCGAGGCAAGAAGGGTGCATTTT-
GAAG-3 and HER2 reverse: 5-GTCAAGCTTGTCTCT-
TGGATGGGCCATC-3. The HER3 primer sequences used
for each construct were HER3 forward: 5-GTGCTCGAG-
GCCCTCTAGGTTGCATATCAATAGG-3 and for HER3
reverse: 5-GTCAAGCTTGAAAAGCAAGCCCAGCAC-
3. For cloning HER2 and HER3 promoters (prHER2 and
prHER3, resp.), total genomicDNAwas isolated fromhuman
cells using DNeasy Blood and Tissue Kit (Qiagen) and
quantified usingAstraGenemicrovolume spectrophotometer
(AstraNet). 100 ng of the genomic DNA was used to amplify
the promoter sequences (MyFi mix, Bioline) using relevant
primers that incorporated XhoI and HindIII restriction
endonuclease sites 5 and 3 ends of the amplified promoters,
respectively. PCR conditions for promoter amplification were
initial denaturation of 95∘C for 7min followed by 35 cycles of
95∘C for 30 s for denaturation, 50∘C for 30 s for annealing,
and 72∘C for 90 s for extension and a final extension for
10min at 72∘C. The PCR products were run and extracted
from agarose gel (Qiagen), digested using XhoI and HindIII
restriction enzymes (Promega), and ligated into PGL3 vector
(Promega) to created HER2 and HER2 promoter constructs
(prHER2 and prHER3, resp.) driving the expression of
luciferase gene for utilisation in dual luciferase reporter assay
(Promega).The integrity of cloned sequenceswas determined
by sequencing the plasmids using commercial sequencing
service (http://www.dnaseq.co.uk/). All cloned constructs
were transfected into relevant cell lines using Lipofectamine
3000 (Life Technologies).

2.4. Protein Extraction and Immunoblotting. For immunob-
lotting, cells were seeded in 60mm tissue culture plates and
grown until being 70% confluent. At the time of protein
harvest, cells were trypsinized (Gibco Invitrogen) andwashed
with PBS. Protein lysates were prepared using radio immune

precipitation assay buffer (Pierce Biotech) supplemented
with protease and phosphatase inhibitor cocktail (Pierce
Biotech) and subjected to sonication of 2 cycles for 10 s at
50% pulse. The final mixture was shaken gently on ice for
15min and the protein supernatant was obtained following
centrifugation of the lysates at 14000 g for 15min. Proteins
obtained were quantified by Bradford assay (Sigma-Aldrich)
using bovine serum albumin as a standard and sample buffer
(Nupage LDS, Invitrogen) was added to protein lysates,
heated at 70∘C for 20min, and stored at −20∘C until further
use. Once the protein lysates were prepared, they were
loaded into wells of 4–12% gradient SDS-polyacrylamide gels
(Nupage Bis-Tris gels, Life Technologies) and subjected to
electrophoresis at 200V for 1-2 h. Following this, proteins
were transferred to polyvinylidene difluoride membranes
(PVDF, GE Amersham) using the XCell SureLock Mini-Cell
system (Invitrogen) at 50V for 90min and processed using
a commercially available kit (WesternBreeze Chromogenic
Immunodetection Kit, Invitrogen). Nonspecific reactivity
was blocked by incubationwith the blocking reagent supplied
in the kit. Membranes were further treated by incubating
with primary antibodies (Table 1) for 2 h at room temperature
or overnight at 4∘C, followed by incubation for 30min at
room temperature with appropriate secondary anti-rabbit
antibody supplied in the kit. Bandswere visualizedwith the 5-
Bromo-4-chloro-3-indolyl phosphate/nitroblue tetrazolium
chloride based chromogenic substrate. For loading control,
immunoblotting of the same lysates was performed using
either Beta-actin (𝛽-actin) antibody (AbcamBioscience, UK)
or the PVDFmembranes with transferred proteins visualised
using Ponceau stain (Sigma).

2.5. Luciferase Reporter Assay. For the analysis of promoter
activities and transcriptional regulation, the 1.5 kb promoter
regions of HER2 and HER3 genes cloned in pGL3 basic
vector (Promega) were transfected into relevant cell lines.
Briefly, cells were seeded in triplicate in 24-well plates at a
density of 2 × 105 cells per well and allowed to attach for
18 h. Following this, cells were transfected with either 1𝜇g
of empty pGL3 basic vector (Promega) or pGL3 basic vector
with cloned fragments of HER2 or HER3 promoters driving
the expression of luciferase gene, using Lipofectamine 3000 as
transfection reagent according tomanufacturer’s instructions
(Life Technologies). Cotransfection was also performed with
0.2 𝜇g of pRL-CMV vector (Promega) to provide for an
internal control of transfection. Following this, cells were
allowed to grow for 24 h, subjected to desired treatments
and lysed and protein lysates transferred to opaque white
bottom 96-well plates. The dual luciferase activity of fire
fly luciferase (from cloned promoters) and Renilla (internal
control) in the harvested lysates was measured sequentially
by following manufacturer’s instructions (Promega) and
taking luminescence readings in luminometer (MODULUS,
Promega). To determine the transcriptional activity of NRF2
in PEO1 and SKOV3 cell lines, basic pGL3 vector (Promega)
containing cloned 8 x cis regulatory ARE promoter elements
was transfected into the cell lines grown in 24-well plates
and subjected to dual luciferase reporter assay (Promega) as
described above.
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Table 1: Antibodies used in the study.

Antibody Host Catalogue number Company
NRF2 Rabbit Sc-722 Santa Cruz
Phospho-NRF2 S-15 Rabbit ab76026 Abcam
HER2 Rabbit 2165S Cell Signalling
HER3 Rabbit 4754S Cell Signalling
Phospho-HER2 T877 Rabbit 2241S Cell Signalling
Phospho-AKT 473 Rabbit 4060S Cell Signalling
BID Rabbit 2002 Cell Signalling
Phospho-ERK p44/p22 Rabbit 4379 Cell Signalling
Heme oxygenase-1 (HO-1) Rabbit Sc-10789 Santa Cruz
Alexa Fluor 488 conjugated secondary antibody Rabbit ab150077 Abcam
Alexa Fluor 568 conjugated secondary antibody Rabbit ab175471 Abcam

2.6. SiRNA Transfection. Small inhibitory RNA (SiRNA)
was used to knockdown NRF2 (Hs NFE2L2 6, Qiagen). For
SiRNA transfection, cells were seeded in triplicate either in
24-well plates (0.5 × 105 cells), in 60mm plates with cells
grown on poly-L lysine coated coverslips (0.5 × 106 cells),
or in 96-well plates in triplicate (2 × 104) and allowed to
grow for 24 h. Following this, cells were cotransfected using
either 20 pmol SiRNA and 1 𝜇g of different PGL3 promoter
constructs (24-well plate) or 75 pmol and 100 pmol SiRNA
only (60mm plates) or 7 pmol of SiRNA (96-well plate) and
incubated for a further 24 h. Cells transfected in 24-well plate
were further processed for dual luciferase assay and those in
60mm plates were harvested for immunoblotting or used for
imaging analysis while those in 96-well plates were processed
for cytotoxicity assay. In all cases, scrambled SiRNAwas used
as a control while transfection was performed using Lipofec-
tamine 3000 (Life Technologies) according to manufacturer’s
instructions.

2.7. Cytotoxicity Assay. For cytotoxicity (or cell viability)
assay, cells were seeded in triplicate at a density of 0.5 ×
104 cells in 96-well plate and allowed to attach for 18 h. On
the day of treatment, old media were removed and 80 𝜇L
of media containing relevant drugs was added and the plate
was incubated for the required period of time. On the day of
assay, 20𝜇L of the 5mg/mL MTT stock was added to each
well and plate was further incubated for 4 h. Following this,
the old media with MTT were removed, cells were gently
washed with prewarmed PBS, and 100 𝜇L of DMSO was
added to solubilise the internalised MTT by shaking over an
orbital shaker for 15min. Absorbance of the released dye was
measured and recorded usingmultiplate reader (MODULUS,
Promega) at 540 nm.

2.8. Immunocytochemistry/Immunolabelling. For immuno-
cytochemistry, exponentially growing cells were seeded at
a density of 5 × 104 cells in complete media onto poly-
L lysine (Sigma-Aldrich) coated cover slips placed in a
12-well tissue culture plates. Next day, following relevant
treatments, cells were washed three times with ice cold PBS

and fixed in 3.5% paraformaldehyde in a standard PBS at
room temperature for 30min. Following this, cells were
gently washed twice with 1mL of PBS, permeabilized with
0.3% Triton X-100 for 10min, and, following three washes
with PBS, blocked with a solution containing 1% goat serum,
1% bovine serum albumin, and 0.05% Triton X-100 in PBS
for 30min. Cells were then incubated with relevant primary
antibody (Table 1) diluted in blocking solution for 1 h, washed
three times with 0.1% Triton X-100/PBS for 5min, and then
incubated with Alexa Fluor 488 or 568 conjugated goat anti-
rabbit (Table 1) for 30min. After subsequent three washes
with the 0.1% Triton X-100 in PBS for 5min, cover slips
with cells were mounted on slide using 4,6-Diamidino-2-
Phenylindole, Dihydrochloride (DAPI) containingmounting
reagent (Life Technologies) and imaged under relevant filters
with a Leica DMiRe2 electronic microscope.

2.9. Statistical Analysis. All statistical analyses were per-
formed using statistical software SPSS (IBM, version 22). Test
for normality of data was determined by Shapiro-Wilk and
Kolmogorov and Smirnov tests. The significance (𝑝 value)
of differences of pooled results was determined by either
independent 𝑡-tests or One WAY ANOVA followed by post
hoc Tukey’s tests. Significance was defined as ∗ = 𝑝 < 0.05,
∗∗ = 𝑝 < 0.01, and ∗ ∗ ∗ = 𝑝 < 0.001.

2.10. Imaging and Analysis. Quantitative analysis of raw
immunoblots was performed by capturing the images in high
resolution TIFF format files using a charge-coupled-device
camera (AxioCam MRc, Carl Zeiss) and subjected to Gelpro
analysis software, version 3.1 (Gelpro Media Cybernetics)
for integrated optimal densitometry. Fluorescence images of
immunocytochemistry were collected under relevant excita-
tion and emission filters depending on the fluorotype under
Leica DMiRe2 electronic microscope equipped with iXonEM
+897 EMCCD camera (ANDOR Technologies Ltd.). Images
were analysed using multidimensional microscopy software
Andor Module iQ Core. Colocalization assay was performed
and determined with software integral features supplied by
Andor iQ Core software. Data were generally expressed as
mean ± S.D. for individual sets of experiments.
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3. Results

3.1. Pharmacological Activation of NRF2 Enhances Ovarian
Cancer Cell Growth and Protects from Cytotoxicity Caused by
HER2-Targeted Immunotherapeutic Agents. Numerous stud-
ies have shown that NRF2 promotes resistance to chemother-
apeutic agents [50, 51] and contributes to general cyto-
protection, metabolic reprograming, and cell survival [52–
55]. On the other hand, targeted immunotherapy involving
inhibitory monoclonal antibodies against HER2 receptor has
generated interest in recent years as a potential strategy
to overcome ovarian cancer cell therapeutic resistance [17,
56]. Using HER2 overexpressing and low expressing ovarian
cancer cell lines SKOV3 and PEO1, respectively [57], we
first examined whether preactivation of NRF2 would change
the cytotoxic responses of these cells to HER2-targeted
immunotherapeutic agents Pertuzumab and Trastuzumab.
For this, cells were grown in media containing 5% charcoal
stripped FBS and 1 nmol/L Heregulin (HRG), a ligand for
the HER3 receptor [58] for relevant treatments. Firstly, we
found that pharmacological activation of NRF2 by tBHQ
alone was sufficient to enhance the proliferation of both
cell lines for six days (Figure 1). On the other hand and as
expected, exposure of cells to HER2 inhibitors, Pertuzumab
and Trastuzumab, inhibited the proliferation of both cell lines
for up to 4 days of treatment, while losing its inhibitory
effect on day 6. Interestingly, pretreatment of cells with
200𝜇M tBHQ for 5 h before the introduction of the HER2
inhibitors significantly protected cells from the inhibitory
action of the subsequently addedHER2 targetingmonoclonal
antibodies. This was consistent for both cell lines and for all
the treatment days tested (Figure 1). Furthermore, inclusion
of tBHQ with the inhibitors not only protected the cells
but increased survival even beyond the untreated levels on
days 2, 4, and 6 in PEO1 and days 1, 2, and 6 in SKOV3
cell lines (Figure 1). This demonstrated that NRF2 activation
is not only implicated in resistance to genotoxic agents as
previously demonstrated [55] but can also lead to resistance
to immunotherapies involving Pertuzumab and Trastuzumab
whose actions otherwise are very specific to HER2 receptors
and unrelated to antioxidant pathway.

3.2. TBHQ Treatment Causes Protein Induction of HER2 and
HER3 and Parallel Increase in Phospho-AKT S473. Previous
studies have examined the crosstalk between growth pro-
moting MAPK and PI3K pathways and NRF2 antioxidant
pathway in numerous cell systems. However, in the majority
of such studies, the focus was regulation of NRF2 by these
kinases [46, 47, 59, 60]. The observation that preactivation
of NRF2 led to resistance against agents of targeted therapy
(Figure 1) suggested potential regulation of HER2 dependent
growth pathways byNRF2.Hence, we next exposedPEO1 and
SKOV3 cell lines to a single concentration of tBHQ for 4 h
and examined the effects of such treatment on the protein
levels of HER2 and HER3 and their downstream substrate
pAKT Ser 473. Firstly, higher levels of HER2 receptor were
confirmed in SKOV3 cell line that was also accompanied by
induced basal pAKT, consistent with previous reports [61].
Secondly, following tBHQ treatment, we saw induction of

total HER2 and parallel consequential induction of pATK
levels in both cell lines. Further, HER3 was found to decrease
in PEO1 while being induced in SKOV3, demonstrating a
differential regulation of the receptors in the two cell lines
(Figures 2(a) and 2(b)). This is consistent with the increased
proliferation seen following tBHQ treatment, as an enhanced
cell surface expression of receptors would lead to a greater
degree of binding to their HRG ligand and triggers growth
promoting signaling.

To explore further HER2 and pAKT induction by tBHQ
at a single cell level, we performed subcellular localisation
by fluorescent double immunolabelling of these proteins in
PEO1 and SKOV3 cell lines following the same treatments
(Figure 2(c)). Consistent with Figure 2(a), we saw higher
expression ofHER2 in SKOV3 as compared to PEO1. For both
cell lines, pAKTwas found uniformly distributed in the cyto-
plasm and nucleus.This could be indicating the constitutively
active nature of this pathway and could be explained by the
presence ofHRG in themedia. Following tBHQ treatment for
4 h, we saw an increase in HER2 expression and an accompa-
nying increase in pAKT levels as well. Superimposition and
colocalisation of the images captured in the red and green flu-
orescence channels to indicate HER2 and pAKT, respectively,
were performed and showed increased localisation of the two
proteins, as demonstrated by the appearance of yellow fluo-
rescence following tBHQ as compared to untreated controls
(Figure 2(c)). To confirm and measure the enhanced colo-
calisation following treatments, we also performed further
imaging analysis by generating cytofluorograms and found
that Pearson’s coefficient of correlation (𝑟) increased in both
cell lines following tBHQ exposure (Figure 2(d)). Altogether,
these data illustrated effects of tBHQ treatment on RTK
mediated growth signaling.This was demonstrated by induc-
tion of HER2 and HER3 and activation of AKT following
pharmacological activation of NRF2, which supported the
enhanced proliferation seen before (Figure 1).

3.3. Pharmacological Activation of NRF2 Causes Transcrip-
tional Induction of HER2 and HER3 Genes. Previous studies
have shown transcriptional perturbation of HER2 and HER3
following different targeted therapy treatments [17]. In some
contexts, this was proposed to be used as a biomarker
for treatment response [61]. After finding the modulatory
effects of tBHQ treatment on protein levels of HER2 and
HER3 receptors, we next wanted to identify the mechanism
of this upregulation. Specifically, we wanted to examine
whether the protein inductions seen in Figure 2 result from
transcriptional regulation. To determine this, we generated
transcriptional reporter assays for both HER2 and HER3
receptors. This involved developing HER2 and HER3 pro-
moter driven luciferase reporter system (named prHER2
and prHER3, resp.). We transfected these luciferase reporter
systems carrying 1.5 kb of the upstream promoter regions of
the two receptors into both PEO1 and SKOV3 cell lines to
first determine their basal level of transcription and then
studied the effects of tBHQ treatment. Figure 3(a) interest-
ingly revealed that SKOV3 cell line exhibited enhanced basal
transcription of both HER2 and HER3 genes as compared to
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Figure 1: NRF2 activation causes cytoprotection from HER2-targeted agents, Pertuzumab and Trastuzumab. PE01 or SKOV3 cells in the
presence of 1 nM HRG were either left untreated (H) or treated with 20𝜇g/mL of HER2 inhibitors Pertuzumab and Trastuzumab (H + I),
200 𝜇M tBHQ (H + T), or combination of inhibitors and tBHQ (H + T + I). TBHQ was added 5 h in advance. Cell number was assessed
indirectly by use of the MTT assay. Values shown are means ± S.D. of triplicates normalised to untreated controls expressed as 1. Statistical
significance was calculated between H + I, H + T, and H + T + I groups by ONE WAY ANOVA followed by Tukey’s post hoc test according
to the scale ∗: 𝑝 < 0.05, ∗∗: 𝑝 < 0.01, and ∗ ∗ ∗: 𝑝 < 0.001.

PEO1 cell line (Figure 3(a)). However, the previous western
blot analysis in Figure 2 showed higher basal levels of HER3
in PEO1 as compared to SKOV3 whereas HER2 levels were
consistently higher in SKOV3. This illustrated that the over-
expression of HER2 in SKOV3 cell line could be explained by
both gene amplification [62] and higher basal transcription.

We next exposed cells transfected with the prHER2
and prHER3 reporter assays to increasing concentrations of
tBHQ to further explore the nature of this transcriptional
regulation. Strikingly, both PEO1 and SKOV3 cell lines
exhibited significant dose-dependent transcriptional induc-
tion of HER2 (Figure 3(b), blue bars). Interestingly, prHER3
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Figure 2: Continued.
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Figure 2: TBHQ treatment causes protein induction of HER2 and HER3 and upregulation of pAKT levels in PEO1 and SKOV3 cells. (a)
Immunoblot analysis following treatment with tBHQ demonstrated protein induction of both HER2 and HER3 receptors and increase of
pAKT. Exponentially growing cells were either left untreated (UT) or treated with 200 𝜇M tBHQ for 4 h before being harvested and processed
for immunoblotting using relevant antibodies (Table 1). (b) Bar chart showing total HER2, total HER3, and phospho-AKT levels in PEO1 and
SKOV3 cell lines by quantifying immunoblot signal intensities obtained in (a) and normalised to the value of UT and expressed as fold change.
(c) Immunofluorescent labelling of endogenous HER2 and phospho-AKT reveals protein induction following tBHQ treatment. Cells were
processed for immunocytochemistry and immunolabelled using anti HER2 (red fluorescence) or phospho-AKT (green fluorescence) primary
antibodies followed by Alexa Fluor conjugated secondary antibodies. Nuclear reference was provided by costaining with 4,6-Diamidino-2-
Phenylindole, Dihydrochloride (DAPI). Scale bar indicates 10𝜇m. (d) Analysis of colocalisation between immunostainedHER2 and pAKT in
the images obtained in (c). Spatial correlation between the twofluorescent signalswas obtained by generating cytofluorograms andperforming
Pearson’s correlation analysis.

exhibited a varying response. While prHER3 activity was sig-
nificantly induced in PEO1 following 50𝜇mtBHQ, increasing
dosage beyond 50𝜇M led to its repression. In SKOV3 cells
on the contrary, 50𝜇M tBHQ repressed prHER3 activity
while increasing dosage of 100 and 200𝜇M led to subsequent
induction (Figure 3(b), brown bars).This complex regulation

of HER3 is reminiscent of recent reports that revealed that
induction of HER2 might repress HER3 expression while its
inhibition could lead to transcriptional induction of HER3
[13, 14, 63]. This set of results confirmed the transcriptional
basis of induction of HER2 and HER3 protein levels, which
concomitantly also led to pAKT induction.
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Figure 3: Nrf2 activation leads to transcriptional induction ofHER2 andHER3 in a concentration dependentmanner. (a) SKOV3 cells exhibit
higher basal transcription of both HER2 and HER3. PEO1 and SKOV3 cells were transfected with either empty PGL3 basic vector or 1 𝜇g
PGL3 basic vector with cloned 1.5 kb fragments of either HER2 (prHER2) or HER3 (prHER3) promoter driving the expression of luciferase
gene. Cotransfection with 0.2 𝜇g pRL-CMV plasmid was performed as an internal transfection control. (b) TBHQ causes transcriptional
induction of HER2 and HER3 in a concentration dependent manner. PEO1 and SKOV3 cell lines were transfected in triplicate as in (a) but
were treatedwith different concentrations of tBHQas indicated for 4 h.Data shown are themeans± S.D. of triplicates, normalised to untreated
(UT) controls and expressed as fold change with statistical significance determined by ONEWAY ANOVA followed by Tukey’s post hoc test
(∗: 𝑝 < 0.05, ∗∗: 𝑝 < 0.01, and ∗ ∗ ∗: 𝑝 < 0.001).
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3.4. NRF2 Activation Desensitises RTK Signaling Pathway
to Combination of HER2 Targeting Monoclonal Antibodies
Pertuzumab and Trastuzumab. The observation that tBHQ
treatment led to transcriptional induction ofHER2 andHER3
suggests that NRF2 may be directly involved in regulating
the receptor expression and as such may influence responses
to targeted therapies involving HER2 inhibitors. This impor-
tant question was next investigated by treating PEO1 or
SKOV3 cells either with the combination of Pertuzumab and
Trastuzumab alone or by cotreatment with tBHQ to examine
the consequences of NRF2 activation on drug responses.
Interestingly, some features of the signaling response were
similar between these two cell lines while others were more
distinct. In the PEO1 cell line, treatment with inhibitors
alone induced both HER2 and HER3 levels consistent with
the parallel increase in phospho-HER2 T877 (Figure 4) in
this cell line. In contrast, for SKOV3, only HER3 expression
showed a minor induction while total HER2 levels were
reduced explaining the decrease in phospho-HER2 T877
levels as well. In order to better understand the effect of these
inhibitors on RTK signaling, we normalised the blot signal
of phospho-HER2 in both cell lines to the corresponding
values of total HER2 (Figure 4, blue bars). This analysis
interestingly revealed that while the inhibitors reduced the
ratio of phospho-HER2 to total HER2, cotreatment with
tBHQ restored the ratio back to that of untreated controls.
This effect was more pronounced in the SKOV3 cell line.
Importantly, in terms of pAKT S473, while 4 h treatment with
inhibitors led to minor repression of its levels as revealed by
the densitometry analysis, cotreatment with tBHQ protected
this repression and increased pAKT levels beyond that of
untreated controls (Figures 4(a) and 4(b)). These results
revealed that tBHQ can protect RTK signaling against the
inhibitory action of the drugs. We also included phospho-
ERK p44/p22 levels in our analysis as ERK was previously
shown to be inhibited by drugs targeting HER2 receptor
[56]. We saw a very minor repression of phospho-ERK levels
only in SKOV3 cells following 4 h of inhibitor treatment.
However, tBHQ dependent induction for ERK was seen in
PEO1 cells. Inhibitor treatment did not influence pNRF2 S15
levels in either of the cell lines, but as expected, its levels
increased following tBHQ treatment. Finally, we examined
intact and cleaved levels of proapoptotic protein BID in order
to further support our conclusions drawn from Figure 1.
By determining the ratio of cleaved BID over intact, we
observed that while treatment with inhibitors induced levels
of cleaved BID, tBHQ cotreatment led to a minor repres-
sion, further explaining the cytoprotective effect of tBHQ
treatment (Figure 4).These results revealed important conse-
quences of tBHQ treatment on targeted therapy using HER2-
targeted monoclonal antibodies and showed that treatment
with NRF2 activator attenuated the inhibitory action of these
monoclonal antibodies.

3.5. Knockdown of NRF2 by Small Inhibitory RNA (SiRNA)
Elevates ROS, Represses pNRF2 and Heme Oxygenase-1 (HO-
1) Levels, and Disrupts tBHQDependent Induction of ARE. In
order to confirm the direct role of NRF2 in tBHQ dependent
induction of HER2 and HER3 receptors, we next knocked

down NRF2 using SiRNA. To this end, we first optimized
and verified sufficient knockdown of NRF2 using specific
SiRNA and then studied the effects of this knockdown
on antioxidant pathway. As shown in Figure 5(a), 75 pmol
of NRF2 SiRNA produced maximum depletion of NRF2
both following 24 and 48 h of transfection, while 100 pmol
showed lesser depletion (Figure 5(a), black bars indicating
band intensities).We next determinedwhether this depletion
is sufficient to cause repression of the antioxidant pathway by
examining NRF2 substrates. We found that 75 pmol SiRNA
sufficiently downregulated phospho-NRF2 and HO-1 levels
as well (Figure 5(b)). Efficiency of internalisation of NRF2
targeting SiRNA in SKOV3 cells using different amounts was
confirmed and verified (Figure 5(c)).We next quantified total
basal ROS followingNRF2 knockdown to determinewhether
NRF2 depletion caused elevation of ROS. Loading of cells
with 2,7-Dichlorofluorescin diacetate dye which is a fluo-
rescent marker of intracellular ROS confirmed elevation of
ROS resulting from NRF2 knockdown (Figure 5(c)). Finally,
we performed immunostaining of endogenous pNRF2 and
HO-1 following transfection with either scrambled or NRF2
targeting SiRNA and as consistent with Figure 5(b), we
verified repression of pNRF2 and HO-1 levels at single cell
level (Figure 5(d)). Having confirmed the effectiveness of
our SiRNA-mediated NRF2 knockdown, we next examined
whether depletion of NRF2 would also disrupt tBHQ depen-
dent induction of antioxidant pathway in PEO1 and SKOV3
cell lines and thus confirm the direct involvement of NRF2 in
this mechanism. To do this, we exposed cells to tBHQ either
in the presence of endogenous NRF2 or following its genetic
depletion. Figure 6(a) revealed that NRF2 protein induction
seen in tBHQ treatment was disrupted following its SiRNA
transfection. Next, in order to confirm that NRF2 depletion
also caused inhibition of transcriptional antioxidant response
program and to further confirm the conclusions drawn from
Figure 5(b), we transfected cells with cis-antioxidant response
elements (ARE) in luciferase reporter vector driving the
expression of luciferase to report transcriptional activity of
NRF2. Firstly, we saw repression of ARE signal supporting
our conclusions drawn from Figure 5. Secondly, we saw
that the tBHQ treatment regime that had caused induction
of NRF2 protein levels (Figure 6(a)), and those of NRF2
substrate HO-1 (Figure 5(b)) and HER2 and HER3 receptor
expressions (Figures 2 and 3), also significantly enhanced the
activity of the NRF2 dependent antioxidant transcriptional
programme in both PEO1 and SKOV3 cell lines (Figure 6(b)).
Finally, we saw that such induction was inhibited following
knockdown of NRF2 to significant levels as compared to
tBHQ treatment alone. Altogether, Figures 5 and 6 provide
evidence of knockdown of NRF2, repression of the antiox-
idant response pathway, and disruption of tBHQ mediated
pathway induction.

3.6. NRF2 Depletion Causes Transcriptional Inhibition of
HER2 and HER3 Leading to Repression of HER2, HER3, and
pAKT Proteins and Sensitisation to Targeted Immunothera-
peutics. As shown in the previous sections, NRF2 activation
by tBHQ not only induced the NRF2 dependent antioxidant
response pathway as expected, but surprisingly also induced
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Figure 4: Continued.
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Figure 4: NRF2 activation desensitises RTK signaling pathway to HER2 inhibitors Pertuzumab and Trastuzumab. (a) Immunoblot analysis
showing tBHQ dependent recovery of RTK signaling following its inhibition by HER2 inhibitors. Exponentially growing cells were either left
untreated (UT) or treated with combination of HER2 inhibitors, Pertuzumab and Trastuzumab at concentration of 20𝜇g/mL (RTKi), or with
cotreatment of 200 𝜇M tBHQ (RTKi + T) for 4 h before and processed for immunoblotting using relevant antibodies (Table 1). Ponceau stain
of the same blot was used as loading control. (b) Bar chart showing total HER2, phospho-HER2, total HER3, phospho-AKT, phospho-ERK,
phospho-NRF2, and BID levels in PEO1 and SKOV3 cell lines by quantifying immunoblot signal intensities obtained in (a) and normalised
to the value of UT and expressed as fold change. Blue bars show ratio of phospho-HER2 to HER2 (upper panels) and cleaved BID to intact
BID (lower panels).

protein levels of HER2 and HER3 (Figure 2) and we further
confirmed that the protein upregulation was as a result
of their transcriptional induction (Figure 3). These findings
were important because such receptor induction attenuated
the inhibitory responses of HER2-targeted drugs (Figure 4).
As an alternative approach to study the regulation of HER
receptors by NRF2, we knocked down NRF2 in our cell
lines and firstly studied the protein levels of the receptors
and their downstream substrate, pATK.We found significant
protein repression of HER2 and HER3 as well as pAKT.
Quantification of the resulting immunoblot signals revealed
a greater repression with 75 pmol NRF2 SiRNA (Figure 7(a)).
Interestingly, we could also detect and capture such repres-
sion at single cell level by performing immunostaining for
HER2 and pAKT following either scrambled orNRF2 specific
SiRNA (Figure 7(b)). Immunolabelling also revealed localisa-
tional features of total HER2 and pAKT. HER2 was mostly
localised at the cell membrane as expected and apparently
without any nuclear staining. The pAKT on the other hand
was localised at the cell membrane, general cytosol and
nucleus, as revealed by immunostaining and the merger with
DAPI staining (Figure 7(b)). This is consistent with previous
reports of nucleocytoplasmic shuttling of pATK that could
have physiological consequences [63–65].

We next wanted to determine and confirm any tran-
scriptional mechanism of NRF2 specific SiRNA dependent
repression of HER2 and HER3. We thought this could be
a likely explanation as we earlier showed tBHQ dependent
transcriptional upregulation of HER receptors (Figure 3). To

address this, we again utilised our transcriptional reporter
assays for both HER2 and HER3 receptors that were estab-
lished for this study. Using our ovarian cell line models, we
individually transfected the reporter systems but, this time,
cotransfecting with NRF2 specific SiRNA as well. Following
this, cells were either left untreated or treated with tBHQ.We
found that following NRF2 knockdown, HER2 transcription
was significantly repressed in both PEO1 (Figure 7(c)) and
SKOV3 (Figure 7(d)) cell lines. In terms ofHER3,whileNRF2
knockdown significantly repressed transcription in SKOV3,
such repression was not seen in PEO1 (compare Figures
7(c) and 7(d) for prHER3). Interestingly, the tBHQ depen-
dent transcriptional induction of prHER2 and prHER3 gene
reporters as seen in Figure 4 was disrupted following deple-
tion ofNRF2 in both PEO1 and SKOV3 cell lines to significant
levels (Figures 7(c) and 7(d)). These important findings
confirmed that tBHQ mediated protein and transcriptional
induction of HER receptors was dependent on NRF2 and not
by any off NRF2 target effect of tBHQ treatment. Finally, we
repeated knockdown of NRF2 either alone or with parallel
knockdown of KEAP1 and exposed such cells to targeted
immunotherapeutics for 24 and 48 h (Figure 7(e)). We found
significant increase in cell death in NRF2 knockdown cells
upon exposure to the immunotherapeutics and significant
reversal of this response with parallel KEAP1 knockdown.

These results confirmed the transcriptional regulatory
role of NRF2 for HER2 and HER3 receptors and illus-
trated alteration of protein abundance as a result of
such transcriptional regulation. These data also confirmed
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Figure 5: Continued.
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Figure 5: Knockdown of NRF2 by SiRNA causes repression of phospho-NRF2 and HO-1 levels and elevation of reactive oxygen species
(ROS). (a) Optimization of SiRNA-mediated NRF2 knockdown. Exponentially growing cells were transfected either with scrambled RNA
(scrmbl) or with different amounts of SiRNA for either 24 h or 48 h before being processed for immunoblotting. (b) NRF2 knockdown results
in repression of its substrates. The same lysates as in (a) were blotted for phospho-NRF2 and HO-1 levels. Bar charts in (a) and (b) show total
NRF2, phospho-NRF2, and HO-1 levels in SKOV3 cell lines by quantifying immunoblot signal intensities obtained in respective blots and
normalised to the value of UT and expressed as fold change. (c) NRF2 knockdown leads to ROS accumulation. SKOV3 cells were seeded
in triplicate for 18 h and transfected with NRF2 SiRNA. Following 48 h incubation, cells were assayed for total ROS by loading them with
DCFDA for 45min and measuring fluorescence using fluorescence multiplate reader (MODULUS, Promega) with excitation and emission
spectra of 485 nm/535 nm. The fluorescence reading was normalised to total cell abundance within the same wells as described in Materials
andMethods. Data are the means with ±S.D. of triplicates, normalised to untreated (UT) control and expressed as fold change with statistical
significance determined by Student’s 𝑡-test according to the scale ∗: 𝑝 < 0.05, ∗∗: 𝑝 < 0.01, and ∗ ∗ ∗: 𝑝 < 0.001. (d) Immunofluorescent
labelling of endogenous phospho-NRF2 and HO-1 exhibits repression following NRF2 knockdown. Cells were transfected as in (a) and
processed for immunocytochemistry. Relevant primary antibodies followed by Alexa Fluor conjugated secondary antibodies were used for
immunolabelling for phospho-NRF2 and HO-1 (red fluorescence). Nuclear reference was provided by costaining with 4,6-Diamidino-2-
Phenylindole, Dihydrochloride (DAPI). Images were captured with Leica DMiRe2 electronic microscope with 100x objective while merging,
colocalisation, and further analysis were performed by using integrated features of Andor iQ Core software (ANDOR Technologies Ltd.).
Scale bar indicates 10 𝜇m.

the role of NRF2 in determining overall treatment responses
to HER2 targeting immunotherapeutics and hence defining
the balance between resistance and sensitivity.

4. Discussion

The receptor tyrosine kinases (RTKs), exemplified by HER2/
HER3 family receptors, are key regulators of cellular prolif-
eration, differentiation, and survival, as well as determinants
of cancer initiation, maintenance, and progression [1–4].
Complexity in understanding the HER2/HER3 activation
and signaling arises from the intricate and complex regu-
lation of coexpression of HER2/HER3 receptors and their
ligands and the broad spectrum of tumour biochemistry,
heterogeneity, and range of sensitivities and resistance exhib-
ited to drugs targeting the HER receptor system [13, 14, 17,
21]. Furthermore, clinical data on HER2/HER3 coexpression
profile correlates to some degree with disease-free survival,
not only regarding anti-RTK treatment outcome [66], but
also by other therapeutic agents [43, 67, 68]. However, it
has been suggested that sustained and complete inhibition
of HER3 and its output to PI3K/Akt is required for the
maximal antitumour effect of HER2 inhibitors [13, 16] and

that inhibition of HER2 receptor alone might not generate
sufficient anticancer response [16]. Lately, data have accrued
to evidence and implicate NRF2 and ROS, in addition to
HER2/HER3, in the promotion of cellular proliferation and
therapeutic resistance in cancer cells [31, 69, 70]. It is also
known that ROS can trigger both the AR and the HER
family receptor pathways with concomitant transcriptional
upregulation of HER2/HER3 and NRF2 and subsequent ele-
vation and activation of their functions [31, 68–70].Thus, the
HER2/HER3 family receptor signaling pathway is upstream
of PI3K/AKT/mTOR pathway [13–16] and has likewise been
shown to be upstream of theNRF-AR pathway as well [46, 47,
59, 60, 71, 72].These highlight the possibility of a more direct,
rather than indirect, contact and cross relationship between
the HER2/HER3 and NRF2-AR pathways. This crosstalk
could be likely and even necessary as RTK dependent growth
and metabolism creates ROS, which would require parallel
NRF2 dependent antioxidant pathway for its neutralisation.
Likewise, the implication of NRF2 in proliferative and cyto-
protective pathways may involve RTK dependent signaling
[73]. RTK-targeted cancer therapies are compromised or
limited when tumour cells circumvent the action of a single
agent, and multiple agents due to the readjustments in
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Figure 6: Knockdown of NRF2 by SiRNA represses both basal and induced antioxidant response pathway in PEO1 and SKOV3 cell lines. (a)
Immunoblotting analysis showing repression of NRF2 following NRF2 knockdown by SiRNA in PEO1 and SKOV3 cell lines. Cells were either
transfected with scrambled SiRNA (Sc) or transfected with 75 pmol of NRF2 SiRNA (Si). After 48 h, cells were either left untreated or treated
with 200 𝜇M tBHQ (T) for 4 h, before being processed for immunoblotting using relevant antibodies (Table 1). Ponceau stain of the same blot
was used as loading control. Bar chart shows NRF2 levels by quantifying immunoblot signal intensities obtained in (a) and normalised to the
value of untreated (UT) control and expressed as fold change. (b) Knockdown of NRF2 causes inhibition of its transcriptional antioxidant
program in both constitutive and tBHQ induced states. PEO1 and SKOV3 cells were transfected with either empty PGL3 basic vector or
1 𝜇g PGL3 basic vector with a cloned 8 x cis-antioxidant response elements (ARE) driving NRF2 dependent expression of luciferase gene.
Cotransfection with 0.2 𝜇g pRL-CMV plasmid was performed as an internal transfection control. Where required, cotransfection with either
scrambled RNA (Sc) or NRF2 SiRNA was performed using 20 pmol SiRNA. At 24 h after transfection, treatment with 200 𝜇M tBHQ was
performed where indicated for 4 h following which, cells were processed for dual luciferase reporter assay (Promega) to record luciferase
activity in multiplate reader (MODULUS, Promega). Data are the means with ±S.D. of triplicates normalised to the value of scrambled
SiRNA (Sc) and expressed as fold change with statistical significance determined by ONE WAY ANOVA followed by Tukey’s post hoc test.
∗ indicates significance of scramble versus treatment groups while # indicates significance of tBHQ versus tBHQ + NRF2 SiRNA groups
according to the scale symbolised by ∗ or #: 𝑝 < 0.05, ∗∗ or ##: 𝑝 < 0.01, and ∗ ∗ ∗ or ###: 𝑝 < 0.001.

coexpression of HER2/HER3 receptors, their ligand binding
dynamics, or changing preference for the dimerizing partner
[17, 21, 61, 74, 75] suggest that the anticancer effect of these
agents might be further optimized or be better predicted by
effectively limiting HER2/HER3 expression at the DNA level
or at least identifying a common regulatory centre of HER2
and HER3 transcription. Thus the identification of factors
that mediate or modulate the transcriptional expression of
HER2/HER3 will be paramount.

NRF2 has already been implicated in numerous reports
as a key contributor to resistance towards anticancer drugs.
However, most of these past studies have explored the role of
NRF2 in resistance against DNAdamaging agents [50, 51, 55].
The present study demonstrates that NRF2may regulate can-
cer cell proliferation, susceptibility, and resistance to targeted
therapy via transcriptional regulation of HER2/HER3. To
demonstrate the role of NRF2 in RTK signaling and thus in
determining responses to targeted therapies, we used HER2
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Figure 7: Continued.
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Figure 7: NRF2 knockdown causes downregulation of HER2 and HER3 levels, repression of pAKT, and sensitisation to targeted
immunotherapeutics. (a) Immunoblotting analysis showing inhibition of RTK signaling following depletion of NRF2 mRNA by SiRNA in
SKOV3 cell line. Exponentially growing cells were either transfected with scrambled SiRNA (Scrmbl) or transfected with 75 pmol of NRF2
SiRNA for either 24 or 48 h or 100 pmol of NRF2 SiRNA for 48 h and processed for immunoblotting using relevant antibodies (Table 1). 𝛽-
actin was used as a loading control. Bar chart shows protein levels by quantifying immunoblot signal intensities obtained and normalised to
the value of untreated (UT) control and expressed as fold change. (b) Immunofluorescent labelling of endogenous total HER2 or phospho-
AKT exhibits repression following NRF2 knockdown. Cells were transfected as in (a) and processed for immunocytochemistry. Relevant
primary antibodies were used to stain HER2 or phospho-AKT followed by Alexa Fluor conjugated secondary antibody (red fluorescence).
Nuclear reference was provided by costaining with 4,6-Diamidino-2-Phenylindole, Dihydrochloride (DAPI). Images were captured with
Leica DMiRe2 electronicmicroscope at 100x objective while merging, colocalisation, and further analysis were performed by using integrated
features of Andor iQ Core software (ANDOR Technologies Ltd.). Scale bar indicates 10 𝜇m. (c and d) HER2 and HER3 downregulation
following NRF2 knockdown is caused by their transcriptional repression. Exponentially growing PEO1 cells (c) or SKOV3 cells (d) were
transfected with either empty PGL3 basic vector or 1𝜇g PGL3 basic vector with cloned 1.5 kb fragments of either HER2 (prHER2) or HER3
(prHER3) upstreampromoter regions driving the expression of luciferase gene. Cotransfectionwith 0.2 𝜇g pRL-CMVplasmidwas performed
as an internal transfection control. At 24 h after transfection, cells were either left untreated (UT) or treated with 200𝜇M tBHQ as indicated
for 4 h following which, cells were processed for dual luciferase reporter assay (Promega) to record luciferase activity in multiplate reader
(MODULUS, Promega). (d) The same was done for SKOV3 cell lines. (e) Knockdown of NRF2 through SiRNA sensitises cancer cell to RTK
inhibitors while parallel knockdown of KEAP1 partially relieves this sensitisation. Cells were transfected with scrambled SiRNA or SiRNA
targeting NRF2 either alone or with the inclusion of KEAP1 SiRNA. Following further 24 h incubation, cells were either left untreated or
treated with 25 𝜇g/mL of HER2 inhibitors Pertuzumab and Trastuzumab. Cytotoxicity assay was performed as in (a). In (c–e), data are the
means with ±S.D. of triplicates and expressed as fold change with statistical significance determined by ONE WAY ANOVA followed by
Tukey’s post hoc test (for c and d), or Student’s 𝑡-test (for e) according to the scale ∗: 𝑝 < 0.05, ∗∗: 𝑝 < 0.01, and ∗ ∗ ∗: 𝑝 < 0.001.

overexpressing (SKOV3) and low expressing (PEO1) ovarian
cancer cell lines [57] grown inHER receptor ligandHeregulin
and employed pharmacological and genetic activation or
inhibition of both NRF2-AR and HER2/HER3 signaling
pathways.

Firstly, pharmacological activation of NRF2 with tBHQ
enhanced ovarian cancer cell growth and protected cells
from cytotoxicity caused by combined HER2-targeted
immunotherapeutic agents, Pertuzumab and Trastuzumab.
This was also concomitant with the induction of HER2,
HER3, and pAKT proteins in oscillatory and dose-dependent
fashions, which is consistent with current emerging concepts
of transcriptional control and gene expression [70, 76–80].
Furthermore, NRF2 activation-dependent induction of the
receptors and their signaling pathway was governed and
executed by NRF2 at the transcriptional level of HER2 and

HER3 genes. Our results from both immunocytochemistry
and gene reporter assays of HER2 and HER3 expressions
were further supportive and reminiscent of recent reports
that revealed that induction of HER2 might repress HER3
expression while its inhibition led to transcriptional
induction of HER3 ([13, 14, 63], also see Figure 3(b)). It
is clear that tBHQ treatment led to induction of NRF2,
its associated antioxidant transcriptional program, and
transcriptional and signaling activation of HER2 and HER3
and that this tBHQ response was evidently dependent on
NRF2. Thus, NRF2 activation by tBHQ desensitised RTK
signaling pathway to inhibitory action of the HER2 targeting
immunotherapeutic agents Pertuzumab and Trastuzumab.

Next, to further investigate and confirm the involvement
of NRF2 in the elevation of HER2 and HER3, we took a
genetic approach to deplete NRF2 status and function using
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Figure 8: In silico analysis of HER2 and HER3 promoter sequences. (a) 1.5 kb promoter region of 𝐻𝐸𝑅2 gene was fetched from database
(ensemble.org) and subjected to transcriptional factor binding prediction program (http://consite.genereg.net/) to predict for putative NRF2
binding sites as indicated. Line with arrowheads shows the 0.7 kb sequence of HER2 promoter [8], while regions enclosed in rectangles show
additional sequences included and cloned in the PGL3 luciferase reporter vector (Promega) because of carrying additionalNRF2 binding sites.
(b) The same analyses were performed for HER3 promoter. In (a) and (b), +1 indicate the transcriptional start site, sequences highlighted in
green showNRF2 binding sites as predicted by ConSite, and sequences in bold represent manual identification of putative NRF2 binding sites
based on ARE consensus sequence [9] while those highlighted in pink show overlapping NRF2 binding sites by the two methods mentioned
above.
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SiRNA. This approach increased cellular ROS, repressed
pNRF2 and HO-1 levels, and even disrupted the tBHQ
dependent induction of our ARE reporter system (Figures
5 and 6). In addition, NRF2 depletion by SiRNA caused
transcriptional repression of HER2 and HER3 leading to
lowered expression of HER2, HER3, and pAKT proteins.
As an alternative approach, we also cloned and overex-
pressed individually both NRF2 and KEAP1 genes in our
cancer cell lines and found these in either cytoprotection
or sensitisation to targeted therapies, respectively (data not
shown). Moreover, we illustrated that while knockdown of
NRF2 significantly sensitised ovarian cancer cells to targeted
immunotherapy, parallel knockdown of KEAP1 reversed this
sensitisation.These results support and confirmed our earlier
inferred regulatory role of NRF2 in the transcription of
HER2 and HER3 receptors and its association with alter-
ation of HER2 and HER3 proteins abundance. A recent
study has suggested a similar role for NRF2 in regulating
the expression of HER2 [73] but fell short of evidencing
direct transcriptional regulation as shown in this study. To
demonstrate transcriptional modulation of these receptors,
we generated and utilised luciferase reporter assays of their
proximal promoter sequencing spanning 1.5 kb regions. We
performed in silico analysis of these upstream regulatory
regions for the presence of NRF2 binding and ARE like
consensus sequences and found a number of such binding
sites (Figure 8). Moreover, a direct interaction of NRF2 and
HER2 in regulating the expression of NRF2 target genes,
including HO-1, via binding of the complex to the ARE of
the target genes has been reported [45] which adds credence
to our observed downregulation of HER2, HER3, and pAKT
as well as HO-1 and pNRF2 levels following our SiRNA-
mediated depletion of NRF2. However, further experiments
are necessary to confirm the role of NRF2 as a transcription
factor for HER receptors.

Thus we have shown that NRF2 regulates HER2 and
HER3 signaling pathway to modulate sensitivity to targeted
therapies.This demonstrates that NRF2 activation is not only
implicated in resistance to genotoxic agents as previously
shown [55] but can also lead to resistance to immunother-
apies involving Pertuzumab and Trastuzumab, whose actions
are very specific to HER2 receptors and unrelated to antioxi-
dant pathway until this study.

5. Conclusion

The effectiveness of current anticancer therapies that involve
DNA damaging and ROS producing agents is limited,
because of NRF2 dependent emergence of cellular resistance
to genotoxic agents. On the other hand, targeted anticancer
therapeutic agents, while being initially found to be promis-
ing, have their own limitations. These include predicting
their action and outcome owing to their tight dependence on
properties such as cell surface expression of receptors, their
dimerizing preferences, presence of ligands, and dynamics
of recycling/degradation. This study has found a novel node
of regulation between the AR and RTK signaling pathway.
As such, the central regulatory node that converges at tran-
scription factor NRF2 presents itself as a very attractive drug

target especially in both scenarios of resistance described
above. We have presented evidence at the gene expression,
protein induction, localisation, and cytotoxicity levels that
the two pathways are coregulated and together predict and
inform outcomes to targeted immunotherapies and that such
responses could be controlled bymodulating NRF2 function.
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Oxidative stress (OS) has received extensive attention in the last two decades, because of the discovery that abnormal oxidation
status was related to patients with chronic diseases, such as diabetes, cardiovascular, polycystic ovary syndrome (PCOS), cancer,
and neurological diseases. OS is considered as a potential inducing factor in the pathogenesis of PCOS, which is one of the most
common complex endocrine disorders and a leading cause of female infertility, affecting 4%–12% of women in the world, as OS
has close interactions with PCOS characteristics, just as insulin resistance (IR), hyperandrogenemia, and chronic inflammation. It
has also been shown that DNA mutations and alterations induced by OS are involved in cancer pathogenesis, tumor cell survival,
proliferation, invasion, angiogenesis, and so on. Furthermore, recent studies show that the females with PCOS are reported to have
an increasing risk of cancers. As a result, the more serious OS in PCOS is regarded as an important potential incentive for the
increasing risk of cancers, and this study aims to analyze the possibility and potential pathogenic mechanism of the above process,
providing insightful thoughts and evidences for preventing cancer potentially caused by PCOS in clinic.

1. Introduction

Polycystic ovary syndrome (PCOS) is one of the most com-
mon endocrine disorders of women at reproductive age and
the major cause of anovulatory infertility [1]. It was first
described as the change of ovarian morphology by Chereau
in 1844 [2], and the diagnostic criteria were established by the
European Society for Human Reproduction and Embryology
(ESHRE) and American Society for Reproductive Medicine
(ASRM) in 2003 based on the extensive studies during the last
decades, which is the so-calledRotterdamConsensusCriteria
[3]. PCOS is a disease with high heterogeneity, and its clinical
featuresmainly includemenstrual disorder, secondary amen-
orrhea, serum hormone abnormality, hairiness, acne, obesity,
and infertility [3].

PCOS has been regarded as a chronic systemic disease
instead of the simple local disease, and it is frequently
associated with insulin resistance (IR), hyperandrogenemia,
chronic inflammation, and oxidative stress (OS), though the
pathogenesis mechanism has not been well defined [4–8]. A
lot of investigations have revealed thatOS level is significantly
increased in patients with PCOS compared with the normal,
when oxidative status is evaluated by circulating markers,
such as malondialdehyde (MDA), superoxide dismutase
(SOD), and glutathione peroxidase (GPx) [4]. However, OS
level is also observed to be significantly correlated with
obesity, insulin resistance, hyperandrogenemia, and chronic
inflammation [9–12]. Though OS is considered as a potential
inducement of PCOS pathogenesis [4], it is still undeter-
minedwhether the abnormalOS levels of patients with PCOS
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derive from PCOS itself or if they are related to the potential
complications.

Besides the above complications, PCOS is probably
accompanied with some malignant lesions as well, such
as endometrial cancer, breast cancer, and ovarian cancer
[13, 14]. Several investigations indicated that PCOS perhaps
could increase the risk of developing endometrial cancer,
and abnormal hormone level, IR, hyperinsulinemia, and
even obesity were suggested as the potential inducements of
endometrial cancer pathogenesis in PCOS patients [15–18].
What is more, OS, altered in PCOS, is discovered to play
pivotal roles in cancer pathogenesis [19–21]. ROS could cause
genetic changes by attacking DNA, leading to DNA damages,
such as DNA strand breaks, point mutations, aberrant DNA
cross-linking, and DNA-protein cross-linking [22]. As a
result, the mutations in protooncogenes and tumor suppres-
sor genes probably hijacked cell proliferation out of control,
when theDNArepairmechanismhas been disrupted [23, 24].
On the other hand, OS could cause epigenetic changes as
well by DNA methylation, silencing tumor suppressor genes
[25, 26]. Therefore, OS could be one of the major underlying
inducements of the increasing risk of gynecological cancers
in PCOS patients.

2. Altered Oxidative Stress in Polycystic
Ovary Syndrome

Oxidative stress (OS) reflects an imbalance between pro-
duction and scavenging of reactive oxygen/nitrogen species
(ROS/RNS) [27], and excess ROS accumulated in vivo would
induce cell [28, 29], protein [30–32], and lipid damage
[33]. ROS includes both free radical and non-free radical
oxygenated molecules, such as hydrogen peroxide (H

2
O
2
),

superoxide (O
2

∙−), singlet oxygen (1/2 O
2
), and the hydroxyl

radical (∙OH). Reactive nitrogen, iron, copper, and sulfur
species are also involved in OS [34, 35]. Free radicals are the
species possessing unpaired electron in the external orbit and
could exist independently [35, 36]. In general, chemical sub-
stances used for evaluating oxidative status could be divided
into chemical components modified by reactive oxygen,
ROS scavenging enzymes or antioxidative chemicals, and
transcription factors regulating ROS production. However,
it is hard to reflect OS status accurately with the same
biomarkers in various diseases, because OS usually plays
different roles and triggers different signaling pathways in
different diseases, so biomarkers used to evaluate OS in a
particular disease are limited and should be always filtrated
carefully [32, 37–40].

According to the modified criteria defined at Rotter-
dam meeting, polycystic ovary syndrome (PCOS) would be
determined when two of the following three criteria have
been discovered: (1) clinical and/or biochemical evidence of
androgen excess after the exclusion of other related disorders;
(2) oligoovulation or anovulation; (3) ultrasound appearance
of the ovaries: presence of more than 12 follicles in each
ovary measuring 29mm and/or increased ovarian volume
(>10mL) [3].Though the full pathophysiology of PCOS is still
not determined, hyperandrogenemia and insulin resistance

(IR) are frequently involved. The hyperandrogenemia that
accompanies PCOS may be caused by the abnormal ovaries,
adrenal glands, peripheral fat, and hypothalamus-pituitary
compartment. Insulin resistance, frequently appearing in
PCOS as well, results in a compensatory hyperinsulinemia,
which augments luteinizing hormone- (LH-) stimulated
androgen production, either via its own receptors or via
insulin growth factor (IGF-1) receptors [41]. As a syndrome,
PCOS is usually treated based on detailed clinical symptoms,
and therapeutic schedules mainly include ovulation induc-
tion, downregulating androgen and LH levels, attenuating IR,
and operation [41].

OS is also intimately involved in PCOS pathogenesis,
since PCOS patients show more serious OS compared with
the normal [4] (Table 1). However, results would not be
consistent absolutely, when different markers are employed
and the same marker is evaluated in different sources and
even with different investigation methods [42–44]. In addi-
tion, OS is involved in the pathological processes of IR,
hyperandrogenemia, and obesity as well, which accompany
PCOS frequently but not absolutely [45]. Thus, appropriate
markers should be chosen to evaluate the OS levels in PCOS
for the particular circumstance. Current employed circulat-
ingmarkersmajorly include homocysteine,malondialdehyde
(MDA), asymmetric dimethylarginine (AMDA), superoxide
dismutase (SOD), glutathione (GSH), and paraoxonase-1
(PON1) [4]. Because of the complicated cross-link of OS
and physiological and clinical characteristics of PCOS, the
interactions of OS and PCOS would be described below from
major nodes linking OS and PCOS.

2.1. Oxidative Stress, Obesity, and Polycystic Ovary Syndrome.
Obesity, a popular endocrine disease in the world, was firstly
divided into visceral obesity and peripheral obesity by Vague
in 1956 [46], also called central obesity and lower body
obesity. Visceral obesity, the so-called abdominal obesity,
in which visceral adipose tissues are mainly accumulated
in the abdomen and distributed widely on omentum and
mesenterium, around viscera, and in skeletal muscle, could
be determined by the increased waist circumference (WC).
Compared with visceral obesity, peripheral adipose tissues
are mainly accumulated under the peripheral skin, especially
in buttocks and legs, and are usually evaluated by body mass
index (BMI). About 42% of patients with polycystic ovary
syndrome (PCOS) have the complication of obesity [47].
Abdominal adipose tissue is considered to be correlated with
metabolic diseases more significantly than subcutaneous adi-
pose tissue [48]. Diagnosticmethod of abdominal obesity has
not been defined yet, but the size and the thickness of visceral
fat determined by electronic computer X-ray tomography
technology (CT) are often regarded as the golden standard
[49]. In addition,WC is a simple and reliable criterion usually
applied to evaluate abdominal obesity in clinic. Abdominal
obesity is regarded as a common complication of PCOS, and
the risk of abdominal obesity in PCOS women ranges from
40% to 80% because of the differences of people and nations
[50, 51]. Bodymass index (BMI) is used as a popular criterion
in clinic to evaluate obesity; however, about 50% of PCOS
patients with normal BMI still have abdominal obesity [51].
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Therefore, both BMI and WC should be considered when
considering the contribution of obesity to PCOS etiology.

Obese patients are expected to have more serious oxida-
tive stress (OS) levels [52], and significant correlations of
OS markers with obesity indexes, such as BMI and WC,
are discovered [53, 54]. Levels of markers that could reflect
the degrees of lipid peroxidation and protein peroxida-
tion, such as oxidized low density lipoprotein (ox-LDL),
malondialdehyde (MDA), thiobarbituric reactive substances
(TBARS), and advanced oxidation protein products (AOPP),
increase significantly in the obese patients compared with
the normal, and levels of markers that could reflect the
antioxidant ability, such as glutathione peroxidase (GSH-
Px) and copper- and zinc-containing superoxide dismutase
(CuZn-SOD), decreased significantly [55–57]. As an impor-
tant pathological and physiological process, OS is associated
with a number of chronic diseases, which are the main
complications of obesity. What is more, the investigation of
Khan et al. [58] reported that systemic OS levels of obese
females without smoking history, diabetes, hypertension,
dyslipidemia, dysfunctions of liver and kidney, and tumor
history were still significantly higher than nonobese females,
and GSH concentrations of erythrocytes were significantly
lower. In addition, obese patients havemore serious oxidative
stress as well while PCOS patients are ruled out [9, 59]. Thus,
obesity, besides abdominal obesity, is directly associated with
OS and contributes to the increased OS levels in PCOS [60].

However, obesity is not the only factor leading to the
more serious oxidative status of PCOS, and other factors
are considered to have contributions as well. While obese
patients are ruled out according to BMI, nonobese women
with PCOS still have more serious oxidative stress compared
with those without PCOS (Table 1). What is more, when
PCOS patients with abdominal obesity are excluded instead
of peripheral obesity, the result remains the same [61]. In
conclusion, obesity is a one of the impact factors contributing
to the increased OS levels in PCOS but not the only one.

2.2. Oxidative Stress, Insulin Resistance, and Polycystic Ovary
Syndrome. Insulin resistance (IR) is a physiological condi-
tion inwhich a given concentration of insulin produces a less-
than-expected biological effect, because cells fail to respond
to the normal actions of the hormone insulin, leading to dys-
functions of glucose transfer and utilization [62, 63]. Andres
clamp technique is the most accurate method to diagnose
IR, but its high cost limits the clinical acceptance; therefore,
fasting insulin (FINS) and homeostasis model assessment of
insulin resistance (HOMA-IR) are usually employed in clinic
[64, 65]. IR is regarded as the core mechanism of polycystic
ovary syndrome (PCOS) pathogenesis [3], and the IR rate of
PCOS patients ranges from 50% to 70% [66, 67]. In fact, IR
markers of women with PCOS, such as HOMA-IR, increase
significantly compared with normal women and are usually
significantly correlated with oxidative stress (OS) markers
[10, 68, 69].

IR encourages OS because hyperglycemia and higher
levels of free fatty acid lead to reactive oxygen species
(ROS) production [45, 70]. When excess glucose or free fatty
acid are absorbed in the cell, a large number of reducing

metabolites, just like pyruvic acid and acetyl coenzymeA,will
be transferred into mitochondria for oxidization, leading to
enhancing the activity of electron transport chain and single
electron transfer, finally resulting in increasing ROS produc-
tion. Furthermore, OS would be caused if reducing enzymes,
just like super oxidative dismutase (SOD), peroxidase, and
catalase, fails to scavenge the excess ROS in the cell [27, 71].
In the IR model of animals induced by high fructose, OS
is observed to be enhanced, with the increased protein car-
bonyl, nonesterified fatty acid (NEFA) and malondialdehyde
(MDA), O

2

−, reduced glutathione (GSH), and so on [72–74].
As it is known, IR is frequently accompaniedwith obesity and
exists in about half of the obese [47], so IR is also regarded as
one of the core mechanisms by which obesity contributes to
OS. In the study of Huber-Buchholz et al., reducing the body
weight by 11%, obese women were demonstrated to increase
insulin sensitivity by 71% and decrease fasting insulin levels
by 33% [75]. However, the correlation of oxidative stress and
IR is still significant independent of obesity [10].

Though the full mechanism of OS-induced IR remains
unclear, OS has been demonstrated to play crucial roles in
IR pathogenesis [70, 76]. In multiple studies, it was reported
that exposure to oxidative stress inhibits the metabolic
pathways induced by insulin in L6 myotube and 3T3-L1
adipocyte models [77, 78]. According to the investigation of
Bloch-Damti and Bashan, insulin-stimulated glucose uptake,
glycogen synthesis, and protein synthesis would be inhibited
after exposure to 50𝜇M H

2
O
2
for 2 hours [70]. Oxygen

radical plays an important role in glucose regulation [79].
For example, H

2
O
2
could regulate the insulin release of 𝛽

cell stimulated by glucose and participate in the regulation
of insulin signaling pathway [80]. In general, insulin receptor
substrate (IRS) is the key player of IR pathogenesis [81]. With
the increased OS, various protein kinases are activated to
induce serine/threonine phosphorylation of IRS and inhibit
normal tyrosine phosphorylation of IRS, reducing the capac-
ity of IRS to combine with insulin receptor, suppressing
IRS to activate the downstream phosphatidyl inositol 3-
kinase (PI3K); and finally insulin signal to the effector via
insulin receptor (InsR)/IRS/PI3K pathway is interfered with.
In addition, serine/threonine phosphorylation of IRS could
also induce the degradation of IRS and make IRS become the
inhibitor of InsR kinase [82, 83]. Insulin signaling pathways
could also be activated by OS mainly through Jun N-
terminal kinase/Stress Activated Protein Kinase (JNK/SAPK)
signaling pathway and inflammatory signaling pathway (I𝜅B
kinase/nuclear factor 𝜅B, IKK/NF-𝜅B), leading to IR via post-
insulin receptor defect [84–86].

IR in PCOS is alternative for glycometabolism, and the
synthesis of sex hormones is enhanced [87, 88]. The mecha-
nism of the alternative IR in PCOS still remains unclear, but
post-insulin receptor defect in insulin signaling is regarded
as the major pathogenesis mechanism of IR in PCOS [89].
Levels of Ser-phosphorylated IRS-1 of adipose tissue and
serum in PCOS women are significantly higher than those
in controls, whereas IRS-1 tyrosine phosphorylation levels in
PCOSwomen are lower than in controls [90, 91].The amount
of IRS-1 decreases in adipose tissue and granulosa cells but
increases in PCOS theca cells [61, 92]. Levels of activated
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Table 1: Oxidative stress (OS) markers employed in polycystic ovary syndrome (PCOS) patients are shown in the table.

Biomarkers evaluating OS level Location and source
OS levels of PCOS patients
compared with the normal References

Independent of obesity
Markers reflecting oxidative levels

Malondialdehyde (MDA) Serum; erythrocyte Higher Higher [4, 42, 43, 69, 126, 158, 177–182]
Advanced glycosylated end products (AGEs) Serum Higher [177, 183]
Xanthine oxidase (XO) Serum Higher [184]
8-Hydroxydeoxyguanosine (8-OHdG) Serum Lower Lower [185]
Lipid peroxidation (LPO) Follicular fluid; serum Higher [178, 186]
Protein carbonyl Serum Higher [187]

Reactive oxygen species (ROS)
Follicular fluid;
granulose cell;

mononuclear cell
Higher [186, 188, 189]

Total oxidant status (TOS) Serum Higher Higher [190, 191]
Oxidative stress index (OSI) Serum Higher [190]
Homocysteine (Hcy) Serum Higher Higher [4]
Asymmetric dimethylarginine (ADMA) Serum Higher Higher [4]
Prolidase (PLD) Serum Higher [190]
Nitrotyrosine (Ntyr) Serum Higher [192]
Uric acid Serum Higher [192]
Neopterin (NEO) Serum Higher Higher [193]

Markers reflecting antioxidative levels

Superoxide dismutase (SOD) Serum; erythrocyte;
follicular fluid Higher Higher [4, 42–44, 182, 194, 194]

Glutathione (GSH) Serum Lower Lower [4, 43]
Paraoxonase 1 (PON1) Serum Lower Lower [4, 69, 179, 184]
Heme oxygenase-1 (HO-1) Serum Lower [195]
Total antioxidant status (TAS) Serum Lower Lower [126, 187]
Total antioxidant capacity (TAC) Follicular fluid; serum Lower [69, 186]
Vitamin E Serum Lower [178]
Vitamin C Serum Lower [178]
Thiol Serum NS Lower [94, 184]
L-Carnitine Serum Lower [196]

extracellular signal-regulated kinase 1/2 (ERK1/2) of adipose
tissue and serum in PCOS women are observed to be higher
than those in controls, but levels of insulin receptor, glucose
transporter-4 (GLUT4), and PI3K are lower [61, 90].

Thus, OS is intimately associated with IR and is possible
to be the major inducement of IR in PCOS via post-insulin
receptor defect. In addition, studies with antioxidants such
as vitamin E, 𝛼-lipoic acid, and N-acetylcysteine indicate
a beneficial impact on insulin sensitivity and offer the
possibility of new treatment approaches for IR [93]. So, IR is
certainly involved in the physiological process of PCOS but
may well be a noninitial factor caused by OS. However, OS
still remains increased in PCOS independent of obesity and
IR [94, 95].

2.3. Oxidative Stress, Chronic Inflammation, and Polycystic
Ovary Syndrome. Chronic low-grade inflammation is con-
sidered as an important feature of polycystic ovary syndrome

(PCOS) and has been suggested to participate in the patho-
genesis and development of PCOS [96, 97]. Inflammatory
markers, such as C-reactive protein (CRP), tumor necrosis
factor (TNF), interleukin-6 (IL-6), interleukin-18 (IL-18),
monocyte chemotactic protein-1 (MCP-1), and acute phase
serum amyloid A (APSAA), increased in women with PCOS
comparedwith the normal [98–102]. It has been accepted that
there is a tight link of oxidative stress (OS) and inflammation,
and it is hard to distinguish inflammation fromOS absolutely;
they are usually accompanied with each other [37]. Reactive
oxygen species (ROS) could induce releasing inflamma-
tory factors and inflammatory response, via activating the
associated signaling pathways of nuclear factor-𝜅B (NF-𝜅B),
activated protein-1 (AP-1), and hypoxia-inducible factor-1
(HIF-1) [103]. On the other hand, ROS could be generated
by rheumatoid synovial cells via the nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase system (Nox),
during exposure to two major rheumatoid arthritis (RA)
cytokines, interleukin-1𝛽 (IL-1𝛽) and TNF-𝛼 [104, 105].
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Inflammation has also been demonstrated to be associ-
ated with IR in PCOS [106]. It was reported that adipose-
derived TNF-𝛼 levels in mice were increased during the
advancement of obesity, but when TNF-𝛼 was neutralised,
insulin sensitivity was improved [107]. As well as OS,
inflammation could induce insulin resistance (IR) mainly
via interfering with post-insulin receptor signaling pathway,
insulin receptor substrate 1-phosphatidyl inositol 3 kinase-
protein kinase B (IRS1-PI3K-PKB/Akt) pathway [108].

2.4. Oxidative Stress, Hyperandrogenemia, and Polycystic
Ovary Syndrome. Hyperandrogenemia is a classical feature
of polycystic ovary syndrome (PCOS), and 70%–80% of
women with hyperandrogenemia are diagnosed with PCOS
[109]. Hyperandrogenemia is regarded as the core patho-
genesis of PCOS, as PCOS models of animals could be
established by excess androgen administration [110, 111]. For
the increased androgen levels in PCOS, insulin resistance (IR)
is regarded as the primary factor, by compensatory hyper-
insulinemia [112]. Insulin is reported to stimulate ovarian
androgen secretion directly alone and/or augment luteinizing
hormone- (LH-) stimulated androgen secretion [113–115].
In addition, insulin may also enhance the amplitude of
gonadotropin-releasing hormone- (GnRH-) stimulated LH
pulses, decrease hepatic production of serum sex hormone-
binding globulin (SHBG), and/or decrease insulin-like
growth factor binding protein-1 (IGFBP-1) [116–121]. Finally,
the availability of free insulin-like growth factor-1 (IGF-1) is
increased to stimulate androgen production [122, 123].

However, oxidative stress (OS) and inflammation seem
to contribute to hyperandrogenemia in PCOS, but detailed
interactions still remain unclear, as few investigations
have been discovered to focus on the subject. In multi-
investigations, OS and inflammation markers are discovered
to be positively correlated with androgen levels in PCOS
patients [124–126]. In vitro, OS was reported to enhance the
activities of ovarian steroidogenesis enzymes, which could
stimulate androgen generation, and antioxidative chemicals,
just as statins, inhibit the activities [127]. Tumor necrosis
factor-𝛼 (TNF-𝛼), an inflammatory marker associated with
tissue inflammation, was reported to have the ability to
promote the proliferation of mesenchymal cells of follicular
membrane and the synthesis of androgen in the rat [128].

Hyperandrogenemia seems to have the ability to cause
obesity, IR, andOS in females and female animals. Compared
with controls, PCOS models induced by excess androgen
have increased weights, triglycerides, nonesterified fatty acid
(NEFA), fasting serum insulin (FINS), fasting blood glucose
(FBG), homeostasis model assessment of insulin resistance
(HOMA-IR), and altered oxidative stress markers, such as
malondialdehyde (MDA), glutathione (GSH), and superox-
ide dismutase (SOD) [129–132]. In addition, afterwomenwith
normal body mass index (BMI) of reproductive age were
administered with oral dehydroepiandrosterone (DHEA) to
increase the androgen levels in vivo, blood samples were
obtained both under fasting state and after glucose stimula-
tion, and leukocytic reactive oxygen species (ROS) genera-
tion, p47(phox) gene expression, and plasma thiobarbituric
reactive substances (TBARS) were discovered to be increased

to promote oxidative stress [101]. Nuclear factor-𝜅B (NF-𝜅B)
is the potential crucial mediator of inflammation induced
by hyperandrogenemia [133–135]. Expression and phospho-
rylation level of NF-𝜅B increased, and interleukin-6 (IL-6)
and monocyte chemotactic protein-1 (MCP-1) synthesis was
enhanced in adipose cells after administering testosterone,
but IL-6 and MCP-1 levels decreased when NF-𝜅B inhibitors
were administered as well [136].

It is interesting to note that androgen may also play a role
in protecting cells or tissues from inflammation and oxidative
stress. In the obese PCOS patients, body mass, free fatty acid
level, IL-6 level, andC-reactive protein (CRP) level increased,
while androgen level was downregulated with GnRH agonist
for a long term [137]. In addition, androgen was reported
to have the ability to enhance the activity of hormones-
sensitive lipase (HSL) to promote lipolysis and inhibit adipose
tissue further growth [138]. Thus, a hypothesis was raised
that androgen may contribute to anti-inflammation by pro-
moting lipolysis, limiting adipose tissue addition, and further
reducing inflammatory factor synthesis [137, 139]. In human
decidual endometrial stromal cells, expressions of forkhead
box protein O1 (FOXO1) and superoxide dismutase 2 (SOD2)
could be promoted by dihydrotestosterone (DHT) to enhance
the resistance to oxidative stress [140]. It indicates that the
functions of androgenmay performmultiformity in different
circumstances and depend on the dosage.

3. Polycystic Ovary Syndrome and Cancers

A higher risk for cancers of the reproductive tract, especially
endometrial cancer, seems to be related to polycystic ovary
syndrome (PCOS) [141–144]. In addition, PCOS women also
manifest clinical features, correlated with risk factors for
breast cancer and ovarian cancer [13, 14, 145]. However,
defined associations of PCOS, breast cancer, and ovarian
cancer have not been found yet until recently [14]. The asso-
ciation of PCOS and endometrial was firstly reported in 1949,
and the complicated interrelationship between endometrial
cancer and PCOS has been recognized for several years,
involving multiple risk factors, such as obesity, diabetes,
hypertension, anovulation, nulliparity, and family history
[16, 17, 146]. The meta-analysis of the data collected by
Chittenden et al. [145] suggests that women with PCOS
are more likely to develop cancer of the endometrium (OR
2.70, 95% CI 1.00–7.29), and the risk would increase to 3-
fold, which was confirmed by Haoula et al. [143]. While the
same meta-analysis was done by Fearnley et al., a similar
conclusion was obtained, but the risk of endometrial cancer
in PCOS women was enhanced to 4-fold (OR 4.0, 95% CI
1.7–9.3) compared with controls in another study based on
Australian women younger than 50 years [147]. In addition,
the increased risk for endometrial cancer in PCOS women
is modified to 2.7-fold (95% confidence interval 1.0–7.3) by
AmsterdamESHRE/ASRM-Sponsored 3rd PCOSConsensus
Workshop Group [148].

3.1. Contributions of Oxidative Stress to Cancer Pathogenesis.
Oxidative stress (OS), which is altered in PCOS, increases in
malignant cells compared with normal cells in culture and in
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vivo [149, 150]. OS could induce directly genetic variation by
DNAdamage, such asDNA chain rupture, basemodification,
DNA-DNA crosslinking, DNA-protein crosslinking, and epi-
genetic change, including elevated DNA methylation level,
which both play important roles in the pathogenesis of cancer
[12, 22]. Most modifications of DNA bases locate on the
eighth carbon atom of deoxy guanine, forming 8-hydroxy-
deoxyguanosine (8-OHdG).The formation of 8-OHdG could
make the modified guanine replaced by thymine, leading to
gene mutation and resulting in the base pairing error of “G-
C→T-A” in the process of DNA replication [22, 151]. The 8-
OHdG level of tumor cell is found to be significantly higher
than that of normal cell and further regarded as a classical
biomarker of oxidative DNA damage [152]. Though 8-OHdG
could not kill cells directly, it could induce the nearby
DNA bases to be modified singularly, aggravating genome
instability and tumor cell transfer [153].While adducts, just as
8-OHdG, avoidDNA self-repair by 8-oxoguanine glycosylase
(OGG1) and mutY DNA glycosylase (MUTYH), genetic
mutations (point mutations mainly) could be caused, and
cancer would initiate if the DNA mutations locate in cancer-
related genes, such as Ras protooncogene and p53 cancer
suppressor gene [25, 26, 151, 154].

DNA methylation refers to the process that the methyl
group of S-adenosyl-L-methionine (SAM) is transferred to
adenine base or cytosine base of DNA catalyzed by DNA
transmethylase (Dnmt) after DNA replication, modifying the
DNA [155]. DNA methylation is involved in expression and
control of genes and acts specifically according to tissue and
gene. In the normal cells, the normal state of genome is
held by hypomethylation levels of the promoter region of
tumor suppressor genes and hypermethylation levels of some
repetitive sequences, such as long interspersed nuclear ele-
ment (LINE1) and Alu element [156]. DNA damage induced
by reactive oxygen species (ROS), especially ∙OH, could
influence the connection of DNA, as a substrate, with Dnmt,
decreasing the methylation levels of the whole genome [26].
However, ROS also could induce hypermethylation of the
promoter regions of cancer suppressor genes, promoting cell
malignant transformation [157].

3.2. Oxidative Stress-Induced DNA Damage in Polycystic
Ovary Syndrome. Micronucleus (MN) frequency, evaluated
by cytokinesis block micronucleus index, which reflects
genomic instability, is increased in PCOS patients compared
with controls [158–161]. Furthermore, women with PCOS
show a significant increase in DNA strand breakage and
H
2
O
2
-induced DNA damage [162]. In addition, elevated

chromosome malsegregation (assessed by X chromosome
chromogenic in situ hybridisation) and reduced mitochon-
drial DNA (mtDNA) copy number (reflecting mitochondrial
metabolism) are also found in PCOS [159, 163].

Serum MDA levels, an OS marker, were observed to
be positively correlated with MN in PCOS patients but not
the normal [158]. In addition, mtDNA copy number was
negatively correlated with indices of insulin resistance, waist
circumference, and triglyceride levels and positively corre-
lated with sex hormone-binding globulin levels [163]. Signif-
icant correlations were also found between free testosterone

and DNA strand breakage and H
2
O
2
-induced DNA damage

[162]. As stated above, there are intimate interactions between
OS and IR and obesity. It seems that the altered oxidative
stress in PCOS has increased the instability of genes and the
risk of DNA mutations and potentially contributes to the
pathogenesis of gynecological cancers.

3.3. Obesity and Endometrial Cancer. Obesity could sig-
nificantly aggravate OS and is usually accompanied with
PCOS and is well known to be associated with endometrial
hyperplasia and endometrial cancer, thus being regarded as
one of themost significant risk factors for endometrial cancer
[15]. Approximately 70–90% of Type 1 (estrogen-dependent)
endometrial cancer patients are obese [164], and Schouten
et al. demonstrated that obesity increased the risk of endome-
trial cancer by 4.5 times [165]. In fact, several studies show
that adiposity contributes to the increased incidence and/or
death from cancers of not only endometrium but also colon,
breast, kidney, ovary, esophagus, stomach, pancreas, gallblad-
der, and liver [166, 167]. Furthermore, this increased endome-
trial cancer risk related to PCOS is reduced by almost one-half
when adjusted for body mass index (BMI) (OR 2.2, 95% CI
0.9–5.7), emphasizing that obesity plays a key role in endome-
trial cancer pathogenesis, possibly via oxidative stress [15].

3.4. Insulin Resistance and Endometrial Cancer. Insulin resis-
tance (IR), which is also significantly associated with OS
regardless of obesity, is another common feature of PCOS and
endometrial cancer and is regarded as the potential mech-
anism of endometrial hyperplasia and endometrial cancer
pathogenesis in PCOS [14]. Elevated fasting serum insulin
levels and insulin responses after glucose administration have
been found in postmenopausal women with endometrial
cancer [168]. In the study of Zhang, it is statistically significant
that 12 of 19 PCOS patients with IR show endometrial
hyperplasia or endometrial canceration compared to 4 of 15
PCOS patients without IR [169].

Just as stated above, IR would induce compensatory
hyperinsulinemia, and excess insulin would increase insulin
growth factor-1 (IGF-1). Insulin and IGF have been shown to
accelerate the growth of endometrial cancer cells in vitro, and
the mitogenic effect of hyperinsulinemia may be mediated by
activation of the mitogen-activated protein kinase (MAPK)
pathway [170], increasing expression of vascular endothelial
growth factor (VEGF) [171]. Conversely, when endometrial
cancer cells are exposed to serum from metformin-treated
women with PCOS, cell growth is attenuated, and signaling
pathways associated with inflammation and tumor invasion
are altered [172]. Hyperinsulinemia reduces insulin-mediated
glucose uptake and also enhances steroidogenesis. As a result,
excessive insulin stimulates theca cell androgen secretion
activity and elevates serum-free testosterone levels through
the pathways stated above [173]. Testosterone level has been
shown to be positively correlated with p-ERK and p-AKT,
which are significantly higher in endometrial tissue of PCOS
patients with endometrial hyperplasia or canceration com-
pared with the normal controls, and play key roles in tumor
proliferation [169]. In addition, just as discussed above, OS is
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are all involved in polycystic ovary syndrome physiopathology. Oxidative stress seems to induce cancer through genetic variation and cell
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an important inducer of IR by post-insulin signaling defects
and has interassociation with hyperandrogenemia. Conse-
quently, IR and hyperandrogenemia may be the potential
converged mechanisms that oxidative stress influences on
during endometrial canceration process.

3.5. Estrogen and Endometrial Cancer. The prolonged expo-
sure to unopposed estrogen in the absence of sufficient
progesterone, which is induced by denominator anovulation,
is also regarded as a major factor causing endometrial
hyperplasia and canceration in PCOS [174–176]. Estrogen
could bind to its nuclear receptor, stimulating secretions of
various growth factors, such as IGF, and epidermal growth
factor (EGF), and activate ERK signaling pathway, to promote
endometrial proliferation and even canceration. In addition,
metabolites of estrogen also could be the inducers of endome-
trial canceration by binding to DNA and causing further

DNA damage, and the procedure is associated with oxidative
stress. Under oxidative stress, estrogen intermediate metabo-
lites, including 2-hydroxyl estrone (2-OHE1), 4-hydroxyl
estrone (4-OHE1), and 16𝛼-hydroxyl estrone (16𝛼OHE1),
could not be methylated and eliminated from the body
and would be oxidized to semiquinonoid compounds and
quinonoid compounds. The two abnormal types of metabo-
lites of estrogen with electron affinity bind to nucleophilic
group of DNA by covalent bond, causing DNAmutation, and
further lead to endometrial canceration process.

3.6. Polycystic Ovary Syndrome and Other Cancers. In the
investigation of Schildkraut et al. [142], ovarian cancer risk
is found to increase to 2.5-fold (95% confidence interval [CI]
1.1–5.9) among women with PCOS, and the association is
found to be stronger among women who never used oral
contraceptives (odds ratio [OR] 10.5, 95% CI 2.5–44.2) and
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women who were in the first quartile of body mass index
(13.3–18.5 kg/m2) at the age of 18 (OR 15.6, 95% CI 3.4–71.0).
Though PCOS perhaps could increase the risk of ovarian can-
cer based on the limited few studies, the association of them
has also been under the doubt and needs more evidences to
be proved. On the other hand, breast cancer seems to be not
associated with PCOS based on the current limited data [14].
In addition, powerful evidences are needed to evaluate the
associations between PCOS and vaginal, vulvar, and cervical
cancer or uterine leiomyosarcoma. Nevertheless, obesity and
estrogen excess are suggested as the two important factors
inducing cancers besides endometrial cancer [14].

4. Conclusion

It is known that DNA damage and methylation induced
by oxidative stress (OS) play key roles in the early stage
of tumor pathogenesis and tumor conversion by activating
protooncogene and silencing antioncogene. Mechanistically,
the abnormal oxidative stress in polycystic ovary syndrome
(PCOS) patients could cause genetic instability and raise the
risk of cancers. OS has been demonstrated to be significantly
associatedwith obesity, insulin resistance (IR), inflammation,
and hyperandrogenemia, which are the common characteris-
tics and potential inducers of PCOS and endometrial cancer
and could participate and be induced in an interweaving
way during disease physiology (Figure 1). ROS and proin-
flammatory factors, produced under OS, could induce IR
majorly through IRS-PI3K-Akt by activation of associated
signaling pathways, such as NF-𝜅B and JNK. Hyperinsuline-
mia, compensatory for IR, contributes to cancer pathogenesis
by activating cell proliferation signaling pathways and finally
leads to malignant transformation. In addition, OS, IR,
and inflammation could be induced by excess androgen in
vivo and involved in obesity. Thus, OS is considered as an
initial factor, leading to cancers in PCOS. It remains to be
determined whether other potential pathways mediated by
oxidative stress could play roles in the pathogenesis of PCOS
related cancers.
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Cancer stem cells (CSCs) are highly resistant to conventional chemo- and radiotherapeutic regimes. Therefore, the multiple drug
resistance (MDR) of cancer ismost likely due to the resistance ofCSCs. Such resistance can be attributed to somebypassing pathways
including detoxificationmechanisms of reactive oxygen and nitrogen species (RO/NS) formation or enhanced autophagy. Unlike in
normal cells, where RO/NS concentration is maintained at certain threshold required for signal transduction or immune response
mechanisms, CSCs may develop alternative pathways to diminish RO/NS levels leading to cancer survival. In this minireview,
we will focus on elaborated mechanisms developed by CSCs to attenuate high RO/NS levels. Gaining a better insight into the
mechanisms of stem cell resistance to chemo- or radiotherapymay lead to new therapeutic targets thus serving for better anticancer
strategies.

1. Introduction

One of the hypotheses explaining tumor progression suggests
the existence of a group of cells with a stem phenotype
which preserves tumors through a continuous production
of progeny [1]. In recent years, the CSCs hypothesis has
gained ground in several cancers [2]. The CSCs mediate
tumor resistance to chemo- and radiation therapy and are
also capable of invading and migrating to other tissues [3].
Similarly to cancer cells (CCs), the CSCs features include
self-renewal capacity, the ability of proliferation, migration
to and homing at distant sites, and resistance to toxic
agents. Accordingly, CSCs identification and isolation include
in vitro (sphere forming, Hoechst dye exclusion, aldehyde
dehydrogenase ALDH enzymatic activity, surface markers,
colony forming, lable retention, and migration) and in vivo
(tumor propagation, xenotransplantation) assays.This theory
has been recently supported by the findings that, among all
malignant cells within a particular tumor, only CSCs have

the exclusive potential to generate tumor cell population
[4]. Given these shared attributes, cancer was proposed to
originate from transformingmutation(s) in normal stem cells
that deregulate their physiological programs [5]. In turn,
intrinsic or acquired resistance of CSCs involves mechanisms
such as genetic aberrations, quiescence, overexpression of
drug transporters, DNA repair ability, and overexpression of
antiapoptotic proteins [6]. Intrinsic resistance to chemother-
apy is emerging as a significant cause of treatment failure and
evolving research has identified several potential causes of
resistance most of which end up in increased apoptosis [7].
Among the mechanisms of CSC-related therapy resistance
may include ROS resistance, activation of ALDH, active
developmental pathways (Wnt, Notch), enhancedDNAdam-
age response, deregulated autophagy, altered metabolism,
and microenvironmental conditions [8]. Surprisingly, most
of the above-mentioned pathways in CSCs are mediated
by redox misbalance and involvement of mitochondria-
mediated antioxidant capacity [9].
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Figure 1: CSCs survival after chemo-/radiotherapy. The percentage of CSCs in a tumor varies depending on tumor type and tumor stage but
generally comprises 0.5–5%. Most CCs in a tumor are killed after radiation or conventional chemotherapy (i.e., CDDP).The most important
consequence of this is that although the tumor disappears in some cases (i.e., by image such us nuclear magnetic resonance), the percentage
of CSCs has not diminished; quite the contrary it increased in proportion to the whole number of microscopically tumoral cells (reaching
till 50% or more). CSCs left behind unaffected, due to their chemo- and radioresistance, eventually will experience metabolic reprograming
to give rise to new CCs and CSCs, nesting the gap left by the tumor often with more aggressive phenotype. The cotreatment of conventional
therapy with a more specific drug against CSCs (i.e., LND) in parallel will solve this problem.

Themajor exogenous source of reactive species in eukary-
otic cells is mitochondria. In normal cells, RO/NS concen-
tration is maintained at certain threshold required for signal
transduction or immune response mechanisms, and CSCs,
which exhibit an accelerated metabolism, demand high ROS
concentrations to maintain their high proliferation rate [10].
The imbalance between ROS generation and detoxification,
known as OS, is thought to be involved in cancer develop-
ment and progression [11, 12].

Chemo-/radioresistance to cancer therapy is an unsolved
problem in oncology [13]. Numerous studies have attempted
to explain mechanisms of resistance over the last decades.
CSCs may be innately resistant to many standard therapies
due to a high antioxidant capacity and inability to perform
apoptosis thus surviving cytotoxic or targeted therapies
(Figure 1) [14]. Here we review the progress of CSCs studies
made for the last years focusing on possible mechanisms of
CSCs radio- and chemoresistance in connection to oxidative
stress (OS) and summarizing some therapeutic approaches to
overcome that issue.

2. Resistance of CSCs to Conventional
Chemo- and Radiotherapeutic Regimes
in Connection to Oxidative Stress (OS)

Although conventional chemotherapy kills most cells in a
tumor, it is believed to leave CSCs behind causing chemo-
and radioresistance (Table 2). As a consequence, CSCs persist
in the body of cancer patients and in the middle-long
term will migrate to the blood to nest in distal organs
to metastasize. In the last five years, several protective
CSC pathways have been proposed. The multifunctional
efflux transporters from the superfamily of human ATP-
binding cassette (ABC) are among them. They comprise
seven subfamilies with 49 genes grouped into seven families
(from A to G) with various functions, and at least 16 of
these proteins are implicated in cancer drug resistance [15].
These ABC proteins have been known to also participate
in multidrug resistance (MDR) of tumor cells [16]. Recent
data demonstrate their role in protection of CSCs from
chemotherapeutic agents [17]. Importantly, they are engaged
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in redox homeostasis and protection from OS in mammals
[18]. Malfunction of the ABCD1 gene impairs oxidative
phosphorylation (OXPHOS) triggering mitochondrial ROS
production from electron transport chain complexes [19].
ABCC9 is required for the transition to oxidativemetabolism
[20]. Deficiency of a transregulator of mitochondrial ABC
transporters PAAT decreases mitochondrial potential and
sensitizes mitochondria to OS-induced DNA damages [21].
Drug resistance in colon CSCs is mediated by the ABC G
member 2 (ABC-G2) and regulated by Ape1 redox protein
[22]. Overall, one may conclude that redox dysregulation of
one or several ABC members may significantly impact CSCs
survival after chemotherapeutic treatment. Decreasing the
activity of ABC transporters may therefore overcome drug
resistance [23].

On the other hand, developmental pathways such us the
Epithelial-Mesenchymal Transition (EMT) play crucial roles
in tumor metastasis and recurrence. EMT process resembles
very much the fate of CSCs and is involved in de novo and
acquired drug resistance [24]. Altered production of RO/NS
is involved in the regulation of CSC and EMT characteristics
[25]. Moreover, microRNAs play also key roles in this
aspect. For example, miR-125b suppressed EMT by target-
ing SMAD2 and SMAD4 [26]. Moreover, secreted frizzled-
related protein 4 (sFRP4) chemosensitized CSC-enriched
cells to the most commonly used antiglioblastoma drug,
temozolomide (TMZ), by the reversal of EMT. Significantly,
the chemosensitization effect of sFRP4 was correlated with
the reduction in the expression of drug resistance markers
ABCG2, ABCC2, and ABCC4 [27]. These findings could be
exploited for designing better targeted strategies to improve
chemoresponse and eventually eliminate CSCs.

3. Apoptosis and CSCs Resistance due to
Increased Antioxidative Properties

An increasing number of conventional and novel gener-
ation chemotherapeutical drugs induce apoptosis through
the induction of OS. If decreased RO/NS detoxification in
CSCs is indeed a prime factor for chemo- or radioresistance
prooxidant chemicals as, for example, malonohydrazides,
targeting the redox state of pathogenic versus nonpathogenic
cells may represent a challenging solution. The most devel-
oped drug of this class, STA-4783 (elesclomol), targets OS
by Hsp70 induction and induces ROS within CCs [28].
Shepherdin is one of the first rationally designed mito-
chondrial drugs targeting Hsp90/TRAP1 functions through
inhibitingATPase activities.The tumor necrosis factor (TNF)
receptor-associated protein 1 (TRAP1) is a mitochondrial
homologue of Hsp90 [29]. Phosphorylation of TRAP1 by
PTEN is responsible for the protection of ROS-mediated
cell death [30]. Therefore, blocking the ATP pocket in the
Hsp90 by shepherdin or geldanamycin causes inhibition of
the TRAP1 chaperone function and may provide a novel
strategy to design an anti-CSCs drugs [31]. SMIP004 (N-
(4-butyl-2-methyl-phenyl) acetamide), a novel anticancer
drug, inducesmitochondrial ROS formation and disrupts the
balance between redox and bioenergetics states [32].

Recent works by Kim et al. identified CD13(+) liver CSCs
surviving in hypoxic lesions after chemotherapy, presumably
through increased expression of CD13/aminopeptidase N,
a ROS scavenger [45]. CD13 also enhances the generation
and accumulation of mutations following DNA damage.
Therefore, the CD13(+) dormant cancer stem cells must be
eradicated fully to achieve complete remission of cancer [46].
The resistance of CD133 positive CSCs to chemotherapy can
also be linked with higher expression of BCRP1 and MGMT,
aswell as the antiapoptosis protein and inhibitors of apoptosis
protein families [47, 48].

Resistance of glioma to chemo- or radiotherapy is asso-
ciated to inability of glioma CSCs to undergo apoptosis.
Combined therapy aiming to inhibit AKT/mTOR signalling
pathway and reactivate TP53 functionality allowed triggering
cellular apoptosis [49]. Rottlerin (ROT) is widely used as a
protein kinase C-delta (PKC-𝛿) inhibitor has been found to
induce apoptosis via inhibition of PI3K/Akt/mTOR pathway
and activation of caspase cascade in human pancreatic CSCs
[33].

Nuclear factor erythroid 2-related factor 2 (Nrf2) is an
essential component of cellular defense against a variety
of endogenous and exogenous stresses [50]. NRF2 is an
inducible transcription factor that activates a battery of
genes encoding antioxidant proteins and phase II enzymes in
response to oxidative stress and electrophilic xenobiotics [51].
NRF2-silencing in CSCs models, known as mammospheres,
demonstrated increased cell death and lack of anticancer drug
resistance [52]. Moreover, dedifferentiated cells upregulate
MDR genes via Nrf2 signaling and suggest that targeting this
pathway could sensitize drug-resistant cells to chemother-
apy [53]. Interestingly, bardoxolone methyl (also known as
CDDO-Me or RTA 402) is one of the derivatives of synthetic
triterpenoids acting via Nrf2 and has been used for the
treatment of leukemia and solid tumors [34].

4. Chemo- and Radioresistance of
CSCs due to Impaired Autophagy:
Novel Therapeutic Targets

Autophagy, also referred as “cell cannibalism,” is the degra-
dation of cytoplasmic components, protein aggregates, and
organelles through the formation of autophagosomes, which
are degraded by fusion with lysosomes [54]. This process
depends on a group of evolutionarily conserved autophagy-
related (ATG) genes [55]. Although autophagy and apoptosis
are apparently two different mechanisms, one promoting cell
survival and the latter cell death, they are quite coordinated
in the cells. For example, Beclin-1 (Bec1), the mammalian
orthologue of yeast Atg6, is part of the class III phosphatidyli-
nositol 3-kinase (PI3K) complex that induces autophagy.
Beclin-1 interacts with the antiapoptotic protein Bcl-2 and its
dissociation is essential for its autophagic activity [56].

Hypoxia-mediated autophagy has been previously sug-
gested to promote the survival of CSCs of various origin.
Hypoxia-inducible factor-1𝛼 (HIF-1𝛼), one of the key players
of cell survival response to hypoxia, was shown to convert
non-stem pancreatic cancer cells into pancreatic cancer
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stem-like cells through autophagic mechanisms [57]. HIF1
induction and NF𝜅B activation are sufficient to induce the
autophagic degradation of breast CSCs [58]. Inhibition of
Wnt by resveratrol in breast CSc [35] and Notch by hon-
okiol in melanoma SCs [36] suggests involvement of these
autophagy-related players in regulation of CSCs signaling
pathways.

Autophagy plays a critical role in adaptation to stress
conditions in CCs and can enhance the radio- and chemore-
sistance of CSCs by limiting OS and protecting CSCs
stemness properties [59]. Although mechanisms inducing
autophagy are not fully understood, the connection of the
CSCs resistance to the chemo- and radiotherapy is supported
by a number of indirect evidences. Platin-derived drugs,
which are used commonly in the conventional chemother-
apeutical treatments, have a role in autophagy. For example,
cisplatin (CDDP) preferentially induces autophagy in resis-
tant esophageal CCs EC109/CDDP but not in EC109 cells
(parental or sensitive to CDDP) [60]. Moreover, abolition
of autophagy by pharmacological inhibitors or knockdown
of ATG5/7 resensitized EC109/CDDP cells. In particular,
the chemotherapeutic drug oxaliplatin induced autophagy,
enriched the population of colorectal CSCs, and participated
in maintaining the stemness of colorectal CSCs, thus making
the cells more resistant to chemotherapy [61].

The Janus-activated kinase 2- (Jak2-) signal transducer
and activator of transcription 3 signaling pathway may play
a role in autophagy-dependent chemoresistance of CSCs
derived from triple-negative breast tumors. In a recent study
by Choi et al., chloroquine (CQ), an antimalarial reagent
which blocks autophagy, was identified as a potential CSC
inhibitor [37].The CQ is known to evokemitochondrial ROS
and ROS scavengers may decrease CQ-induced mitochon-
drial autophagy [62]. All these facts support the note of ROS-
dependent autophagic survival of CSCs. Recently explored
inducible mouse model of mutated Kras revealed that a
subpopulation of dormant tumor cells surviving oncogene
ablation have features of CSCs and their tumor relapse
is dependent on expression of genes governing OXPHOS,
mitochondrial respiration, and autophagy [63].

Highly synergistic growth inhibition was observed in
patient-derived lung CSCs exposed to a multitarget folate
antagonist pemetrexed followed by a histone deacetylase
inhibitor ITF2357, a known autophagy inducer [38]. A few
studies using cultured cells found that melatonin promoted
the generation of ROS at pharmacological concentrations
[64]. Treatment with melatonin induced glioma CSCs death
with ultrastructural features of autophagy [65].

Reduced glutathione (GSH) is considered to be one of the
most important scavengers of reactive oxygen species (ROS),
and its ratio with oxidised glutathione (GSSG) may be used
as a marker of oxidative stress [39]. The side population (SP)
cells from bladder cancer cell lines which resemble charac-
teristics of CSCs had low ROS levels and high GSH/GSSG
ratio and might contribute to radioresistance of CSCs [66].
The SP cells also showed substantial resistance to gemc-
itabine, mitomycin, and cisplatin compared with the non-SP
counterparts and revealed a high autophagic flux associated
with the ABCG2 expression. Importantly, pharmacological

and siRNA mediated inhibition of autophagy potentiated
the chemotherapeutic effects of gemcitabine, mitomycin, and
CDDP in these CSCs. This may represent a potent target for
the treatment of bladder carcinoma [67]. Screening studies
by Jangamreddy et al. identified molecules that were prefer-
entially toxic to CSCs, in particular, K+-ionophore salino-
mycin [40]. Salinomycin causes mitochondrial dysfunction,
decreases ATP production, and induces autophagy [68].
Under hypoxia or/and low glucose level (the primary energy
source for CCs) its toxicity towards CCs is amplified [69].The
mechanism includes activation of the AMP activated protein
kinase (AMPK) that triggers autophagy making salinomycin
to be anti-CSCs chemical [70]. The combination of AMPK
agonist such as metformin and a glycolysis inhibitor 2-
deoxyglucose (2DG) led to significant cell death associated
with a sustained autophagy inhibiting tumor growth in
mouse xenograft models [71]. Since AMPK activation was
shown to mediate the metabolism reprogramming in drug-
resistant CCs including promotingWarburg effects andmito-
chondrial biogenesis, both salinomycin and corresponding
inhibitors of AMPKare now suggested to combat chemo- and
radiotherapeutic resistance of CSCs [72].

Another type of selective autophagy, called mitophagy is
served to the removal of dysfunctional mitochondria from
the cells and is often controlled by moderate level of ROS
[73, 74]. During mitophagy dysfunctional mitochondria are
engulfed by a double-layered membrane (phagophore) that
forms so-called autophagosome followed by degradation
[75]. Among several drugs inducingmitophagy proton pump
inhibitor ESOM damages mitochondria through NADPH
oxidase and ROS accumulation [76]. The ESOM may work
as a synthetic lethal reagent which increases cytotoxicity if
used upon knockdown of Beclin-1 [77]. Another drug DCA
(dichloroacetate) is a small molecule and a mitochondria-
targeting agent. In CCs, theDCA inducesmitophagy through
accumulation of ROS and reduction of lactate excretion
followed by the increase of NAD(+)/NADH ratio [78].
Importantly, paclitaxel-resistant cells contained sustained
mitochondrial respiratory defect. DCA specifically acts on
cells with mitochondrial respiratory defect to reverse pacli-
taxel resistance. DCA could not effectively activate oxidative
respiration in drug-resistant cells but induced higher levels of
citrate accumulation, which led to inhibition of glycolysis and
inactivation of P-glycoprotein [79].

Overall, the above data provide multiple lines of evidence
supporting the idea that impaired autophagy coupledwithOS
plays an essential role in the development of drug resistance,
self-renewal, differentiation, and tumorigenic potentials of
CSCs, implying the therapeutics potential of autophagy
inhibitors to overcome that issue (Table 2).

5. OS, Mitochondria, and CSCs

In mammalian systems RO/NS presumably include so-called
free (∙OH, RO∙, ROO∙, NO∙, hydroxyl, alkoxyl, peroxyl,
and nitroxyl), superoxide (O

2

∙−) radicals, and peroxides
(H
2

O
2

, RO
2

H) and are mainly generated by OXPHOS in
mitochondria, whereas, in pathological conditions, high level
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of RO/NS can bemitochondria dependent (ischaemia, loss of
cytochrome c, low ATP demand and consequent low respira-
tion rate, diabetes, DNA damage, and mutations), indepen-
dent or indirect (cancers, tissue injuries, and inflammatory
events) [80, 81]. Importantly, being themain source of RO/NS
generation,mitochondria are also their primary and themost
susceptible target. This may evoke a “secondary wave” of OS
generated by damaged mitochondria followed by formation
of extra RO/NS or by inhibition of detoxifying enzymes and
generation more RO/NS flux thus forming a vicious cycle
[82]. In fact, decreasedmitochondrial priming in colon CSCs
responsible for resistance to conventional chemotherapy has
been recently determined [83]. The relevance of OXPHOS
has also been shown in glioblastoma (GBM) sphere cul-
tures (glioma spheres). Insulin-like growth factor 2 mRNA-
binding protein 2 (IGF2BP2) expression provides a key
mechanism to ensure OXPHOS maintenance by delivering
respiratory chain subunit-encodingmRNAs tomitochondria
and contributing to complex I and complex IV assembly [84].
Several antioxidant enzymes such as Mn, Cu, Zn-containing
superoxide dismutases (SODs), glutathione peroxidase, glu-
tathione reductase (GPx), glutathione S-transferase (GSTs),
and catalase protect DNA from OS [85]. Unlike CSCs, CCs
have higher bioenergetic metabolism, higher ROS level, and
higher capacity to detoxify RO/NS [86]. These facts may
explain overall better cancer survival. In CSCs, the level
of RO/NS is not that high, comparatively to surrounding
CCs [87–90]. There can be several reasons to that. The
mitochondrial mass can be higher in CSCs or mitochondrial
functions (ATPproduction,Δ𝜓𝑚) can be impaired.However,
in the recent experiments with lung CSCs no difference in
mitochondrial mass between CSCs and non-CSCs was found
[91]. The Δ𝜓𝑚 level and the intracellular concentrations of
ATP and ROS were also lower than in non-CSCs. Another
possible scenario of low ROS in CSCs could be metabolic
reprogramming, which is critical to sustain self-renewal and
enhance the antioxidant defense mechanism. This fact is
closely related to the adaptation of CSCs to hypoxia requiring
a biochemical trim characterized by a glycolytic-oriented
metabolism that counterbalances a poormitochondrial appa-
ratus. In metabolic shift, CSCs showed a greater reliance on
glycolysis for energy supply compared with the parental cells
[92]. On the other hand, ALDH are a group of enzymes
that oxidize aldehydes formed in the process of alcohol
metabolism. High levels of the detoxifying enzyme ALDH1
were frequently associated with CSCs, and this marker was
used for the identification of CSCs [93]. Recently, Honoki et
al. evaluated the cancer spheroid subpopulation of cells from
human sarcoma with high ALDH1 activity and found that
these cells possess strong chemoresistance and detoxifying
capability [94]. The identification of CSCs from human
lung CCs identified cells with high ALDH1 activity, which
was attributed to high self-renewal capacity, differentiation,
and resistance to chemotherapy [95]. Breast CSCs identified
as ALDH1-positive play a significant role in resistance to
chemotherapy [96]. It seems like ALDH protects the drug-
tolerant subpopulation of cells, including CSCs, from the
potentially toxic effects of elevated levels of RO/NS. Not
surprisingly, pharmacologic disruption of ALDH activity

leads to accumulation of ROS to toxic levels, even within the
drug-tolerant subpopulation [97].

6. Suggested Principles of Drugs Design
towards CSCs Resistance

Some physiological metabolites such as pyruvate, tetrahy-
drofolate, and glutamine act as powerful cytotoxic agents on
CSCs when supplied at doses that perturb the biochemical
network, sustaining the resumption of aerobic growth after
the hypoxic dormant state [98]. This indicates that the
metabolic state of CSCs must be crucial for their resistant
to therapy because when CSCs need to differentiate and
proliferate, they shift from anaerobic to aerobic status.

The principles of drug resistance in CCs can be also
applicable to CSCs. Cells can be resistant to the drug by (1)
active drug efflux by drug transporters, such as Pgp, MRP,
and BCRP; (2) loss of cell surface receptors and/or drug
transporters or alterations in membrane lipid composition;
(3) compartmentalization of the drug in cellular vesicles;
(4) altered/increased drug targets; (5) metabolic disruption
due to OXPHOS; (6) alterations in cell cycle; (7) increased
drug metabolism/enzymatic inactivation; (8) active damage
repair; (9) inhibition of apoptotic pathways. However, tar-
geting RO/NS upon designing novel therapeutic strategy to
overcome chemo- and/or radioresistance of CCs is associated
with some difficulties and should be considered with extra
care. This is because antioxidant systems not only remove
oxidants but also maintain them at an optimum level [99].
Therefore, besides obvious pharmacological properties (low
toxicity, subnanomolar active concentrations, solubility, and
oral bioavailability), the following principles should be taken
into account when rationally designing such drugs: (i) they
should transiently interactwith proteins that block autophagy
or promote apoptosis to allow sufficient RO/NS accumula-
tion; (ii) ideally, those drugs should have an antagonist with
higher affinity to the drug and lower affinity to surrounding
molecules; (iii) specific moiety for selective delivery to these
organelles should be considered; (iv) low adverse side effects
should be taken into account. Although a number of drugs
triggering apoptotic or autophagic events have been pro-
duced for the treatment of cancer, only few of them can meet
the above criteria and are summarized in Table 1. In addition,
fewother drugs have to be added.Alpha-tocopheryl succinate
(𝛼-TOS), an anionic analogue of vitamin E [100] of which
mechanism of action involves interaction with ubiquinone-
binding site of mitochondrial complex II and concomitant
inhibition of succinate dehydrogenase (SDH) activity [101].
It is accompanied by recombination with molecular oxygen
to yield ROS and permeabilization of mitochondria [102].
Proapoptotic drug BMD188 (cis-1-hydroxy-4-(1-naphthyl)-
6-octylpiperidine-2-one) generates mitochondrial ROS and
triggers apoptosis by activation of caspase-3. It was reported
to inhibit the primary growth of prostate CSCs [41, 103]. Anti-
neoplastic drug LND, ionidamine, 1-(2,4-dichlorobenzyl)-
1H-indazole-3-carboxylic acid has been shown to inhibit
glycolysis and induce mitochondria-mediated apoptosis by
activation of caspase-9, caspase-3, and Akt/mTOR pathways
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Table 1: Drugs targeting specific CSCs and their modes of action.

Compounds Mechanism of action Type of CSCs References
Temozolomide (TMZ) Reversal of EMT and chemosensitizing CSCs Glioblastoma [27]
STA-4783 Targets OS by Hsp70 induction and induces ROS within CCs Breast [28]
Geldanamycin Inhibition of the TRAP1 chaperone function Breast, lung, and neural [31]
Rottlerin (ROT) Inhibitor of PI3K/Akt/mTOR pathway and inducer of apoptosis Pancreatic [33]
Bardoxolone methyl Nrf2 inhibitor Leukemia [34]
Resveratrol Wnt inhibitor Breast [35]
Honokiol Notch inhibitor Melanoma [36]
Chloroquine (CQ) Autophagy inducer Colorectal [37]
Pemetrexed Folate antagonist Lung [38]
Melatonin Induces autophagy by increasing ROS Glioma [39]
Salinomycin K+-ionophore and triggers autophagy General CSCs [40]
BMD188 Proapoptotic Prostate cancer [41]
Gossypol Hsp70 induction, ROS induction Breast, leukemia [42]
PUFAs Induces apoptosis and autophagy Colorectal [43]
TrxR ROS scavenger Cervical [44]

Table 2: Difference in CSCs and CS survival after chemo-
/radiotherapy. Higher apoptosis, autophagy/mitophagy, ROS, and
lower metabolic activity in CSCs versus CSs may be predominant
factors in explaining chemo-/radiotherapy.

Survival properties CCs CSCs
RO/NS ↑ ↓

Metabolic activity ↑ ↓

Autophagy/mitophagy ↓ ↑

Apoptosis ↓ ↑

Chemo-/radioresistance ↑ ↓

[104]. Natural terpenoid aldehyde gossypol has been shown
to increase ROS and induce apoptosis and necrosis via
inhibition of Bcl-2, activation of caspase-3, cytochrome c
release frommitochondria, and displacing BH3-only proteins
from Bcl-2 [42]. Both gossipol and its derivative, apogossy-
polone (ApoG2), were also shown to induce autophagy
in several CCs through Beclin-1-mediated ROS upregula-
tion [105–108]. Polyunsaturated fatty acids (PUFAs) induce
apoptosis and autophagy by means of mitochondrial ROS-
mediated Akt-mTOR signaling [43, 109]. Finally, inhibitors
of oxidoreductase thioredoxin (TrxR) scavenging ROS pro-
vide a promising therapeutic target for CSCs intervention.
In particular, Ru(II) polypridyl complexes inducing ROS-
mediated apoptosis have been suggested [44]. Organosele-
nium compound BBSKE (1,2-[bis(1,2-benzisoselenazolone-
3(2H)-ketone)]ethane) is a TrxR inhibitor which induce
apoptosis via Bcl-2/Bax pathway. Since TrxR mediates resis-
tance to irradiation of a non-small cell lung cancer, BBSKE
has been proposed as a radiosensitizer in some clinical trials
[110].

7. Concluding Remarks

It is becoming clearer that a single drug against cancer
would not be effective to cure the disease as CCs learn
how to become resistant in the middle-long term along the
treatment and persist hidden in the body of cancer patients
upon reactivation. In principle, conventional treatments are
effective to induce apoptosis or autophagy in the bulk of
the tumor particularly on CCs but without affecting the
CSCs. The fatal consequences of this are not only that
conventional therapy favors the presence of the CSC but also
that they resume growth more aggressively. The reasons of
CSCs resistance to the induction of apoptosis, autophagy, or
hypoxia are closely related to their metabolic status which in
turn depends on mitochondria as the main source of energy.
A synthetic lethality or combinatorial therapy followed by
animal studies to specify the dose and timing and minimize
side effects should be considered for effective targeting of
CSCs.
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3School of Medicine, Pontif́ıcia Universidade Católica (PUC), Campus Londrina, 86051-990 Londrina, PR, Brazil
4Laboratory of Physiopathology and Free Radicals, Department of General Pathology, State University of Londrina (UEL),
86051-990 Londrina, PR, Brazil
5University Hospital, Department of Pharmacy, State University of Londrina (UEL), 86051-990 Londrina, PR, Brazil
6Department of Preventive Medicine, Federal University of São Paulo (UNIFESP), 07112-000 São Paulo, SP, Brazil

Correspondence should be addressed to C. Panis; carolpanis@hotmail.com

Received 22 May 2015; Revised 4 August 2015; Accepted 12 August 2015

Academic Editor: Manoj K. Pandey

Copyright © 2016 C. Panis et al.This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

In this paper, we investigated the oxidative profile of breast tumors in comparison with their normal adjacent breast tissue. Our
study indicates that breast tumors present enhanced oxidative/nitrosative stress, with concomitant augmented antioxidant capacity
when compared to the adjacent normal breast. These data indicate that breast cancers may be responsible for the induction of a
prooxidant environment in the mammary gland, in association with enhanced TNF-𝛼 and nitric oxide.

1. Introduction

Redox imbalance is a process reported in most of the chronic
diseases [1]. The constant activity of reactive species (RS)
on lipids, DNA, and proteins promotes critical modifications
in cell physiology [2], which can interfere with its normal
functioning under chronic inflammatory conditions, such as
cancer [3].

Cancer cells constantly experience moderate to high
levels of oxidative stress, but curiously moderate to high
oxidative stress does not cause immediate cell death [4].
This fact indicates that cancer cells are able to overcome and
adapt against redox changes. The sustained oxidative stress
promoted during chronic inflammation supports pivotal
events to cancer survival, including most of the hallmarks of
cancer. This fact has been associated with aberrant activation
of transcription factors, induction of protooncogenes, and

cumulative acquisition of mutations, which perpetuates the
genomic instability of cancer cells [5].

Tumors with enhanced proliferative capacity, as breast
cancer, produce high levels of RS during their chronic
cycles of ischemia, reperfusion, and angiogenesis, resulting
in exceeding growth signaling [6]. It is reported that DNA
obtained from breast carcinomas presents greater oxidative
damage than the adjacent nontumoral breast [7], suggesting
that the tumor cells are more exposed to in situ oxidative
stress than the proximal or distant nontumoral tissues. On
the other hand, this fact suggests that cancer can potentially
induce oxidative damage in surrounding normal cells.

Therefore, nontransformed epithelial cells located adja-
cently to the tumoral tissue may experience variable con-
centrations of RS generated by the constitutive activation of
mitogenic pathways arising from surrounding tumor cells
[8]; however, the impact of this event on the homeostasis

Hindawi Publishing Corporation
Oxidative Medicine and Cellular Longevity
Volume 2016, Article ID 6429812, 9 pages
http://dx.doi.org/10.1155/2016/6429812

http://dx.doi.org/10.1155/2016/6429812


2 Oxidative Medicine and Cellular Longevity

of nontumoral adjacent cells is unclear. What is known so
far is that tumors are “oxidatively stressed” and that in some
extension it could be related with the systemic redox changes
reported in patients bearing breast tumors [9–11].

Although growing evidence highlights the occurrence of
persistent oxidative stress in breast tumors, most of studies
have not focused on reporting the redox modifications of
breast cancer regarding its healthy counterpart tissue and
whether there is a relationship between the tumor oxidative
status and the systemic redox profiling. In this context, we
proposed to map the oxidative and inflammatory profiles of
fresh nonfixed breast tumors and their paired adjacent mam-
mary nontumoral tissue, as well as their respective plasma.
To reach these goals, we designed our analysis employing
high-sensitivity oxidative stress approaches to investigate the
functional redox changes that occurred in tumor microen-
vironment and its correlation with the circulating levels of
proinflammatory/oxidative mediators.

2. Material and Methods

2.1. Study Design. A series of 321 women with breast cancer
were screened from March 2011 to December 2012 at Lon-
drina Cancer Institute, Londrina, Paraná, Brazil. A total of
50 women were included based on the inclusion and exclu-
sion criteria. Inclusion criteria embraced women bearing
unilateral tumor with histopathological diagnosis of primary
ductal infiltrative carcinoma of the breast, before starting
the chemotherapeutic regimen. Exclusion criteria included
current smoking, hepatic, cardiac, or renal dysfunction,
obesity, use of drugs, hypertension, autoimmune disorders,
and diabetes, among other chronic conditions.

Adjacent mammary tissue and tumoral tissue were surgi-
cally resected at the moment of tumor withdrawal according
to standard procedures, before chemotherapy starting. The
adjacent tissue was collected from the most distant point
in relation to the tumoral tissue (3 to 4 cm of distance
from themacroscopic tumor). Adjacent breast was confirmed
as nontumoral by conventional histopathological analysis.
Heparinized bloodwas further collected for analysis. Samples
were kept frozen at −86∘C until analysis, by at most 2 weeks.

All recommendations of the Reporting Recommenda-
tions for TumorMarker Prognostic Studies (REMARK) crite-
ria [12] were followed throughout this study regarding patient
selection, assays performance, and data analysis. Institutional
board previously approved all practice and all participants
signed informed consent terms. This study is in accordance
with the ethical principles for medical research involving
human subjects from the Declaration of Helsinki.

Clinicopathological data of cancer patients was collected
from medical records and included age at diagnosis, TNM
staging, tumor histological type, histological tumor grade,
lymph nodal status, tumor size, and presence of distant
metastasis.

2.2. Immunohistochemical Labeling for Nitrotyrosine (NT).
Nitrotyrosine (NT) is a residue formed by the action of
peroxynitrite (derived from the reaction of nitric oxide

and superoxide anion) on proteins. Paraffin-embedded sec-
tions were heated (30min, 65∘C), deparaffinized, and rehy-
drated. Sections were treated at room temperature with 2%
bovine serum albumin and incubated overnight at 4∘C with
primary mouse anti-human antibodies against NT-labeled
residues (diluted 1 : 300, Santa Cruz Biotechnology, clone sc-
32757, USA), previously validated for human samples [13].
The secondary antibody, horseradish peroxidase, and 3,3-
diaminobenzidine (DAB) were provided by the commercial
kit (Dako LSAB, Germany). In the last step, sections were
weakly counterstained with Harry’s hematoxylin (Merck).
For each case, negative controls were performed on serial
sections by omitting the primary antibody incubation step.
The intensity and localization of the immunoreactivity were
examinedwith a photomicroscope (LeicaDM2500 and Leica
DFC280, Leica, Germany).

2.3. Sample Processing for Determining the Tissue Oxida-
tive Status. Frozen tissue samples were thawed, precisely
weighted, and homogenized in sterile saline phosphate buffer
10mM pH 7.4, at a final concentration of 100mg tissue/mL.
The mixture was centrifuged at 5000×g, 4∘C during 10
minutes. Supernatants were collected and kept in ice bath
until analysis. All described methods used this concentration
of tissue homogenate, except when some specific dilution is
highlighted. Heparinized blood samples were centrifuged at
1500×g, 4∘C during 5 minutes. Plasma samples were sepa-
rated for further analysis. All measurements were conducted
at the same day of sample processing.

2.4.Measurement of Tissue Lipoperoxidation byHigh-Sensitiv-
ity Chemiluminescence. Lipoperoxidation of adjacent and
tumoral tissue was evaluated as previously published, with
some adaptations [14]. Aliquots of 250 𝜇L of tissue homo-
genate (100mg/mL)were added to 750 𝜇L of saline phosphate
buffer 10mM pH 7.4, with addition of 10 𝜇L of t-butyl 3mM
solution. For plasma analysis, 200𝜇L of sample was mixed
with 780𝜇L of saline phosphate buffer 10mM pH 7.4, with
addition of 20𝜇L of t-butyl 3mM solution. Readings were
carried out in a Glomax luminometer (Glomax, Promega).
The results were expressed as relative light units (RLU) and
the entire curve profile was used as indicator of lipoperoxida-
tion. The area under the curve (AUC) was obtained by area
integration.

2.5. Determination of LipidHydroperoxide Level by the Ferrous
Oxidation-Xylenol Orange (FOX)Method. Lipid hydroperox-
ide concentrations in samples were estimated by the FOX
method as published by Victorino et al. [15]. Plasma or tissue
homogenate aliquots of 50𝜇L were mixed with 50𝜇L of FOX
reagent. Samples were incubated for 30 minutes in the dark
at room temperature and the absorbance of the supernatant
wasmeasured at 550 nm and the results were expressed as 𝜇M
hydroperoxide/mg tissue.

2.6. Carbonyl Content and Antimyeloperoxidase Determina-
tion. Carbonyl content wasmeasured as estimate of oxidative
injury in proteins [16]. Tissue homogenate or plasma aliquots
of 200𝜇L were added in 2 tubes. Test tubes received 1mL
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of dinitrophenylhydrazine (DNPH) 10mM and blank tubes
received 1mL of HCL 2.5M. Tubes were incubated during
1 hour in ice bath. After that, samples were successively
incubated with 1.25mL of trichloric acetic acid 20% and
10% in ice bath during 20 minutes each, with centrifuga-
tion between incubations (1400×g/15 minutes). Supernatants
were discarded and pellets were twice treated with 1mL of
an ethanol/water solution (1 : 1). The final precipitates were
dissolved in 1mL of guanidine 6M and were left for 24 hours
at 37∘C. Carbonyl content was calculated by obtaining the
spectra at 355–390 nm of DNPH-treated samples, employing
one blank tube for each test. The obtained peaks were
employed to calculate carbonyl concentration using a molar
extinction coefficient of 22M−1cm−1. Results were expressed
as nmol/mL/mg tissue. Myeloperoxidase was detected by a
commercial ELISA kit following manufacturer’s instructions
(IBL International, Germany), and the data were expressed as
U anti-MPO/mL.

2.7. Total Radical-Trapping Antioxidant Parameter (TRAP).
TRAP was measured in pure breast tissue homogenates
(100mg/mL) or plasma samples (diluted 1 : 50). For TRAP
calculation, the induction time of the sample (time for which
the sample antioxidants can inhibit the ABAP action) was
compared to that of the standard antioxidant (trolox) and
expressed as 𝜇M trolox/g tissue [17].

2.8. Evaluation of Nitrite as Estimate of Nitric Oxide (NO)
Levels. NO was estimated by measuring nitrite as previously
described [18]. Homogenate or plasma samples (60 𝜇L) were
deproteinized, and the supernatants were recovered and
incubated with cadmium granules. After 10 minutes, the
Griess reagent (Sigma) was added to 200 𝜇L of the super-
natants, and the reactions were incubated for 10 minutes at
room temperature. The absorbance was read at 550 nm using
a standard microplate reader (Multiskan EX, LabSystems,
Minnesota, USA). The final results were expressed as 𝜇M
nitrite/mg tissue.

2.9. Estimation of MDA Levels by High-Performance Liq-
uid Chromatography (HPLC). MDA determinations were
made using equipment HPLC-20AT Shimadzu equipped
with a LC20AT pump and SPDM20A UV, diode array
absorbance detector employing a C18 reverse phase column,
as described by [15]. Aliquots of 160 𝜇L of plasma samples,
tissue homogenate, or standard solution reacted with 100𝜇L
of 0.5M perchloric acid. Samples were centrifuged for 5
minutes, 5000×g at 4∘C. About 180 𝜇L of supernatant was
recovered to react with 100 𝜇L of thiobarbituric acid for 30
minutes, at 95∘C, and transferred to ice bath to stop reaction.
100 𝜇L of 1M NaH2PO4, pH 7.0, was added to stabilize
sample pH. Further, samples were centrifuged for 10minutes,
5000×g at 4∘C. Mobile phase was composed of 65% 50mM
KH2PO4 buffer, pH 7.0, and 35% methanol HPLC grade.
Readings were executed at 535 nm during 12 minutes with
isocratic flow of 0.8mL/minute and results were expressed as
MDA peak height.

Table 1: Clinicopathological characterization of patients.

Number of patients 𝑁 = 50

Mean age at diagnosis (range, years) 53.8 (31–77)
Histological type
Ductal infiltrative carcinoma 100%

Histological grade
1 or 2 70%
3 30%

TNM classification
I/II stage 83.3%
III stage 16.7%
IV stage None

Tumor size
Mean (range) cm 2.88 (0.9–5)
Mean BMI (kg/m2) 24.2

TNM = tumor-node-metastasis classification, BMI= body mass index.

2.10. Homocysteine and TNF-𝛼 Levels. Homocysteine (Axis-
Shield Diagnostics, Abbott Diagnostics Division, UK) and
TNF-𝛼 levels (e-Bioscience, USA) were determined in
aliquots of 200𝜇L of plasma or tissue homogenates by using
commercial kits. Homocysteine was expressed as 𝜇mol/L and
TNF-𝛼 as pg/mL.

2.11. Statistical Analysis. All analyses were conducted in trip-
licate sets. Statistical analysis was performed using GraphPad
Prism 5.0, Microsoft Office Excel 2007, and OriginLab 7.5
software. Results were expressed as arithmetic means and
errors of the means. Differences among groups were assessed
by two-way analysis of variance (ANOVA)with post hoc Bon-
ferroni’s test for the lipid peroxidation curves and by Student’s
paired 𝑡-test for the other parametric parameters. Nonpara-
metric data was analyzed by Mann-Whitney or Wilcoxon
matched-pairs tests. Correlations among parameters in
plasma and tumoral tissuewere also performedusingPearson
or Spearman tests. All data were checked using the Grubbs
test (GraphPad Quickcalcs) to eliminate significant outliers
(𝑝 < 0.05). 𝑝 < 0.05 was considered statistically significant.

3. Results

Table 1 shows the clinicopathological characterization of the
50 patients enrolled in this study. The mean age at diagnosis
was 53.8 years, ranging from 31 to 77 years. Most of tumors
presented histological grade 2 and the mean tumor size was
2.9 cm. Regarding tumor subtype, a prevalence of luminal
tumors was found (30% of patients presented luminal A
tumors, 20% were triple negative, 26.6% had HER2 enriched,
and 23.4% were typed as luminal B). Most women presented
local or locoregional disease (TNM I/II, 83.3%; TNM III,
16.7%), without any presence of distant metastasis. None
of the included women were overweight/obese at diagnosis.
The number of patients did not allow dividing the groups
regarding the molecular subtype.

Aiming at characterizing the redox status of adjacent and
tumoral breast tissue samples, we performed the analysis of
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Figure 1: Lipid peroxidation profile of mammary adjacent tissue (MA) and tumoral tissue (TU).

some markers of oxidative damage in lipids and proteins.
Figure 1 shows the lipid peroxidation profile determined
by high-sensitivity chemiluminescence. This method allows
identifying the oxidative damage of RS on lipidic compo-
nents located at the plasmatic membrane. As shown, the
adjacentmammary tissue presented higher lipid peroxidation
status than the tumoral tissue (𝑝 < 0.0001). Other lipid
peroxidation-derived metabolites did not vary (FOX and
MDA levels, Figures 2(a) and 2(b)).

Elevated homocysteine levels (from 7.26 ± 0.31 𝜇M/
100mg tissue in adjacent breast to 9.49 ± 1.08 𝜇M/100mg
tissue in tumoral tissue, 𝑝 = 0.0221, Figure 2(c)) were
found in the tumoral tissue when compared to the adjacent
mammary breast. Antioxidant capacity of tumoral tissue
was significantly higher than the adjacent breast (5532 ±
1041 nM trolox/g tissue in adjacent breast and 9181 ±
1041 nM trolox/g tissue in tumor, 𝑝 = 0.0068, Figure 2(d)).

Tumor samples displayed increased TNF-𝛼 levels (239.8±
13.07 pg/mL of homogenate in adjacent breast and 418.1 ±
19.6 pg/mL of homogenate in tumoral tissue, 𝑝 < 0.001,
Figure 3(a)) and NO (4.64 ± 0.32 𝜇M/mg tissue in adjacent
breast and 6.89 ± 0.32 𝜇M/mg tissue in tumoral tissue, 𝑝 <
0.001, Figure 3(b)).

The protein-induced oxidative modifications are rep-
resented in Figure 4. All tumor samples presented mod-
erate/intense labeling for nitrotyrosine labeling, suggesting
a prooxidant role for NO in breast cancer (Figure 4(a)).

High carbonyl content (from 12.33±2.56 nmol/100mg tissue
in adjacent breast to 22.39 ± 3.95 nmol/100mg tissue in
tumoral tissue, 𝑝 = 0.0274, Figure 4(b)) was found in
breast tissue. Anti-MPO levels did not vary between groups
(2.3 ± 0.35U/100mg tissue in adjacent breast and 1.83 ±
0.44U/100mg tissue in tumoral tissue, 𝑝 = 0.6129). Semi-
quantitative analysis of nitrotyrosine (Figure 4(d)) showed
augmented levels in TU samples when compared to the
adjacent normal breast (0.625 ± 0.18 arbitrary unities in MA
samples and 2.125 ± 0.226 arbitrary unities in TU samples,
𝑝 = 0.0025).

We further performed Spearman analysis to investigate
whether there was some correlation between the oxidative
status of tumors and its respective plasma obtained from
the same patient (Table 2). All parameters were compared.
Significant positive correlations were found with plasmatic
versus tumoral TNF-𝛼 (𝑝 < 0.001), tumoral nitrotyrosine
versus plasmatic NO (𝑝 = 0.0456), and plasmatic versus
tumoral carbonyl contents (𝑝 = 0.0302).

4. Discussion

It is known that oxidative stress is active during the car-
cinogenic process and correlates with disease prognosis in
breast cancer patients [19, 20]. In spite of that, this is
the first characterization of the oxidative status of human
tumor samples in comparison with matched nontumoral
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Figure 2: Oxidative stress markers in the mammary adjacent tissue (MA) and the tumoral tissue (TU).
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Figure 4: Protein-induced oxidative modifications and MPO detection in mammary adjacent tissue (MA) and tumoral tissue (TU).

adjacent mammary tissue. Our findings indicate that the
breast tumor presents a variable oxidative profile. There was
reduced oxidative stress as demonstrated by reduced lipid
peroxidative reaction, revealed by the decrease of chemilu-
minescence and MDA levels and increased total antioxidant
capacity (TRAP). Contrarily, nitrosative stress increased as
nitrotyrosine labeling and NO was shown to be augmented
in tumoral tissue with significant correlation between them.

Protein oxidation also was elevated in tumoral tissue
possibly as a consequence of nitrosative stress. Our results
showing high levels of TNF besides increased levels of
NO and nitrotyrosine suggest a possible cross talk between
nitrosative stress and inflammatory mediators in tumor
tissue. This cross talk is enforced by the significant corre-
lation between TNF-𝛼, NO, nitrotyrosine, and the carbonyl
content between tumor and its matched plasma sample.
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Table 2: Spearman’s correlations among the levels of oxidative
parameters in plasma and plasma matched tumoral tissue.

Plasma versus tumor 𝑟 value 𝑝 value
TNF-𝛼 0.8322 𝑝 < 0.001

∗

NO × nitrotyrosine 0.7771 𝑝 = 0.0456
∗

Carbonyl content 0.7082 𝑝 = 0.0302
∗

TRAP −0.09790 𝑝 = 0.7621

Homocysteine 0.2562 𝑝 = 0.5680

MDA 0.5691 𝑝 = 0.8954

Anti-MPO 0.6598 𝑝 = 0.6977

Lipid peroxidation 0.5870 𝑝 = 0.2314

NO 0.5477 𝑝 = 0.7894

TNF-𝛼 = tumor necrosis factor-alpha, TRAP = total antioxidant capacity,
MDA = malondialdehyde, and MPO = myeloperoxidase.
∗ indicates significant statistical difference (𝑝 < 0.05).

The mammary tissue presents a large content of adipocytes,
which provides abundant feedstock for the occurrence of
lipid peroxidation reactions. Polyunsaturated fatty acids that
contain two or more double bonds are more susceptible to
peroxidation [21]. Several RS may abstract the first hydrogen
atom to produce a lipid peroxyl radical [22]. In this context,
we first evaluated the lipid peroxidation chain by using a
chemiluminescence-based analysis. Here, the initiation step
is characterized by the ascending part of the curve, which
is dependent on the antioxidant content of the tissue [23].
The analysis of this initial reaction revealed that the lipids
from adjacent nontumoral tissue were more oxidized than
the lipidic content of tumor samples. The occurrence of
reduced lipid peroxidation in the breast cancer environment
has been reported in nipple aspirate fluids, suggesting a role
for the downregulation of lipid peroxidation products in
carcinogenesis [24]. Low lipid peroxidation activates several
redox signaling pathways that recruit antioxidant induction
from the organism to the site of increasing RS production and
this configures a survival adaptation [25, 26].

In association with the reduced lipid peroxidation profile
of tumors, we further found unaltered levels of lipid peroxi-
dation products in tumor samples, as hydroperoxides (FOX)
and malondialdehyde (MDA), suggesting that other low
molecular weight substances may affect the lipoperoxidative
status of cells. These findings indicate that, in some instance,
tumors are protected against lipid peroxidation, potentially
by accumulating membrane and intracellular antioxidants
that neutralize this process. This fact was corroborated by
the enhanced antioxidant capacity detected in tumor samples
when compared to normal adjacent tissue, which explains the
reduced lipid peroxidation chain observed in breast tumors.
Therefore, high antioxidant content inside breast tumors
may be able to retard the initiation of lipid peroxidation
process, which may have a regulatory role in cell adaptation
to oxidative changes.

In spite of the enhanced antioxidant capacity of tumors,
we found significant augmented protein carbonylation in the
tumoral tissue (but not in the adjacent mammary breast).
The carbonylation reaction is an irreversible posttranslational

modification that occurred in protein structure that results
from the reaction between amino acid residues with the low
molecular weight aldehydes generated during the lipid per-
oxidation process [27–30] and it is reported as an oxidative
marker locally produced in the cancerous breast [31].

We further detected increased homocysteine levels in
breast tumors, suggesting the attack of thiol residues by
RS originated in tumor microenvironment. Homocysteine
regulates cell cycle, apoptosis, and oxidative stress responses
[32]. A direct relationship between high homocysteine and
enhanced carbonyl content has been demonstrated [33], indi-
cating that the augmented carbonylation of tumor proteins
can be induced by high homocysteine concentration.

In cancer cells, enhanced activity of proinflammatory
cytokines leads to RS production [27]. A recent study of
nipple aspirate fluids obtained from patients with breast
cancer indicated that high levels of cytokines, as TNF-
𝛼, are concomitant with augmented protein carbonylation
[34] and correlated with elevated systemic homocysteine
[35], corroborating the present findings in tumor samples.
Therefore, enhanced carbonyl content, homocysteine, and
TNF-𝛼 level seem to comprise a network communicating
with each other in the breast cancer microenvironment.

The prooxidative status found here in the tumoral tissue
was probably sustained by its proinflammatory nature, as
shown by TNF-𝛼 and NO levels in tumor samples. NO is
a multifunctional molecule in cancer. Our data indicate a
nitrosative function for this molecule inside breast tumor,
as nitrotyrosine was found only in the tumor analysis and
not detected in the nontumorous counterpart. In addition,
the TNF-driven pathway is constitutively activated in breast
cancer [8], inducing NO and increasing [36] and modulating
oxidative stress in breast cancer cells [37]. Our previous
publications have demonstrated that these patients carry-
ing breast tumors present a variety of oxidative plasmatic
modifications, and we have questioned if this fact could be
related with tumor oxidative status. Therefore, we performed
a correlation analysis aiming to understand the putative
association between levels of oxidative stress parameters in
plasma versus tumoral tissue. We have found significant
correlations between plasmatic versus tumoral levels of TNF-
𝛼, NO/nitrotyrosine, and carbonyl content. Altogether, these
data support that the systemic prooxidative status reported
for several studies in breast cancer patients may be correlated
with tumor-driven inflammation.

A recent study from our group [16] has demonstrated
that the presence of the primary tumor mass is determinant
for the sustained proinflammatory systemic status found
in women with breast cancer, which included high NO,
enhanced oxidative stress, and augmented TNF-𝛼.Therefore,
in spite of the reduced size of the tumor mass, it seems that
the breast tumor microenvironment (cancer cells, infiltrated
macrophages, and endothelial cells) is endowedwith an enor-
mous capability to promote profound modifications in the
host organism, resulting in the persistent inflammatory status
provoked here by TNF-𝛼, NO, and RS production. This fact
cannot be satisfactorily explained by the immune response
against the tumor, since women presenting local breast dis-
ease have systemically established aTh2 immune status [11].
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Another contributing factor to this redox scenario may
be the components of tumor stroma. Tumor-associated
fibroblasts can affect metabolically their adjacent cells, and
cancer cells use the oxidative environment as advantage to
obtain nutrients from the surrounding environment [38].
Further, sustained oxidative stress allows cancer-associated
fibroblasts to become myofibroblasts, which secrete growth
factors and cytokines [39] and yield high ROS generation
[40]. This vicious cycle may also affect distant mammary
cells by propagating the prooxidant signaling in a paracrine
manner, which helps to explain the altered oxidative profile
observed here in the distant mammary adjacent tissue.

In conclusion, this set of redox alterations found in breast
tumors seems to be necessary to ensure the hallmarks of
cancer biology, since RS have been implicated in oncogene
activation, genomic instability, chemotherapy resistance, and
the metastatic process [5]. Furthermore, it is known that
enhanced antioxidant capacity has been strongly associated
as an innate tumoral mechanism for acquiring chemoresis-
tance [41]. The presented data point to the existence of a cor-
relation between tumor proinflammatorymediators and their
circulating levels, suggesting that the tumormay be a putative
source that stimulates the onset of such substances in blood.
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Cancer cells try to avoid the overproduction of reactive oxygen species by metabolic rearrangements. These cells also develop
specific strategies to increase ROS resistance and to express the enzymatic activities necessary for ROS detoxification. Oxidative
stress produces DNA damage and also induces responses, which could help the cell to restore the initial equilibrium. But if this is
not possible, oxidative stress finally activates signals that will lead to cell death. High mobility group B (HMGB) proteins have been
previously related to the onset and progressions of cancers of different origins. The protein HMGB1 behaves as a redox sensor and
its structural changes, which are conditioned by the oxidative environment, are associated with different functions of the protein.
This review describes recent advances in the role of human HMGB proteins and other proteins interacting with them, in cancerous
processes related to oxidative stress, with special reference to ovarian and prostate cancer. Their participation in the molecular
mechanisms of resistance to cisplatin, a drug commonly used in chemotherapy, is also revised.

1. Introduction

Reactive oxygen species (ROS), generated as consequence of
oxidative metabolism, activate signal transduction pathways,
which contribute to cellular homeostasis [1]. Metabolically
active cells, neutrophils, and macrophages from the immune
system produce high levels of ROS. Consequently, the
recruitment of immune cells during chronic inflammation
increases oxidative stress (OS) in the microenvironment [2].
Exogenous sources, such as cigarette smoke and UV-light,
also contribute to increasing the total cellular ROS content.
The maintenance of the steady-state equilibrium between
ROS generation and elimination is crucial for cell survival,
while its loss causes cell death by different mechanisms
triggered by oxidative damage. Cancer cells demand high
energy production to sustain their pathological increase in
proliferation rate. Thus, in order to avoid excessive ROS gen-
eration, they switch the utilization ofmetabolic pathways that

require mitochondrial respiration to fermentation [3]. They
also develop specific strategies to increase ROS resistance,
which include deviation of the glycolytic flux into the pentose
phosphate pathway (PPP) or changes in other enzymatic
mechanisms enhancing ROS detoxification [3, 4]. In cancer
cells, ROS production is mainly due to overexpression of the
NADPH oxidase [3]. Paradoxically, the antioxidant enzymes
necessary for ROS elimination use the NADPH coenzyme;
therefore, the PPP is important as a source of NADPH
reducing power [3]. While a balance between enhanced ROS
production and detoxification can be maintained, cancer
cells will proliferate and survive. Commonly used radio- and
chemotherapies are prooxidant strategies that alter cancer
cells through ROS modulation and induce cell death [5, 6].

Changes in the redox state of cells affect proteins, lipids,
and nucleic acids in different ways. HMGB1 is an abundant
protein, 106 molecules per cell [7], which has been postulated
as a redox sensor [8]. HMGB1 is also related to the hallmarks
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of cancer as described by Hanahan and Weinberg [9].
These are as follows: sustained proliferative signalling, cell
death resistance, replicative immortality, genome instability
and increased mutations, tumour-promoted inflammation,
insensibility to growth repressors, deregulation of cellular
energetics, evasion of immune destruction, induction of
metastasis, and promotion of angiogenesis. The biological
functions of HMGB1 are diverse in normal cells and dur-
ing the start and progression of cancer. Remarkably, these
functions change depending on its redox state and cellular
compartment. In the nucleus it behaves as a DNA chaperone,
sustains nucleosome dynamics and chromosomal stability,
and contributes to telomere maintenance [10]. It also mod-
ulates gene transcription and recombination [7]. Besides,
HMGB1 participates in DNA repair by different mechanisms
such as nucleotide excision repair, NER, mismatch repair,
MMR, base excision repair, BER, and double strand break
repair, DSBR [11]. In the cytoplasm,HMGB1 binds the protein
beclin1, increases autophagy, inhibits apoptosis, and regulates
mitochondrialmorphology and function [12].HMGB1 can be
secreted by activated macrophages, monocytes, natural killer
cells, and dendritic cells or can be released from necrotic
or injured cells mainly during oxidative stress [13, 14].
Once HMGB1 becomes an extracellular signal, it binds to
several cell surface receptors, principally to the receptor
for advanced glycation end products (RAGE) and toll-like
receptors (TLRs) and activates nuclear factor kappa B (NF-
𝜅B) signalling [15] and other downstream signalling pathways
[12]. As a result, HMGB1 modulates immune and inflamma-
tory responses and promotes cell proliferation, angiogenesis,
and cell adhesion and migration. Curiously, oncogenic and
tumour-suppressive activities have been assigned to HMGB1
at different stages of tumour genesis and therapy [12]. More-
over, it has been reported that Tax1, an oncogenic protein
of viral origin, upregulates HMGB1 levels, which suggests
that cancers of viral origin could also be related to HMGB1
deregulation [16].

Different isoforms of the human protein HMGB1,
encoded by the HMGB1 gene, have been reported [17] and
other genes (HMGB2 and HMGB3—alias HMG2a—and
HMGB4), encoding similar although less studied HMGB
proteins, are present in the human genome [18–20]. This
review describes recent advances in the biological functions
of human HMGB proteins and other proteins interacting
with them, in cancerous processes related to OS, with special
reference to ovarian and prostate cancer. These two malig-
nancies have been previously related to redox imbalance and
deregulation of the nuclear factor erythroid 2-related factor
2 gene, NRF2, encoding a transcription factor that binds to
antioxidant response elements (AREs) and that is regarded
as a promising therapeutic target [21, 22]. The molecular
mechanisms of resistance to cisplatin, commonly used in
chemotherapy of ovarian and prostate cancers, and their
interplay with HMGB proteins are also reviewed.

2. HMGB Proteins as Redox Sensors

HMGB1 is so far themost studiedmember among the human
HMGB protein family. It has many different functions that

depend on its redox state and posttranscriptional modi-
fications, like acetylation, which determine its cellular or
extracellular localization. HMGB1 is polyacetylated near its
nuclear-localization sequences (NLSs) and this modification
blocks the interaction with the nuclear importer [23]. Acety-
lated cytosolic HMGB1 is incorporated into cytoplasmic
secretory vesicles that allow the regulated secretion of the
protein [24]. The four human HMGB proteins have two
positively charged DNA binding domains, HMG A-box and
HMG B-box, folded in the characteristic L-shaped architec-
ture (Figure 1(a)). Each domain is formed by three alpha-
helix-stretches which are indicated in Figure 1(b). InHMGB1,
the HMGA-box includes amino acids 1–79, and the HMG B-
box is formed by amino acids 89–163.The acidic carboxyl ter-
minus, amino acids 186–215, is negatively charged and has an
extended and flexible structure, which interacts with residues
within and between the two HMG boxes [25] although it
has the highest affinity for the HMG B-box [26]. Many of
the redox changes, associated with different functions of
HMGB1, are conditioned by the environment and, therefore,
HMGB1 is considered a master redox sensor. This function
depends on three cysteine residues at positions 23, 45, and
106, which can be in reduced state, as thiols, or oxidized, as
disulphide bonds. In moderate oxidative conditions, Cys23
and Cys45 easily form an intramolecular disulphide bridge,
while Cys106 remains reduced (the semioxidized HMGB1
form). Nuclear magnetic resonance (NMR) spectroscopy
studies of HMGA-box have shown that the redox potential of
the Cys23-Cys45 pair is within the physiological intracellular
range [8]. The formation of the disulphide bond is favoured
with a standard redox potential as low as −237mV [27]; in
consequence, a significant fraction of HMGB1 is expected
to be in the semioxidized form within cells [8]. This Cys-
Cys bond is a target of glutathione-dependent reduction by
glutaredoxin [28]. The proximity of these Cys residues to
amino acids that are necessary for DNAbinding [29] explains
the importance of redox-regulated conformational changes
in HMGB1, which may modulate their affinity for DNA.
Redox changes may also affect the interaction with other
proteins and receptors and modify their biological functions.
Cysteines can be further oxidized to sulfenic (RSOH), sulfinic
(RSO
2
H), or sulfonic (RSO

3
H) acids under increased OS

pressure [28].

3. Structural and Functional Similarities and
Differences between Human HMGBs

The tertiary structure of HMGB1 A-box [29] reveals that
Cys23 and Cys45 are located at the centre of helix I and helix
II, respectively, opposing each other and at a distance that
allows the formation of a disulphide bond under appropriate
oxidative conditions (Figure 1(a)). The proteins HMGB1,
HMGB2, HMGB3, and HMGB4 share a great similarity in
their amino acid sequences as shown in the CLUSTALW
alignment (Figure 1(b)). Only HMGB4 has some remarkable
differences with the others, but even so, it conserves high
similarity. Cys23 and Cys45 are conserved in HMGB2 and
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Figure 1: Comparative structure and expression of human HMGB proteins. (a) The HMG box folding characteristic of HMGB proteins
showing the two Cys that form the disulphide bond. (b) CLUSTAL alignment of the human HMGB proteins. The three alpha-helix-stretches
of HMG box-A and Box-B are indicated by their secondary structure; the acidic tail in the carboxylic end is signalled in red; cysteines are in
green; the twoNLSs characterized inHMGB1 are underlined in yellow. (c) Levels of expression ofmRNAs fromHMGBproteins are according
to data from BioGPS (http://BioGPS.org).

HMGB3. Cys23 is absent in HMGB4, and certainly the DNA
binding capacity of HMGB4 is independent of redox changes
[30].

Cys106 is involved in the nuclear localization of HMGB1
[28] and this residue is conserved in the four human HMGB
proteins (Figure 1(b)). Two nuclear location signals (NLSs),
which are rich in lysine residues and extend from amino

acids 28–44 and 179–185, respectively, have been described
in HMGB1 [31]. The NLSs are well conserved as shown in
the alignment (Figure 1(b)) although in HMGB4 they show
more variation. Although Cys106 is not present inside the
NLS, thiols may participate in nuclear transport by a number
of indirectmechanisms such as nuclear pore complex binding
[32], ubiquitination [33], or transporter interaction [34, 35].
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Consequently, Cys106 conservation may be important to
preserve the nuclear functions of these proteins.

Besides the absence of Cys23, the two most outstanding
features of HMGB4, in comparison to the other HMGB
proteins, are the presence of two additional cysteines at
positions 164 and 178 and the absence of the acidic tail in the
carboxylic end (Figure 1(b)). To our knowledge the biological
significance of Cys164 and Cys168 in HMGB4 has not been
studied yet. The function of the acidic tail in HMGB
proteins is related to the interaction with other proteins,
like nucleosome core histone H3 [36], and also to the
stabilization of specific HMGB folding forms, because in
HMGB1 it can interact with basic residues present in HMG
B-box or in the interconnection of the two HMG boxes
[25, 26].

HMGBproteins arewidely expressed, except in cellswith-
out nucleus [37]. Data from microarrays reveal that HMGB1
andHMGB2 genes are the highest expressed in immune cells.
HMGB3 expression is relatively high in placenta andHMGB4
expression is specific of testis (Figure 1(c)). The functional
significance of these variations is unknown, since specific
studies have not been reported. One possible explanation is
that they may have different functions in different tissues,
which may be associated with binding to tissue-specific
protein partners. Remarkably, abnormal mRNA and protein
levels of these proteins have been detected in numerous
cancers, including ovarian and prostate [38–41].

4. HMGB Interactions with Nuclear Proteins

After ribosomal synthesis, HMGB1 is imported into the
nucleus where it interacts with the minor groove of free
DNA through the HMG boxes [42] and it behaves as a DNA
chaperone [43]. HMGB1 also binds to packed DNA, relaxes
the structure of nucleosomes, promotes their sliding, and
relaxes chromatin; thus, by its ability to bend DNA, HMGB1
favours the accessibility of other proteins to chromatin [44].
The C-terminal unstructured acidic tail of HMGB1 interacts
with the N-terminal unstructured tail of histone H3, which
is close to the DNA entry/exit points around the nucleosome
dyad, thus positioning HMGB1 on the linker DNA [36]. This
DNA chaperone function would explain the implication of
HMGB proteins in wide variety of nuclear processes such
as DNA replication, recombination, transcription, telomere
maintenance, and diverse mechanisms of DNA repair [45–
47]. OS causes DNA damage and it also affects proteins
involved in these DNA-related processes. The OS induced
responses could help the cell to restore the initial equilibrium
or if the feedback to the initial status is not possible, they
could activate pathways that would lead to cell death.

Several proteins have been recognised as HMGB1,
HMGB2, HMGB3, or HMGB4-interactants by diverse
approaches and results are deposited in BioGRID (http://
thebiogrid.org/). A summary of these interactions is pre-
sented by a Venn diagram (Figure 2).The results in BioGRID
include more interactions detected for HMGB1 or HMGB2



Oxidative Medicine and Cellular Longevity 5

than for HMGB3 or HMGB4 proteins, a feature that will
probably changewith the progression of ongoing interactome
projects in the near future. HMGB1 and HMGB2 interact
with each other and they have common interactors like
the nuclear hormonal receptors which are deregulated in
prostate and ovarian cancers [48–50]. The functions of the
HMGB partners as well as their sensibility to OS could help
us to understand the role of HMGB proteins in the response
to oxidative damage and their implications in the origin and
progression of cancer.

In the nucleus, HMGB proteins interact with a number of
transcription factors, among them tumour suppressors like
P53 [51–53] or its homolog P73 [54]. It has been reported
that nuclear retention of HMGB1 and P53 depends on the
formation of a complex between them and, without their
binding partner, HMGB1 or P53 can return more easily to
the cytoplasm [55]. The interaction with P53 is of particular
importance in the relation of HMGB1 with OS and cancer
since P53 also functions as a redox sensor in the cell [56].
It has been recently reported that P53 can directly sense OS
through DNA-mediated charge transport and that purine
regions with lower redox potential facilitate higher P53-DNA
dissociation [57]. The association in vivo and in vitro of
each of the four HMGB proteins with the retinoblastoma
protein (RB) occurs through a common LXCXE/Dmotif that
is necessary for modulation of cancer cell growth [58, 59].

HMGB1 interacts differentially with members of the REL
family of transcription factors (RELA/P65, c-REL, RELB,
P50/NF-𝜅B1, and P52/NF-𝜅B2) like NF-𝜅B1 [60]. In the
nucleus NF-𝜅B1 promotes cell proliferation and antiapoptosis
by transcriptional regulation, playing a key role in tumour
genesis and progression [61]. HMGB1 and HMGB2 interact
with nuclear steroid hormone receptors including estrogen,
androgen, and glucocorticoid receptors [48–50] favouring
the binding to their DNA targets [62, 63]. The interactions
with hormone receptors are of relevance taking into account
the hormonal dependence of several cancers [40].

HMGB1 binds to cyclin-dependent kinases like CDK2
that control transcriptional regulation of genes related to
cell cycle progression [64]. HMGB1 also interacts with
topoisomerase II alpha, highly expressed in tumours and
involved in replication and chromosomal segregation and
recombination, and stimulates its catalytic activity [47]. In
absence of RB, HMGB1 and HMGB2 modulate the binding
of the transcription factorNF-Y to the topoisomerase II alpha
promoter [65]. NF-Y recognizes CCAAT boxes and has been
related to different types of cancer [66].

The high mobility group A (HMGA) proteins belong, as
HMGB proteins, to the HMG family and are characterized by
the “AT hook” domain forDNAbinding, instead of theHMG
box present in HMGB proteins. The HMGA proteins alter
chromatin structure and thereby regulate the transcription
of several genes, being also implicated in the development
of benign and malignant neoplasms [67]. HMGA proteins
have been related to the process by which epithelial cells
change to mesenchymal type (the epithelial-to-mesenchymal
transition, or EMT). During EMT, epithelial cells lose their
cell polarity and cell-cell adhesion capacity, which leads to
constriction caused by the two vicinal cells and extrusion

of a new mesenchymal cell. This stromal mesenchymal cell
has both migratory and invasive capacities and also has the
potential to differentiate into a variety of cell types. EMT
is essential for numerous developmental processes and also
occurs in the initiation of metastasis, being very important
in tumours of epithelial origin. Carcinoma cells in the pri-
mary tumour lose cell-cell adhesion mediated by E-cadherin
and gain access to the bloodstream through extravasation
[68]. HMGA2, once induced by transforming growth factor
𝛽 (TGF𝛽), associates with SMAD complexes and induces
expression of the SNAIL transcription factors, which controls
epithelial-mesenchymal transitions by repressing E-cadherin
[69] and Twist [70] expression. No direct effect of the HMGB
proteins in this process has been described and although
HMGB1, HMGB2, and HMGB3 interact with HMGA1 [71],
a direct interaction with HMGA2 has not been reported.The
study of HMGB-HMGA interactions is an interesting area to
explore in relation to EMT.

HMGB proteins are able to bind to other nuclear proteins
that do not have DNA binding capacity but that have a
role in modifying transcription and in the onset of cancer.
HMGB1 interacts with the aminoterminal enhancer of split,
AES, [72], which plays an important role in tumour metas-
tasis by regulating cell adhesion through changes in RND3
expression [73]. RND3 (alias RHOE) is amember of the small
GTPases and regulates actin cytoskeleton organization and
cell migration [74], as well as proliferation, differentiation,
and apoptosis [75–77].

Besides the effects caused by direct interactions between
HMGB proteins and other regulators of gene expression, we
also have to consider the cross-regulation that operates to
modulate the expression of all these factors. In this sense, it
has been recently shown that the enhanced ectopic expression
of HMGB1 decreases BCL-2-like protein 4 (BAX) and P53
expression, while it enhances B-cell lymphoma extra large
(BCL-XL), B-cell lymphoma 2 (BCL-2), cyclin D1, and NF-
𝜅B expression [78]. This causes activation of cell growth and
diminishes cell death [78].

5. HMGB Proteins in Survival
versus Cell Death Control

Redox imbalance in the cells could lead to oxidative damage
in the nucleus, with the consequent genome instability, and
other processes related to malignancy along cancer origin
and propagation. The progression of the OS response in the
cell is accompanied by changes that might affect cell survival,
providing reparative mechanisms, or promoting cell death.
However, death or survival of a single cell could be good or
bad for the organism. If survival affects a cell without a serious
compromise in genome integrity and stability, the tissue will
probably restore its healthy status. But if a cell with previous
hallmarks for cancerous progression survives, its success is
paradoxically detrimental for the tissue and the organism.

Cell death can occur by different mechanisms and the
oxidative state of the cell and its microenvironment is a key
determinant for their selection (Figure 3). When oxidative
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damage starts and ROS production is enough for starting
themitochondrial permeability transition (MPT),mitophagy
and autophagy allow the cell to recycle damaged elements
and survive. Autophagy and its selective form mitophagy
that destroys damaged mitochondria require the formation
and progression of the phagophore to finally produce the
autophagosome. Then, the autophagosome fuses to the lyso-
some to constitute the autolysosome, where the degradation
of the sequestered elements occurs [79]. If the oxidative dam-
age persists, the integrity of the mitochondria is affected and
cytochrome 𝑐 is released; this molecule signals apoptosis and,
consequently, cell death without immunogenic activation.
Finally, with the highest levels of oxidative damage, necrosis is
established and with it the possibility of a wide immunogenic
activation [80].

As shown in Figure 3, in viable cells, HMGB1 is mostly
localized in the nucleus associated with DNA and proteins
in chromatin. Low acetylation of histones, observed during
apoptosis, causes a hypercondensation of chromatin and the
irreversible HMGB1 binding; this binding is a canonical
characteristic of alarmins like HMGB1 [80]. If the apoptotic
cell is not cleared by macrophages, secondary necrosis is
produced and the instability of cellular membranes allows
HMGB1 to be released to the extracellular media strongly
bound to DNA [37]. If necrosis is primary, not derived from
previously apoptotic cells, HMGB1 release is also observed,
but in this case the protein is free, not associated with

DNA [81]. ATP depletion mediated by poly[ADP-ribose]
polymerase 1 (PARP1) also regulates HMGB1 release during
necrosis [82].

HMGB1 has important functions controlling the balance
between autophagy and apoptosis. In the nucleus, as a regula-
tor of transcription, and in the cytoplasm, by binding to reg-
ulator proteins, HMGB1 controls these processes. Under OS
or other types of stress, hyperacetylation of NLSs promotes
HMGB1 translocation from the nucleus to the cytoplasm [83].
The export from the nucleus ismediated by the chromosome-
region maintenance 1 protein, CRM1 [31]. In the cytoplasm,
semioxidized HMGB1 (Cys23-Cys45 disulphide and Cys106
thiol) leads to the activation of caspase-3 and caspase-9
and promotes the induction of the mitochondrial pathway
of apoptosis. But it also binds to the protein beclin1 and
favours the formation of the autophagosome [84]. Under
proautophagic conditions beclin1 forms a complex with
the proteins ambra1, VPS34, and VPS15 that initiates the
formation of the phagophore [85]. The binding of HMGB1
to beclin1 favours autophagy and simultaneously inhibits
apoptosis [27, 86]. Moreover, P53 is a negative regulator of
HMGB1-beclin1 interactions in the cytoplasm, and loss of P53
increases interactions between HMGB1 and beclin1 [55].

HMGB1 also controls autophagy as a direct transcrip-
tional regulator of the heat shock protein 𝛽1 (HSP𝛽1), which
is a regulator of actin cytoskeleton dynamics [86]. Therefore,
the suppression of HSP𝛽1 expression avoids the dynamics
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necessary to the progression of the autophagosome and
consequently inhibits autophagy as well as mitophagy [86].
Class III phosphatidylinositol-3 kinase (PI3K III) activity is
required for the activation of autophagy [87] and HMGB1
promotes the formation of the beclin1-PI3K III complex [88],
which is necessary for triggering autophagosome nucleation
[89], probably by mitogen-activated protein kinase kinase
(MEK) and protein-serine/threonine kinases (ERK1/2) sig-
nalling [88].

6. Extracellular HMGB1 Functions
and Effects on Other Cells That Contribute
to Cancer Progression

If cancer cells do not cope with redox imbalance and under-
gone necrosis, the releasedHMGB1 induces diverse responses
over the cells in the microenvironment (Figure 4), which
contribute to tumour cell survival and the development of
metastases [90]. These effects of extracellular HMGB1 are
linked to poor prognosis in several cancers including pros-
tate, colon, pancreas, and breast [80].

The extracellular HMGB1 binds to diverse receptors in
several cells, alone or forming heterocomplexes with other
immunogenic molecules. Reduced HMGB1 (three thiols in
Cys23, Cys45, and Cys106) binds to RAGE and induces
beclin1-dependent autophagy [84]. RAGE is expressed in
macrophages, cancer cells, and cells in themicroenvironment

of tumours such as leukocytes, endothelial cells, and fibrob-
last [91]. Overexpression of RAGE and HMGB1 has been
observed during cancer progression, invasion, andmetastasis
[92]. Conversely, blockade of RAGE-HMGB1 signalling sup-
presses tumour growth and metastases [93].

Semioxidized HMGB1 binds to TLR4 receptors in the
immune cells and produces the release of cytokines, whereas
reduced HMGB1 does not bind to TLR4. However, the
reduced form binds to CXCR4 receptor forming a heteromer
with the C-X-C motif chemokine 12 (CXCL12) and this
interaction signals cell migration, thus promoting recruit-
ment of motile inflammatory cells [94]. When all the thiol
groups of HMGB1 have been oxidized to sulfonates, the
molecule loses both the cytokine-inducing and chemoattrac-
tant activity [95]. In addition, HMGB1 forms complexes with
other immune-stimulatory molecules as the lipopolysac-
charide (LPS), the TLR2 ligand Pam3CSK4, nucleosomes,
interleukin-1𝛽 (IL-1𝛽), RNA, andDNA,which bind to diverse
receptors in the cellular membrane or in the membrane of
endosomes [37].

The migration of endothelial cells is necessary for angio-
genesis and tumour growth and HMGB1 overexpression is
associated with an increased angiogenic potential of the
endothelial cells [96]. The molecules by which HMGB1
stimulates this proangiogenic response in the endothelial
cells include targets of the vascular endothelial growth factor
(VEGF) and platelet-derived growth factor (PDGF) as well
as increased activity of matrix metalloproteinases, integrins,
and NF-𝜅B [96].
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7. The Function of HMGB Proteins
and Other Redox Sensors during Oxidative
Stress in Ovarian Cancer

Distinct cyto- and histopathology disorders in ovaries have
been related to cancer malignancies and the epithelial origin
(epithelial ovarian cancer or EOC) is themost frequent (80%)
cause. There is some controversy about whether EOC is
initiated in the ovarian surface epithelium or in the fallopian
tube, since both share a common embryogenic origin [97].

OS has been proposed as a cause of ovarian cancer. ROS
are generated during ovulation, and indeed several factors
that reduce the number of ovulatory cycles along women
life (oral contraceptive pills, pregnancies, and lactation)
diminish the risk to have this type of cancer [98, 99]. Two
hypotheses have been formulated to explain how the increase
of ROS production accompanying ovulation might induce
the carcinogenesis. In the “incessant ovulation” hypothesis,
it is assumed that repeated cycles of apoptotic cell death and
repair at the ovarian surface epithelium eventually generate
OS and irreparable genetic damage; tumour suppressor genes
become mutated and cells become malignant. The major
epithelial origin of ovarian cancer could be a consequence
of the less robust DNA repair mechanisms in the surface
epithelial cells of the ovary [100]. In a second view, the “inces-
sant menstruation” hypothesis, ROS are generated through
the Fenton reaction supported by the iron present in heme
released after lysis of red blood cells by macrophages [101].

Common gene mutations associated with OS, and which
are found in the surface epithelial cells of the ovary, affect
in 50-80% of ovarian cancers to the protein P53 and in 30%
of ovarian cancers to RB. Other frequent mutations affect
the small GTPases, RAS proteins, whose mutations produce
resistance against OS-induced apoptosis, 8-oxoguanine DNA
glycosylase (OGG1) whose mutation prevent the repair of
oxidized guanine and increase C to T transitions, and the
mutS homolog 2 (MSH2), involved in DNAmismatch repair
[102, 103].

Enzymatic and nonenzymatic oxidative defence systems
are necessary to cope with the oxidative environment that
persists in the ovary. Among the enzymatic systems, super-
oxide dismutase, catalase, glutathione peroxidase, and glu-
tathione reductase have been described in ovary [104]. The
transcription factor NRF2 in healthy cells senses the redox
state and activates the expression of genes related to protec-
tion against ROS damage through binding to AREs that are
present in the promoters of the target genes. Although NRF2
is not a molecular redox sensor by itself, its translocation
to the nucleus depends on the dissociation of its partner,
the redox sensor KEAP1, which is E3 ligase adapter that in
absence of ROS retains NRF2 in the cytoplasm and targets
it for degradation in the proteasome [105–107]. NRF2 is also
targeted for degradation in the proteasome by a KEAP1-
independent mechanism that implies the phosphorylation
of specific serines in the NEH6 domain of NRF2 by glyco-
gen synthase kinase-3 (GSK3) and the interaction with the
ubiquitin ligase adapter TrCP and the Cullin1/Ring-Box 1,
E3 ubiquitin protein ligase (RBX1) complex [108]. OS affects

the redox state of cysteine residues of KEAP1 and prevents
NRF2 ubiquitination; in these conditions NRF2 enters the
nucleus where it binds, together with the MAF proteins
[109, 110], to AREs in the promoters of its target genes [111].
After restoration of the redox balance SRC-kinases will
promote the export ofNRF2 again to the cytoplasm for degra-
dation [112]. The KEAP1-NRF2 pathway regulates both mito-
chondrial and cytosolic ROS production through NADPH
oxidase [113]. Abnormal activation of NRF2 is a major event
during ovarian carcinogenesis [22] and it is frequently due
to RBX1 alterations [114]. A direct interaction between the
two major redox sensors, KEAP1-NRF2 and HMGB1, which
are implicated in the onset and progression of cancers related
to OS, has not been reported; however they might converge
in several signalling pathways. A cross talk between NRF2
and HMGB1 during the response to DNA damage has been
proposed; it is thought that the NRF2-ARE pathway may
regulate time kinetics of HMGB1 release; ROS and HMGB1
levels will then modulate the response to DNA damage [115].

OS activates the oncoprotein AKT in several cell types;
the activation of serine/threonine kinase AKT is achieved
either by a direct phosphorylation cascade or by inactivation
of the phosphatase and tensin homolog protein PTEN [116].
Signalling pathways for AKT activation include those elicited
by the EGF receptor, phosphatidylinositol-4,5-bisphosphate
3-kinase (PI3K), and integrins [117–119]. Activated AKT
controls apoptosis and cellular proliferation and migration,
as well as DNA repair [120]. However, active AKT also down-
regulates the antioxidant systems; this causes an increase
in ROS generation that, in turn, stimulates AKT activation
and produces further OS in a vicious cycle [121]. Activation
of the PI3K/AKT pathway is indeed associated with 40%
of human ovarian cancers in The Cancer Genome Atlas
Network [102, 103, 122, 123]. A triple association of oxidative
stress, AKT activation, and ovarian cancer has not yet been
proved in humans, although it has been found in surface
epithelial cells ofmouse ovary [118]. It has been demonstrated
that the extracellular signalling of HMGB1 through RAGE
andTLR4 receptors activates the PI3K-AKT/ERK1/2 pathway
and contributes to proliferation of lung cancer cells [124]. A
connection between NFR2 and AKT has also been recently
reported [108].

HMGB1 is considered a biomarker for ovarian cancer
[38, 39] and increased levels of interleukin-8 protein (IL-
8) and HMGB1 correlate with poor prognosis in prostate
and ovarian cancer cells [125]. Targeting HMGB1 by RNA
interference inhibits ovarian cancer growth and metastasis
[126]. The relevance of HMGB1 is of particular importance
to hormone-related cancers, including ovarian origin [40]. In
this sense, the interaction between the estrogen receptor (ER)
and the estrogen responsive element (ERE) in the promoters
of target genes is markedly minor (60-fold) in nucleosome
DNA compared to that in free DNA and diverse approaches
have shown that HMGB1 restructures the canonical nucle-
osome to facilitate strong ER binding [40]. Lymph node
is a probable channel by which ovarian cancer cells may
spread and invade other tissues. In human epithelial ovarian
cancer, the proteinHMGB1, together with tumour-associated
macrophages, enhances lymphangiogenesis [127].
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HMGB2 is also deregulated in EOC [128]. HMGB2 is
part of the SET complex, which is composed of NM23, P32,
SET, HMGB2, and APE1. This complex is also implicated in
apoptosis and response toOS andDNA repair [128]. Tumours
expressing low levels of SET, but high levels of NM23, or,
alternatively, low levels of APE1, but high levels of HMGB2,
have a better prognosis compared to other tumours [128].
Although the mechanisms producing these patterns are still
unknown, the authors postulated that specific combinations
of markers from the SET complex could be useful to classify
patients for treatment [128].

8. Oxidative Stress in Prostate Cancer
and the Function of HMGB Proteins and
Other Redox Sensors

The human prostate anatomy displays a zonal architecture,
corresponding to central, periurethral transition, peripheral
zone, and anterior fibromuscular stroma. The majority of
prostate carcinomas are derived from the peripheral zone,
while benign prostatic hyperplasia arises from the transition
zone [129]. Prostate contains a pseudostratified epithelium
formed by three cell types: luminal, basal, and neuroen-
docrine [130]. However, a histopathological classification of
prostate cancer subtypes, which differ in their prognosis
or treatment, has not been possible. The majority of the
diagnosed prostate cancers correspond to acinar adenocar-
cinomas that originate in the prostate gland and express the
androgen receptor [129].

Increased ROS production in prostate cancer cells has
been linked to diverse processes. The first one is the change
observed in mitochondrial function. Frequently, the mito-
chondrial DNA isolated from prostate cancer cells contains
an increased rate of mutations [131], which compromise
the stability of the genome and the mitochondrial function,
thus increasing ROS production. Upregulation of members
of the membrane-bound NADPH oxidase protein complex
(NOX1-5 and DUOX), which catalyses the production of
superoxide from oxygen using NADPH as a cofactor [132],
is another important source of intracellular ROS production.
In human prostate cancer cells the levels of NOX2, NOX4,
and NOX5 are increased [133]. As an additional source
during prostaglandin biosynthesis, the catalytic activities of
the cyclooxygenase enzymes (COXs) also produce ROS.
The COXs proteins are present in two isoforms, COX1,
constitutively and ubiquitously expressed, and COX2 that is
overexpressed in cancerous prostate tissues [134]. Androgens,
which are very important in prostate cancer development,
also contribute to increasing ROS levels by signalling the
transcription factor JUND [135] and themitochondrial redox
regulator P66SHC, a 66 kDa SRChomologous-collagen hom-
ologue (SHC) adaptor protein [136]. However, ROS levels
could also be increased due to androgen deprivation [137,
138]. These results indicate that physiological levels of andro-
gens are necessary tomaintain the cellular redox equilibrium,
and deviations caused by high or low production cause OS.
Chronic inflammation, proliferative inflammatory atrophy
(PIA), and infectious prostatitis constitute a prior stage to

prostate malignancy [139, 140] and, in these conditions,
activated inflammatory cells and secreted inflammatory
cytokines contribute to ROS generation and therefore to
carcinogenesis [139, 141].

Antioxidant defences are diminished in prostate cancer
cells, oppositely to what could be expected taking into
account the increased production of ROS. Superoxide dismu-
tase (SOD1, SOD2) and catalase activities are downregulated
[142, 143] and themaster redox regulatorNRF2 is significantly
downregulated in human prostate cancer [21]. As a conse-
quence of higher levels of ROS production and diminished
antioxidant defences, several indicators of oxidative damage
have been found and tested as diagnosis and prognosis
markers in prostate cancer. These include increased F2-
isoprostane [144] or 8-hydroxydeoxyguanosine [145] in urine
and increased peroxide levels [137] or decreased levels of the
antioxidant 𝛼-tocopherol [146] in serum.

Recently, functional links betweenOS andprostate cancer
have been reviewed [138]. Oxidative damage and DNA
damage, which may produce changes favouring the invasive
behaviour of epithelial cells, have been described [147] as
well as the shortening of telomeres, which may lead to
chromosomal instability [148]. The levels of the tumour
suppressor homeobox protein NKX3.1 are diminished in
nearly all prostate cancers and metastases studied [149];
it has been suggested that NKX3.1 has a protective role
against DNA damage [150]. This protein also links OS
with prostate cancer in animal models; mutation of the
homologous protein in mice displays deregulated expression
of several antioxidant and prooxidant enzymes; in thismodel,
progression to prostate adenocarcinoma is correlated with
decreased superoxide dismutase activity and accumulation of
oxidative damage in DNA and proteins [151].

Diverse cellular signalling pathways have been reported
to play significant roles in the progression of prostate cancer
[152]. Among them those regulated by the androgen receptor
(AR) [153–155], estrogen receptors [156], PI3K/Akt/mTOR
[157, 158], PTEN [159], NF-𝜅B [160], the epidermal growth
factor receptor EGFR [161], and PDGF [162]. Also, ROS-
activatedmatrixmetalloproteinases, which promote invasion
and metastasis, are activated in prostate cancer cells [133].
RND3, which contributes to cell migration, is also deregu-
lated in prostate cancer [76]. Finally, it has been suggested
that, during prostate cancer progression, genes expressed in
embryonic developmental programs are reactivated [163].
In particular, elevated canonical Wnt signalling may play
a role in the emergence of castration resistance [164, 165].
Activation of Hedgehog signalling [166, 167] and Notch [168]
and fibroblast growth factor (FGF) signalling [169, 170] may
also play significant roles in prostate cancer.

There are many interconnections between these sig-
nalling pathways. For instance, PTEN functions as a tumour
suppressor by negatively regulating the PI3K/AKT signalling
and, in 30–50% of prostate cancer cases, loss of PTEN func-
tion causes PI3K/AKT signalling upregulation [158]. In an
early step of prostate carcinogenesis, PTEN undergoes copy
number loss and this event is correlated with progression
of prostate cancer to a more aggressive, castration-resistant,
stage that does not respond to hormone therapy [171].
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The upregulation of AKT/mTOR signalling pathway in
prostate cancer occurs primarily through activation of AKT1
[172]. The consequences of AKT activation are mediated in
part by activation of NF-𝜅B signalling via stimulation of
inhibitor NF-𝜅B kinase, IKK [173]. The stimulation of AR
signalling leads to activation of SRC oncogenic kinases that
phosphorylate AR in prostate cancer cells and cause cas-
tration resistance and cellular proliferation and invasiveness
[174]. PI3K/AKT signalling [175] and AR signalling [155]
increase SKP2 abundance in prostate cancer cells. SKP2 is
the S-phase kinase associated protein 2 involved in cell cycle
progression; it is the component of the SCF complex that
confers substrate specificity to E3 ligase for ubiquitination
of many targets that are tumour suppressors, which are
marked for degradation in the proteasome [176]. Remarkably,
as explained along the review in precedent sections, several
among these signalling pathways are elicited by the redox
sensor NFR2 or by the HMGB proteins.

Finally, several research lines outline the direct impor-
tance of HMGB proteins in prostate cancer and their implica-
tions in therapy. IncreasedHMGB2 expression [177], HMGB1
expression [41], or coexpression of RAGE and HMGB1 [178,
179] has been associated with prostate cancer progression and
has been correlated to poor patient outcome. Consequently,
silencing of HMGB1 [180] or RAGE [181] genes in prostate
cancer cells resulted in decreased cellular viability.

9. Cisplatin, Chemoresistance, Oxidative
Stress, and HMGB Proteins

Cisplatin (cis-diamminedichloroplatinum(II)) is commonly
used in prostate, ovarian, and other cancers therapy. It binds
to DNA and forms majorly intrastrand cross-links with
guanines. This produces cytotoxicity by inducing a DNA
damage stress response [182, 183]. Emodin, an effective ROS
generator, in cotreatment with cisplatin remarkably enhances
chemosensitivity in prostate cancer cells, compared with
cisplatin alone [184]. Cisplatin also generates OS response
in the cells [185] that, together with the OS response gen-
erated as a consequence of cancer disease, might affect the
functions of HMGB proteins. Steroid hormones that induce
HMGB1 overexpression sensitize cancer cells to cisplatin and
carboplatin [186]. In the LNCaP prostate cancer cell line,
combined treatment with estrogen and cisplatin increases
HMGB1 expression and apoptosis more than cisplatin alone
and this effect is mediated by interaction between estrogen
and ER-alpha [187].

Indeed, cisplatin and HMGBs proteins are functionally
related, since these proteins bind with higher affinity to
platinated DNA than to unmodified DNA [188].The reduced
(three-thiol) form of HMGB1 has a higher affinity for
platinated DNA than the semioxidized form [189]. In this
sense, the success of cisplatin chemotherapy toward testicular
tumours has been attributed to the specific expression in testis
of HMGB4 that lacks one of the cysteine residues that forms
the disulphide bond in the other HMGB proteins [30].

The initial positive response to cisplatin treatment is
frequently limited by development of broad resistance against

radio- and chemotherapies. Therefore, there is much interest
in understanding the mechanisms responsible for develop-
ment of resistance in the treatment of ovarian and prostate
cancers and other types of cancers. The proteins HMGB1,
HMGB2, HSC70, GRP58, and GAPD form a nuclear com-
plex, which alters DNA conformation, and they have been
associated in vivo with resistance to chemotherapeutic drugs
in ovarian cancer patients [190]. In an ovarian cell line
resistant to platinum-treatment some genes were overex-
pressed including those encoding for matrix metallopro-
teinases (MMP3 and MMP12) and HMGB2, while genes that
encode for extracellular matrix proteins were downregulated
as well as genes involved in the regulation of cell cycle and
growth [191]. In awide-genome study of genes associatedwith
platinum-based chemotherapy resistance in ovarian cancer,
several connections with the OS response have been found;
these include the response mediated by NRF2, P53, and
TGF𝛽 signalling [192, 193], which have many links to HMGB
proteins as already explained. Nucleus accumbens-1 (NAC1),
a nuclear factor belonging to the BTB/POZ gene family, also
modulates sensitivity of ovarian cancer cells to cisplatin by
altering the HMGB1-mediated autophagic response [194].

Clusterin, a chaperone protein upexpressed in prostate
cancer, stabilizes Ku70/BAX complexes, sequestering BAX
from its ability to induce mitochondrial release of cyto-
chrome 𝑐, thus avoiding subsequent apoptosis and promoting
resistance to cisplatin; the secreted clusterin form is expressed
in aggressive late stage tumours, and although its high
expression may be considered an adaptive response to OS,
it enhances the survival potential of cancerous cells [195].
Overexpression of riboflavin kinase, necessary for synthesis
of FAD and glutathione reduction, is upregulated in cisplatin-
resistant cells and it is related to prostate cancer progression
[196]. The ubiquitin-specific protease 2a (USP2A), a deubiq-
uitinating enzyme overexpressed in prostate adenocarcino-
mas, confers resistance to cisplatin;USP2A increases intracel-
lular reduced glutathione content, reduces ROS production,
and impairs the activation of apoptosis [197].

Resistance to cisplatin has been also attributed to DNA
repair enzymes, which are able to remove lesions caused
by cisplatin on DNA [182]. The mechanism of DNA repair
is however inhibited by HMGB proteins that contribute to
cytotoxicity both in vitro [198–200] and in vivo assays [201].

10. Conclusions and Perspectives

ROS overproduction and imbalance are a primary cause of
malignancy in the onset of cancer. Cells have evolved mul-
tiple strategies in response to ROS production and HMGB
proteins play a major role in many molecular mechanisms
participating in these responses. In the nucleus, HMGB
proteins affect DNA repair, transcription, and chromosomal
stability; in cytoplasm they determine key decisions that
finally lead towards autophagy or apoptosis; as extracellular
signals they produce changes that affect the microenviron-
ment of the tumour and attract cells from the immune
system. In turn, the inflammatory onset can increase ROS
production and therefore enhances the response. HMGB1
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and HMGB2 are expressed at the highest levels in immune
cells and, besides, they have been related to cancers, which are
hormone-responsive, such as ovarian and prostate cancers.
Since HMGB proteins have many different functions and are
necessary in healthy cells, an improved strategy to modulate
their role in cancer progression could be to act through other
proteins interacting specifically with them.The identification
of HMGB partners, which could be univocally associated
with specific cancerous processes or with mechanism of cis-
platin resistance, is a field of interest for ongoing translational
cancer research. Interactome strategies are outstanding for
the development of these research lines.
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recruitment of inflammatory cells to damaged tissues by form-
ing a complex with CXCL12 and signaling via CXCR4,” The
Journal of Experimental Medicine, vol. 209, no. 3, pp. 551–563,
2012.

[95] E. Venereau, M. Casalgrandi, M. Schiraldi et al., “Mutually
exclusive redox forms of HMGB1 promote cell recruitment or
proinflammatory cytokine release,”The Journal of Experimental
Medicine, vol. 209, no. 9, pp. 1519–1528, 2012.

[96] J. R. van Beijnum, P. Nowak-Sliwinska, E. van den Boezem, P.
Hautvast,W. A. Buurman, and A.W. Griffioen, “Tumor angiog-
enesis is enforced by autocrine regulation of high-mobility
group box 1,” Oncogene, vol. 32, no. 3, pp. 363–374, 2013.

[97] L. Dubeau, “The cell of origin of ovarian epithelial tumours,”
The Lancet Oncology, vol. 9, no. 12, pp. 1191–1197, 2008.

[98] M. F. Fathalla, “Incessant ovulation—a factor in ovarian neopla-
sia?”The Lancet, vol. 2, no. 7716, p. 163, 1971.

[99] V. Beral, R. Doll, C. Hermon, and G. Reeves, “Ovarian cancer
and oral contraceptives: collaborative reanalysis of data from 45
epidemiological studies including 23,257 women with ovarian
cancer and 87,303 controls,” The Lancet, vol. 371, no. 9609, pp.
303–314, 2008.

[100] W. J. Murdoch and A. C. McDonnel, “Roles of the ovarian sur-
face epithelium in ovulation and carcinogenesis,” Reproduction,
vol. 123, no. 6, pp. 743–750, 2002.

[101] P. Vercellini, P. Crosignani, E. Somigliana et al., “The ‘incessant
menstruation’ hypothesis: a mechanistic ovarian cancer model
with implications for prevention,”HumanReproduction, vol. 26,
no. 9, pp. 2262–2273, 2011.

[102] Cancer Genome Atlas Research Network, “Integrated genomic
analyses of ovarian carcinoma,” Nature, vol. 474, no. 7353, pp.
609–615, 2011.

[103] C. Kandoth, N. Schultz, A. D. Cherniack et al., “Integrated
genomic characterization of endometrial carcinoma,” Nature,
vol. 497, no. 7447, pp. 67–73, 2013.

[104] W. J.Murdoch and J. F.Martinchick, “Oxidative damage toDNA
of ovarian surface epithelial cells affected by ovulation: carcino-
genic implication and chemoprevention,” Experimental Biology
and Medicine, vol. 229, no. 6, pp. 546–552, 2004.

[105] M. Kobayashi and M. Yamamoto, “Nrf2-Keap1 regulation of
cellular defense mechanisms against electrophiles and reactive
oxygen species,” Advances in Enzyme Regulation, vol. 46, no. 1,
pp. 113–140, 2006.

[106] K. Taguchi, H. Motohashi, and M. Yamamoto, “Molecular
mechanisms of the Keap1-Nrf2 pathway in stress response and
cancer evolution,”Genes to Cells, vol. 16, no. 2, pp. 123–140, 2011.

[107] L. Baird, S. Swift, D. Llères, and A. T. Dinkova-Kostova, “Moni-
toringKeap1-Nrf2 interactions in single live cells,”Biotechnology
Advances, vol. 32, no. 6, pp. 1133–1144, 2014.

[108] A. Cuadrado, “Structural and functional characterization of
NRF2 degradation by glycogen synthase kinase 3/𝛽-TrCP,” Free
Radical Biology & Medicine, 2015.

[109] F. Katsuoka,H.Motohashi, J. D. Engel, andM.Yamamoto, “Nrf2
transcriptionally activates the mafG gene through an antioxi-
dant response element,”The Journal of Biological Chemistry, vol.
280, no. 6, pp. 4483–4490, 2005.

[110] F. Katsuoka, H. Motohashi, T. Ishii, H. Aburatani, J. D. Engel,
and M. Yamamoto, “Genetic evidence that small Maf proteins
are essential for the activation of antioxidant response element-
dependent genes,” Molecular and Cellular Biology, vol. 25, no.
18, pp. 8044–8051, 2005.

[111] D. Malhotra, E. Portales-Casamar, A. Singh et al., “Global
mapping of binding sites for Nrf2 identifies novel targets in
cell survival response through chip-seq profiling and network
analysis,” Nucleic Acids Research, vol. 38, no. 17, pp. 5718–5734,
2010.

[112] S. K. Niture, A. K. Jain, P.M. Shelton, andA. K. Jaiswal, “Src sub-
family kinases regulate nuclear export and degradation of tran-
scription factor Nrf2 to switch off Nrf2-mediated antioxidant
activation of cytoprotective gene expression,” The Journal of
Biological Chemistry, vol. 286, no. 33, pp. 28821–28832, 2011.

[113] S. Kovac, P. R. Angelova, K. M. Holmström, Y. Zhang, A. T.
Dinkova-Kostova, and A. Y. Abramov, “Nrf2 regulates ROS
production by mitochondria and NADPH oxidase,” Biochimica
et Biophysica Acta, vol. 1850, no. 4, pp. 794–801, 2015.

[114] V. D. Martinez, E. A. Vucic, K. L. Thu, L. A. Pikor, R. Hubaux,
and W. L. Lam, “Unique pattern of component gene disruption
in the NRF2 inhibitor KEAP1/CUL3/RBX1 E3-ubiquitin ligase
complex in serous ovarian cancer,” BioMed Research Interna-
tional, vol. 2014, Article ID 159459, 10 pages, 2014.

[115] Anuranjani and M. Bala, “Concerted action of Nrf2-ARE path-
way, MRN complex, HMGB1 and inflammatory cytokines—
Implication in modification of radiationdamage,” Redox Biol-
ogy, vol. 2, no. 1, pp. 832–846, 2014.

[116] M. M. Lahair, C. J. Howe, O. Rodriguez-Mora, J. A. McCubrey,
and R. A. Franklin, “Molecular pathways leading to oxidative
stress-induced phosphorylation of Akt,” Antioxidants & Redox
Signaling, vol. 8, no. 9-10, pp. 1749–1756, 2006.

[117] X. Wang, K. D. McCullough, T. F. Franke, and N. J. Holbrook,
“Epidermal growth factor receptor-dependent Akt activation by
oxidative stress enhances cell survival,”The Journal of Biological
Chemistry, vol. 275, no. 19, pp. 14624–14631, 2000.

[118] S. M. King, S. M. Quartuccio, B. C. Vanderhyden, and J. E.
Burdette, “Early transformative changes in normal ovarian sur-
face epithelium induced by oxidative stress require Akt upreg-
ulation, DNA damage and epithelial-stromal interaction,” Car-
cinogenesis, vol. 34, no. 5, pp. 1125–1133, 2013.

[119] S. M. King, D. A. Modi, S. L. Eddie, and J. E. Burdette, “Insulin
and insulin-like growth factor signaling increases proliferation
and hyperplasia of the ovarian surface epithelium and decreases
follicular integrity through upregulation of the PI3-kinase
pathway,” Journal of Ovarian Research, vol. 6, no. 1, article 12,
2013.

[120] J. L. Martindale and N. J. Holbrook, “Cellular response to oxi-
dative stress: signaling for suicide and survival,” Journal of
Cellular Physiology, vol. 192, no. 1, pp. 1–15, 2002.

[121] M. Los, S. Maddika, B. Erb, and K. Schulze-Osthoff, “Switching
Akt: from survival signaling to deadly response,” BioEssays, vol.
31, no. 5, pp. 492–495, 2009.

[122] L. Shayesteh, Y. Lu, W.-L. Kuo et al., “PlK3CA is implicated as
an oncogene in ovarian cancer,” Nature Genetics, vol. 21, no. 1,
pp. 99–102, 1999.

[123] K. Kannan, C. Coarfa, P. W. Chao et al., “Recurrent BCAM-
AKT2 fusion gene leads to a constitutively activated AKT2
fusion kinase in high-grade serous ovarian carcinoma,”Proceed-
ings of the National Academy of Sciences of the United States of
America, vol. 112, no. 11, pp. E1272–E1277, 2015.

[124] X. Xu, H. Zhu, T. Wang et al., “Exogenous high-mobility group
box 1 inhibits apoptosis and promotes the proliferation of lewis
cells via RAGE/TLR4-dependent signal pathways,” Scandina-
vian Journal of Immunology, vol. 79, no. 6, pp. 386–394, 2014.

[125] H. R. Gatla, B. Singha, V. Persaud, and I. Vancurova, “Evaluating
cytoplasmic and nuclear levels of inflammatory cytokines in



Oxidative Medicine and Cellular Longevity 15

cancer cells by western blotting,”Methods in Molecular Biology,
vol. 1172, pp. 271–283, 2014.

[126] J. Chen, X. Liu, J. Zhang, and Y. Zhao, “Targeting HMGB1
inhibits ovarian cancer growth and metastasis by lentivirus-
mediated RNA interference,” Journal of Cellular Physiology, vol.
227, no. 11, pp. 3629–3638, 2012.

[127] W.Zhang, J. Tian, andQ.Hao, “HMGB1 combiningwith tumor-
associated macrophages enhanced lymphangiogenesis in
human epithelial ovarian cancer,” Tumor Biology, vol. 35, no. 3,
pp. 2175–2186, 2014.

[128] V. Ouellet, C. L. Page, M.-C. Guyot et al., “SET complex in
serous epithelial ovarian cancer,” International Journal of Can-
cer, vol. 119, no. 9, pp. 2119–2126, 2006.

[129] B. G. Timms, “Prostate development: a historical perspective,”
Differentiation, vol. 76, no. 6, pp. 565–577, 2008.

[130] J. A. Schalken and G. Van Leenders, “Cellular and molecular
biology of the prostate: stem cell biology,” Urology, vol. 62,
supplement 1, no. 5, pp. 11–20, 2003.

[131] J. J. Yu and T. Yan, “Effect of mtDNAmutation on tumor malig-
nant degree in patients with prostate cancer,” The Aging Male,
vol. 13, no. 3, pp. 159–165, 2010.

[132] K. Bedard and K.-H. Krause, “The NOX family of ROS-
generatingNADPHoxidases: physiology and pathophysiology,”
Physiological Reviews, vol. 87, no. 1, pp. 245–313, 2007.

[133] B. Kumar, S. Koul, L. Khandrika, R. B. Meacham, and H. K.
Koul, “Oxidative stress is inherent in prostate cancer cells and
is required for aggressive phenotype,” Cancer Research, vol. 68,
no. 6, pp. 1777–1785, 2008.

[134] A. Kirschenbaum, X.-H. Liu, S. Yao, and A. C. Levine, “The role
of cyclooxygenase-2 in prostate cancer,” Urology, vol. 58, sup-
plement 1, no. 2, pp. 127–131, 2001.

[135] F. Mehraein-Ghomi, E. Lee, D. R. Church, T. A. Thompson, H.
S. Basu, and G. Wilding, “JunD mediates androgen-induced
oxidative stress in androgen dependent LNCaP human prostate
cancer cells,”The Prostate, vol. 68, no. 9, pp. 924–934, 2008.

[136] S. Veeramani, T.-C. Yuan, F.-F. Lin, and M.-F. Lin, “Mito-
chondrial redox signaling by p66Shc is involved in regulating
androgenic growth stimulation of human prostate cancer cells,”
Oncogene, vol. 27, no. 37, pp. 5057–5068, 2008.

[137] G. Pace, C. Di Massimo, D. De Amicis et al., “Oxidative stress
in benign prostatic hyperplasia and prostate cancer,” Urologia
Internationalis, vol. 85, no. 3, pp. 328–333, 2010.

[138] M. Shiota, Y. Song, A. Takeuchi et al., “Antioxidant therapy
alleviates oxidative stress by androgen deprivation and prevents
conversion from androgen dependent to castration resistant
prostate cancer,”The Journal of Urology, vol. 187, no. 2, pp. 707–
714, 2012.

[139] A. M. De Marzo, E. A. Platz, S. Sutcliffe et al., “Inflammation
in prostate carcinogenesis,”Nature Reviews Cancer, vol. 7, no. 4,
pp. 256–269, 2007.

[140] S. Sutcliffe, “Sexually transmitted infections and risk of prostate
cancer: review of historical and emerging hypotheses,” Future
Oncology, vol. 6, no. 8, pp. 1289–1311, 2010.

[141] G. S. Palapattu, S. Sutcliffe, P. J. Bastian et al., “Prostate carcino-
genesis and inflammation: emerging insights,” Carcinogenesis,
vol. 26, no. 7, pp. 1170–1181, 2005.

[142] A. M. Baker, L. W. Oberley, and M. B. Cohen, “Expression of
antioxidant enzymes in human prostatic adenocarcinoma,”The
Prostate, vol. 32, no. 4, pp. 229–233, 1997.

[143] D. G. Bostwick, E. E. Alexander, R. Singh et al., “Antioxidant
enzyme expression and reactive oxygen species damage in

prostatic intraepithelial neoplasia and cancer,” Cancer, vol. 89,
no. 1, pp. 123–134, 2000.

[144] D. A. Barocas, S. Motley, M. S. Cookson et al., “Oxidative stress
measured by urine F2-isoprostane level is associated with
prostate cancer,”The Journal of Urology, vol. 185, no. 6, pp. 2102–
2107, 2011.

[145] H. Miyake, I. Hara, S. Kamidono, and H. Eto, “Prognostic
significance of oxidative DNA damage evaluated by 8-hydroxy-
2-deoxyguanosine in patients undergoing radical nephrectomy
for renal cell carcinoma,” Urology, vol. 64, no. 5, pp. 1057–1061,
2004.

[146] O. Yossepowitch, I. Pinchuk, U. Gur, A. Neumann, D. Lichten-
berg, and J. Baniel, “Advanced but not localized prostate cancer
is associated with increased oxidative stress,” The Journal of
Urology, vol. 178, no. 4, part 1, pp. 1238–1244, 2007.

[147] C. Bavik, I. Coleman, J. P. Dean, B. Knudsen, S. Plymate, and P.
S. Nelson, “The gene expression program of prostate fibroblast
senescence modulates neoplastic epithelial cell proliferation
through paracrine mechanisms,” Cancer Research, vol. 66, no.
2, pp. 794–802, 2006.

[148] A. K. Meeker, J. L. Hicks, C. A. Iacobuzio-Donahue et al., “Tel-
omere length abnormalities occur early in the initiation of
epithelial carcinogenesis,” Clinical Cancer Research, vol. 10, no.
10, pp. 3317–3326, 2004.

[149] B. Gurel, T. Z. Ali, E. A.Montgomery et al., “NKX3.1 as amarker
of prostatic origin in metastatic tumors,”The American Journal
of Surgical Pathology, vol. 34, no. 8, pp. 1097–1105, 2010.

[150] C. Bowen and E. P. Gelmann, “NKX3.1 activates cellular
response to DNA damage,” Cancer Research, vol. 70, no. 8, pp.
3089–3097, 2010.

[151] X. Ouyang, T. L. DeWeese, W. G. Nelson, and C. Abate-Shen,
“Loss-of-function of Nkx3.1 promotes increased oxidative dam-
age in prostate carcinogenesis,” Cancer Research, vol. 65, no. 15,
pp. 6773–6779, 2005.

[152] L. Bonaccorsi, S. Marchiani, M. Muratori, V. Carloni, G. Forti,
and E. Baldi, “Signaling mechanisms that mediate invasion in
prostate cancer cells,” Annals of the New York Academy of Sci-
ences, vol. 1028, pp. 283–288, 2004.

[153] T. H. van der Kwast, J. Schalken, J. A. Ruizeveld deWinter et al.,
“Androgen receptors in endocrine-therapy-resistant human
prostate cancer,” International Journal of Cancer, vol. 48, no. 2,
pp. 189–193, 1991.

[154] C.-P. Chuu, J. M. Kokontis, R. A. Hiipakka et al., “Androgens as
therapy for androgen receptor-positive castration-resistant
prostate cancer,” Journal of Biomedical Science, vol. 18, article 63,
2011.

[155] C.-P. Chuu, J.M.Kokontis, R. A.Hiipakka et al., “Androgen sup-
presses proliferation of castration-resistant LNCaP 104-R2
prostate cancer cells through androgen receptor, Skp2, and c-
myc,” Cancer Science, vol. 102, no. 11, pp. 2022–2028, 2011.

[156] H. Bonkhoff andR. Berges, “The evolving role of oestrogens and
their receptors in the development and progression of prostate
cancer,” European Urology, vol. 55, no. 3, pp. 533–542, 2009.

[157] M. Manin, S. Baron, K. Goossens et al., “Androgen receptor
expression is regulated by the phosphoinositide 3-kinase/Akt
pathway in normal and tumoral epithelial cells,”The Biochemi-
cal Journal, vol. 366, no. 3, pp. 729–736, 2002.

[158] T. M. Morgan, T. D. Koreckij, and E. Corey, “Targeted therapy
for advanced prostate cancer: inhibition of the PI3K/Akt/mTOR
pathway,”Current CancerDrug Targets, vol. 9, no. 2, pp. 237–249,
2009.



16 Oxidative Medicine and Cellular Longevity

[159] D. J. Mulholland, S. Dedhar, H. Wu, and C. C. Nelson, “PTEN
and GSK3𝛽: key regulators of progression to androgen-inde-
pendent prostate cancer,” Oncogene, vol. 25, no. 3, pp. 329–337,
2006.

[160] M. Karin, “NF-𝜅B as a critical link between inflammation and
cancer.,” Cold Spring Harbor Perspectives in Biology, vol. 1, no. 5,
Article ID a000141, 2009.

[161] L. Bonaccorsi, M. Muratori, V. Carloni et al., “The androgen
receptor associates with the epidermal growth factor receptor
in androgen-sensitive prostate cancer cells,” Steroids, vol. 69, no.
8-9, pp. 549–552, 2004.

[162] G. Wang, K. Yang, S. Meng, Y. Xu, Z.-H. Yang, and Y. Liu, “Key
genes in the pathogenesis of prostate cancer in Chinese men: a
bioinformatic study,” Zhonghua Nan Ke Xue, vol. 16, no. 4, pp.
320–324, 2010.

[163] E. M. Schaeffer, L. Marchionni, Z. Huang et al., “Androgen-
induced programs for prostate epithelial growth and invasion
arise in embryogenesis and are reactivated in cancer,”Oncogene,
vol. 27, no. 57, pp. 7180–7191, 2008.

[164] D. R. Robinson, C. R. Zylstra, and B. O. Williams, “Wnt sig-
naling and prostate cancer,” Current Drug Targets, vol. 9, no. 7,
pp. 571–580, 2008.

[165] G. Wang, J. Wang, and M. D. Sadar, “Crosstalk between the
androgen receptor and 𝛽-catenin in castrate-resistant prostate
cancer,” Cancer Research, vol. 68, no. 23, pp. 9918–9927, 2008.

[166] S. Datta and M. W. Datta, “Sonic Hedgehog signaling in
advanced prostate cancer,” Cellular and Molecular Life Sciences,
vol. 63, no. 4, pp. 435–448, 2006.

[167] S. Datta, M. Pierce, andM.W. Datta, “Perlecan signaling: Help-
ing hedgehog stimulate prostate cancer growth,” The Interna-
tional Journal of Biochemistry & Cell Biology, vol. 38, no. 11, pp.
1855–1861, 2006.

[168] M. A. Villaronga, C. L. Bevan, and B. Belandia, “Notch signal-
ing: a potential therapeutic target in prostate cancer,” Current
Cancer Drug Targets, vol. 8, no. 7, pp. 566–580, 2008.

[169] V. D. Acevedo, R. D. Gangula, K. W. Freeman et al., “Inducible
FGFR-1 activation leads to irreversible prostate adenocarci-
noma and an epithelial-to-mesenchymal transition,” Cancer
Cell, vol. 12, no. 6, pp. 559–571, 2007.

[170] S. Memarzadeh, L. Xin, D. J. Mulholland et al., “Enhanced par-
acrine FGF10 expression promotes formation of multifocal
prostate adenocarcinoma and an increase in epithelial androgen
receptor,” Cancer Cell, vol. 12, no. 6, pp. 572–585, 2007.

[171] K. Sircar, M. Yoshimoto, F. A. Monzon et al., “PTEN genomic
deletion is associated with p-Akt and AR signalling in poorer
outcome, hormone refractory prostate cancer,” The Journal of
Pathology, vol. 218, no. 4, pp. 505–513, 2009.

[172] M. M. Shen and C. Abate-Shen, “Pten inactivation and the
emergence of androgen-independent prostate cancer,” Cancer
Research, vol. 67, no. 14, pp. 6535–6538, 2007.

[173] H. C. Dan, M. J. Cooper, P. C. Cogswell, J. A. Duncan, J. P.-Y.
Ting, and A. S. Baldwin, “Akt-dependent regulation of NF-𝜅B is
controlled bymTORandRaptor in associationwith IKK,”Genes
& Development, vol. 22, no. 11, pp. 1490–1500, 2008.

[174] S. Kraus, D. Gioeli, T. Vomastek, V. Gordon, and M. J. Weber,
“Receptor for activated C kinase 1 (RACK1) and Src regulate
the tyrosine phosphorylation and function of the androgen
receptor,”Cancer Research, vol. 66, no. 22, pp. 11047–11054, 2006.

[175] P. W. Van Duijn and J. Trapman, “PI3K/Akt signaling regulates
p27kip1 expression via Skp2 in PC3 and DU145 prostate cancer
cells, but is not a major factor in p27kip1 regulation in LNCaP
and PC346 cells,”The Prostate, vol. 66, no. 7, pp. 749–760, 2006.

[176] Z. Wang, D. Gao, H. Fukushima et al., “Skp2: a novel potential
therapeutic target for prostate cancer,” Biochimica et Biophysica
Acta, vol. 1825, no. 1, pp. 11–17, 2012.

[177] D. R. Rhodes, J. Yu, K. Shanker et al., “Large-scalemeta-analysis
of cancer microarray data identifies common transcriptional
profiles of neoplastic transformation and progression,” Proceed-
ings of the National Academy of Sciences of the United States of
America, vol. 101, no. 25, pp. 9309–9314, 2004.

[178] H. Ishiguro, N. Nakaigawa, Y. Miyoshi, K. Fujinami, Y. Kubota,
andH. Uemura, “Receptor for advanced glycation end products
(RAGE) and its ligand, amphoterin are overexpressed and
associated with prostate cancer development,”The Prostate, vol.
64, no. 1, pp. 92–100, 2005.

[179] C. B. Zhao, J. M. Bao, Y. J. Lu et al., “Co-expression of RAGE
and HMGB1 is associated with cancer progression and poor
patient outcome of prostate cancer,”American Journal of Cancer
Research, vol. 4, no. 4, pp. 369–377, 2014.

[180] M. Gnanasekar, S. Thirugnanam, and K. Ramaswamy, “Short
hairpin RNA (shRNA) constructs targeting highmobility group
box-1 (HMGB1) expression leads to inhibition of prostate
cancer cell survival and apoptosis,” International Journal of
Oncology, vol. 34, no. 2, pp. 425–431, 2009.

[181] I. Elangovan, S. Thirugnanam, A. Chen et al., “Targeting recep-
tor for advanced glycation end products (RAGE) expression
induces apoptosis and inhibits prostate tumor growth,” Bio-
chemical and Biophysical Research Communications, vol. 417, no.
4, pp. 1133–1138, 2012.

[182] D. Wang and S. J. Lippard, “Cellular processing of platinum
anticancer drugs,” Nature Reviews Drug Discovery, vol. 4, no. 4,
pp. 307–320, 2005.

[183] Y. Jung and S. J. Lippard, “Direct cellular responses to platinum-
induced DNA damage,” Chemical Reviews, vol. 107, no. 5, pp.
1387–1407, 2007.

[184] X.-Z. Huang, J. Wang, C. Huang et al., “Emodin enhances cyto-
toxicity of chemotherapeutic drugs in prostate cancer cells: the
mechanisms involve ROS-mediated suppression of multidrug
resistance and hypoxia inducible factor-1,” Cancer Biology &
Therapy, vol. 7, no. 3, pp. 468–475, 2008.

[185] N.M.Martins, N. A. G. Santos, C. Curti,M. L. P. Bianchi, andA.
C. Dos Santos, “Cisplatin induces mitochondrial oxidative
stress with resultant energetic metabolism impairment, mem-
brane rigidification and apoptosis in rat liver,” Journal of Applied
Toxicology, vol. 28, no. 3, pp. 337–344, 2008.

[186] Q. He, C. H. Liang, and S. J. Lippard, “Steroid hormones induce
HMG1 overexpression and sensitize breast cancer cells to
cisplatin and carboplatin,” Proceedings of the National Academy
of Sciences of the United States of America, vol. 97, no. 11, pp.
5768–5772, 2000.

[187] N. Moriyama-Gonda, H. Shiina, M. Terashima, K. Satoh, and
M. Igawa, “Rationale and clinical implication of combined
chemotherapy with cisplatin and oestrogen in prostate cancer:
primary evidence based on methylation analysis of oestrogen
receptor-𝛼,” BJU International, vol. 101, no. 4, pp. 485–491, 2008.

[188] E. R. Jamieson and S. J. Lippard, “Structure, recognition, and
processing of cisplatin-DNA adducts,” Chemical Reviews, vol.
99, no. 9, pp. 2467–2498, 1999.

[189] S. Park and S. J. Lippard, “Redox state-dependent interaction
of HMGB1 and cisplatin-modified DNA,” Biochemistry, vol. 50,
no. 13, pp. 2567–2574, 2011.

[190] M. Bernardini, C.-H. Lee, B. Beheshti et al., “High-resolution
mapping of genomic imbalance and identification of gene



Oxidative Medicine and Cellular Longevity 17

expression profiles associated with differential chemotherapy
response in serous epithelial ovarian cancer,” Neoplasia, vol. 7,
no. 6, pp. 603–613, 2005.

[191] R. R. Varma, S. M. Hector, K. Clark, W. R. Greco, L. Hawthorn,
and L. Pendyala, “Gene expression profiling of a clonal isolate
of oxaliplatin resistant ovarian carcinoma cell line A2780/C10,”
Oncology Reports, vol. 14, no. 4, pp. 925–932, 2005.

[192] J. Helleman,M. Smid,M. P. H.M. Jansen,M. E. L. van der Burg,
and E. M. J. J. Berns, “Pathway analysis of gene lists associated
with platinum-based chemotherapy resistance in ovarian can-
cer: the big picture,” Gynecologic Oncology, vol. 117, no. 2, pp.
170–176, 2010.

[193] J. Helleman, M. P. H. M. Jansen, C. Burger, M. E. L. van der
Burg, and E. M. J. J. Berns, “Integrated genomics of chemother-
apy resistant ovarian cancer: a role for extracellular matrix,
TGFbeta and regulating microRNAs,” International Journal of
Biochemistry & Cell Biology, vol. 42, no. 1, pp. 25–30, 2010.

[194] Y. Zhang, Y. Cheng, X. Ren et al., “NAC1modulates sensitivity of
ovarian cancer cells to cisplatin by altering the HMGB1-medi-
ated autophagic response,” Oncogene, vol. 31, no. 8, pp. 1055–
1064, 2012.

[195] J. Y.Djeu and S.Wei, “Clusterin and chemoresistance,”Advances
in Cancer Research, vol. 105, pp. 77–92, 2009.

[196] G. Hirano, H. Izumi, Y. Yasuniwa et al., “Involvement of ribofla-
vin kinase expression in cellular sensitivity against cisplatin,”
International Journal of Oncology, vol. 38, no. 4, pp. 893–902,
2011.

[197] B. Benassi, M.Marani, M. Loda, and G. Blandino, “USP2a alters
chemotherapeutic response bymodulating redox,”Cell Death&
Disease, vol. 4, no. 9, article e812, 2013.

[198] J.-C. Huang, D. B. Zamble, J. T. Reardon, S. J. Lippard, and A.
Sancar, “HMG-domain proteins specifically inhibit the repair
of the major DNA adduct of the anticancer drug cisplatin by
human excision nuclease,” Proceedings of the National Academy
of Sciences of the United States of America, vol. 91, no. 22, pp.
10394–10398, 1994.

[199] J. Malina, J. Kasparkova, G. Natile, and V. Brabec, “Recognition
of major DNA adducts of enantiomeric cisplatin analogs by
HMG box proteins and nucleotide excision repair of these
adducts,” Chemistry & Biology, vol. 9, no. 5, pp. 629–638, 2002.

[200] I. Ugrinova, S. Zlateva, I. G. Pashev, and E. A. Pasheva, “Native
HMGB1 protein inhibits repair of cisplatin-damaged nucleo-
somes in vitro,”The International Journal of Biochemistry & Cell
Biology, vol. 41, no. 7, pp. 1556–1562, 2009.

[201] S. Yusein-Myashkova, I. Ugrinova, and E. Pasheva, “Non-
histone proteinHMGB1 inhibits the repair of cisplatin damaged
DNA in NIH-3T3 murine fibroblasts,” BMB Reports, In press.



Research Article
Fisetin Modulates Antioxidant Enzymes
and Inflammatory Factors to Inhibit Aflatoxin-B1 Induced
Hepatocellular Carcinoma in Rats

Brajesh Kumar Maurya and Surendra Kumar Trigun

Biochemistry Section, Department of Zoology, Banaras Hindu University, Varanasi 221005, India

Correspondence should be addressed to Surendra Kumar Trigun; sktrigun@gmail.com

Received 19 June 2015; Accepted 11 August 2015

Academic Editor: Sahdeo Prasad

Copyright © 2016 B. K. Maurya and S. K. Trigun. This is an open access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

Fisetin, a known antioxidant, has been found to be cytotoxic against certain cell lines. However, the mechanism by which it inhibits
tumor growth in vivo remains unexplored. Recently, we have demonstrated that Aflatoxin-B1 (AFB1) induced hepatocarcinogenesis
is associated with activation of oxidative stress-inflammatory pathway in rat liver. The present paper describes the effect of in
vivo treatment with 20mg/kg b.w. Fisetin on antioxidant enzymes vis-a-vis oxidative stress level and on the profile of certain
proinflammatory cytokines in the hepatocellular carcinoma (HCC) induced by two doses of 1mg/kg b.w. AFB1 i.p. in rats. The
reduced levels of most of the antioxidant enzymes, coinciding with the enhanced level of reactive oxygen species in the HCC
liver, were observed to regain their normal profiles due to Fisetin treatment. Also, Fisetin treatment could normalize the enhanced
expression of TNF𝛼 and IL1𝛼, the twoproinflammatory cytokines, reported to be involved inHCCpathogenesis.These observations
were consistent with the regression of neoplastic lesion and declined GST-pi (placental type glutathione-S-transferase) level, a
HCCmarker, in the liver of the Fisetin treated HCC rats.The findings suggest that Fisetin attenuates oxidative stress-inflammatory
pathway of AFB1 induced hepatocarcinogenesis.

1. Introduction

In general, genotoxic agents are known to initiate neoplastic
lesions by inducing DNA damage [1]. Aflatoxin-B1 (AFB1),
produced by A. flavus and A. parasiticus fungi, is a geno-
toxic agent which causes hepatocellular carcinoma (HCC)
by making AFB1-DNA adducts mainly in the liver cells
[2]. This is because it is metabolized by the liver specific
CYP450 (3A4) enzymes to produce highly reactive AFB1-8,9-
epoxides that bind at N7 of guanine, thus creating lesions
mainly in hepatocytes DNA [3]. Moreover, only those DNA
aberrations drive hepatocytes to become tumorigenic which
allow generation of tumor supportive microenvironment
around [4].

Using diethylnitrosamine (DEN) induced HCC model,
it has been described that the genotoxic damage of DNA
is likely to induce oxidative stress to initiate hepatocytes
necrosis resulting in release of the proinflammatory cytokines

to drive HCC progression [5]. This process might implicate
alterations in the cellular antioxidant enzymes of the cells
undergoing genotoxic necrosis [6, 7]. The three antioxi-
dant enzymes, superoxide dismutase (SOD), catalase, and
glutathione peroxidase (GPx), mainly constitute antioxidant
defense system of the cells [8, 9]. In particular, SOD1 (Cu-Zn
SOD) is considered more relevant, as it catalyzes committed
step of the antioxidant pathway [10] and has been reported
to exist at a very low concentration in most of the growing
tumors [11, 12]. Downstream to SOD1, catalase and GPx play
important roles in removingH

2
O
2
produced by SOD activity.

GPx, in particular, is responsible not only for metabolizing
H
2
O
2
but also for maintaining rapid turnover of GSH, a

critical cellular antioxidant. Importantly, modulations inGPx
isoforms, GPx1 and GPx2, have been found associated with
the tumor development [13, 14].

During the interplay of oxidative stress-inflammatory
pathway, a number of proinflammatory cytokines have been
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identified to drive genotoxically affected hepatocytes to
undergo compensatory proliferation [5, 15, 16]. TNF𝛼 has
attracted much attention in this respect [17, 18]. IL1𝛼 is
another member of inflammatory cascade which has been
found to be associated with the tumor development and
cancer cells metastasis [19, 20]. Some experimental data
also suggest that prooxidative condition and inflammatory
cytokines potentiate each other’s effects in many ways during
tumor progression. For example, enhanced TNF𝛼 level has
been found to be associated with increased ROS generation
by declining the level of SOD1 in U937 cells [21]. Similarly,
downregulation of IL1𝛼 and IL1𝛽 in melanoma cell lines has
been observed to normalize ROS level in those cells [22].
Thus, it is reasonable to examine modulation of oxidative
stress-inflammatory pathway as a therapeutic target in AFB1
induced hepatocarcinogenesis.

Indeed, antioxidant enzymes have been found to serve
as relevant pharmacological targets in a number of tumor
models [11]. Modulation of all the key antioxidant enzymes
by Emodin, an anthraquinone, in Dalton’s lymphoma (DL),
resulting in regression of the tumor in vivo [23], is a relevant
example in this context. Certain exogenous antioxidants have
been reported to prevent HCC development during DEN
induced [24] and against AFB1 induced hepatocarcinogenesis
as well [25].

Recently, we have reported that AFB1 toxicity declines
all the antioxidant enzymes to activate oxidative stress-
inflammatory pathway as main initiator of hepatocarcino-
genesis in those rats [15]. This necessitated investigation on
whether modulation of antioxidant enzymes and proinflam-
matory cytokines could serve as a therapeutic target to regress
AFB1 induced HCC progression.

During the recent past, natural products have attracted
much attention for their anticancer roles. Fisetin is a dietary
polyphenol which was primarily predicted to serve as a
strong ROS scavenger compound [26]. Indeed, by activating
glutathione system and by scavenging cellular ROS, Fisetin
has been described to prevent growth of the lung fibroblast
cells [27]. However, besides its ROS scavenging ability, the
data, derived mainly from in vitro studies, suggest that this
compound shows cytotoxicity against a number of cell lines
by modulating some of the tumor associated biochemi-
cal/molecular targets like inhibition of CDKs by downregu-
lating NF𝜅B [28], inhibition of PI3K/Akt pathway in prostate
cancer cells [29], and retarding angiogenicmechanisms in the
endothelial cells [30].

Since Fisetin has been shown to induce apoptosis by
downregulating bcl2 in the Huh7 cells (HCC cell line) as
well [31], this compound deserves special merit to evaluate its
anticancer activity against HCC in vivo. Though information
is limited about in vivo anticancer activities of this compound,
a report does indicate its role as a modulator of oxidative
stress factors against benzopyrene induced lung carcinoma
in mice [32]. We have also observed that AFB1 intoxication
implicates alterations in the antioxidant enzymes and proin-
flammatory cytokines to develop HCC in rats [15] and that
Fisetin treatment is able to normalize the level of GST-pi
(glutathione-S-transferase, placental type), a HCC marker,

and to regress HCC lesions in those HCC livers (data of the
present report).

Therefore, the present study aimed to investigate whether
a nontoxic dose of Fisetin is able to modulate the HCC
growth supportive profiles of the antioxidant enzymes vis-a-
vis oxidative stress markers and proinflammatory cytokines
in AFB1 induced HCC rat liver.

2. Material and Methods

2.1. Chemicals. Fisetin (3,3,4,7-tetrahydroxyflavone) and
Aspergillus extracted Aflatoxin-B1 were procured from
Sigma-Aldrich, USA. SOD1 and GST-pi polyclonal anti-
body and primers for TNF𝛼 and IL1𝛼 were obtained from
Santa Cruz Biotechnology, USA, and from Genetix, India,
respectively. All other chemicals were purchased from Sisco
Research Laboratory (SRL) Chemicals, India.

2.2. Animals. Male Charles foster rats (18–20 weeks old),
procured from central animal house IMS-BHU, India, and
maintained under controlled condition of temperature and
humidity with alternate 12 h light/dark cycle, were used
for this study. Rats were fed with standard pellet diet and
water ad libitum. The study was conducted according to the
ethical norms approved by the Institutional Animal Care
and Use Committee (IACUC), Animal Ethical Committee
of Banaras Hindu University, Varanasi (reference number
Dean/10-11/169).

2.3. Experimental Protocol. Rats were randomly divided into
three groups consisting of 5-6 rats each. Based upon the
results of pilot experiments and as described in the previous
report [15], the HCC group rats were administered intraperi-
toneally (ip) with two consecutive doses of 1.0mg/Kg b.w.
AFB1 dissolved in DMSO on the same day and monitored
for development of HCC up to the 10th week. Fisetin
treated HCC group (HCC + F) rats were administered with
20mg/Kg b.w. Fisetin/day i.p. after the 6th week of AFB1
intoxication and this continued up to the 10th week. Based
on pilot experiments and as reported in case of the mouse
model [32], this dose of Fisetin was found to be nontoxic
to the normal rats. The control group rats were similarly
administered with DMSO throughout the treatment period.

At the end of the treatment period, rats from all the three
groups were sacrificed by cervical dislocation after anesthesia
(as per IACUC guidelines) and liver was excised. Livers from
all the three groups were then subjected to histopathological
and biochemical/molecular studies.

2.4. Liver Histology. Liver histology was performed as
described earlier by our lab [15]. In brief, the liver sections
were sliced into 0.3–0.5 cm pieces from control, HCC, and
HCC + F groups rats. They were fixed in Bouin’s fluid
for 16–18 h and were transferred to 70% ethanol. This was
followed by alcoholic dehydration and embedding in paraffin.
Liver sections of 7𝜇m thickness were cut and spread on the
poly-L-lysine precoated slides. Slides were then subjected to
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Hematoxylin-Eosin (HE) staining. After mounting in DPX,
slides were analyzed under Leica 2000 microscope.

2.5. Biochemical Analysis

2.5.1. Extract Preparation. For native PAGE analysis, 10%
liver extract was prepared in 0.2mM Tris-HCl buffer (pH
7.4) and centrifuged at 10,000×g to collect partially enriched
cytosolic fraction. For western blot analysis, 10% homogenate
was prepared in 0.1mM HEPES buffer (pH 7.4) containing
0.3M KCl, 1mM EDTA, 0.1% Triton X-100, 1mM DTT,
0.001mM PMSF, and 0.002mM benzamidine and cen-
trifuged at 10,000×g to collect partially enriched cytosolic
fraction.

2.5.2. Biochemical Estimations

ROS. NBT reduction assay was performed for ROS mea-
surement in the liver extracts as reported previously [33].
Briefly, 2% liver extract, diluted in PBS, was added with the
NBT-PBS (1mg NBT/mL) solution in the ratio of 0.5mL/mL
and incubated at 37∘C for 4 h. After centrifugation, the pellet
was washed thrice with methanol and dissolved in 2.0mL
mix of 2M KOH and DMSO. Absorbance was recorded at
630 nm.TheOD obtained was compared with a standard plot
constructed against NBT and values were expressed as mole
of NBT/mg protein.

Total Glutathione. Total glutathione was estimated in the
liver extracts following a previously reported procedure [15].
Briefly, 0.1mL liver extract was mixed with 1.5mL of 0.2M
Tris buffer (pH 8.2) followed by addition of 0.1mL of 0.01M
5,5-dithiobis(2-nitrobenzoic acid) (DTNB).Themixturewas
made 10mL with methanol and incubated for 30min. After
centrifugation, absorbance of the supernatant was read at
412 nm and values were expressed as nM/mg protein.

Protein content was estimated following the method of
Lowry et al., 1951 [34].

2.6. Native PAGE Analysis of SOD1, Catalase, and GPx. As
described previously [15], for nondenaturing PAGE analysis
of SOD1, CAT, and GPx, the extract containing 40 𝜇g protein
was subjected to 8% nondenaturing PAGE followed by
development of substrate specific achromatic bands against
dark background for the specific antioxidant enzyme. Gels
were scanned and the enzyme bands were quantified by the
gel densitometry software Alpha Imager 2200.

2.7. Western Blot Analysis. Western blot analysis was per-
formed as described previously [15]. Briefly, samples con-
taining 60 𝜇g proteins were subjected to 10% SDS PAGE
followed by transferring the protein bands to nitrocellulose
membrane and probing them against anti-GSTpi and SOD1
antibody (1 : 1000 dilutions).Themembrane was then probed
withHRP conjugated secondary antibody (1 : 5000 dilutions).
ECL SuperSignal West Pico kit was used to develop protein
bands on X-ray films. HRP conjugated monoclonal 𝛽-actin
antibody (1 : 10,000) was used as the loading control.

2.8. Semiquantitative RT-PCR. As described previously [15],
total RNA was isolated from the liver tissue using TRI
reagent following the protocol of the kit supplied from
Sigma-Aldrich. Briefly, 2 𝜇g RNA sample was used for cDNA
synthesis using random hexamer primer from the Revert Aid
first strand cDNA synthesis kit (MBI Fermentas). Reaction
mixture contained 19𝜇L of Taq polymerase buffer, 0.2mM
dNTPs, 1 U of Taq polymerase, and 10 pmol of primer. The
rat gene specific primers used were TNF𝛼 (forward: 5-ACT-
CCCAGAAAAGCAAGCAA-3; reverse: 5-AGCAGGAAT-
GAGAAGAGG-3), IL1𝛼 (forward: 5-AATCCTCTGAGC-
TTGCCAGG-3; reverse: 5-GAGGGCAAAAGACTGACC-
CA-3), and 𝛽-actin (forward: 5-TCTACAATGAGCTGC-
GTGTG-3; reverse: 5-AATGTCACGCACGATTTCCC-3).
Amplification products were analyzed by 2% agarose gel
electrophoresis and visualized by ethidium bromide staining
and quantified by the gel densitometry softwareAlpha Imager
2200.

2.9. Statistical Analysis. Experimental data was subjected to
Student’s 𝑡-test analysis for statistical significance. The prob-
ability values of less than 0.05 were considered statistically
significant and results were presented as mean ± SD, where
𝑛 = 4–6 for each group.

3. Results

3.1. Effect of Fisetin on Histopathology and HCC Marker.
In general, appearance of foci of altered hepatocytes (FAH)
regions, in histological preparations, is considered to repre-
sent neoplastic lesions during HCC development. Figure 1(a)
illustrates that, in comparison to the normal trabecular
arrangement of hepatocytes seen in the liver section from
the normal rats, regions of compressed trabeculae with
compact hepatocytes, representing discrete FAH areas, could
be seen in case of the liver from HCC group rats. Moreover,
after Fisetin treatment, FAH regions are seen to be reduced
remarkably with fewer number of compact hepatocytes
within in the HCC liver.

Recently, GST-pi has been demonstrated to serve as a
reproducible marker for AFB1 induced HCC progression.
Therefore, to ascertain effect of Fisetin on HCC progression,
the profile of GST-pi protein was also compared in the liver
from the control, HCC, and Fisetin treated HCC group rats.
As compared to the control group rats, ∼4x increase (𝑝 <
0.001) in GST-pi level could be observed in the liver from the
HCC group rats, which was brought back to its control level
in the liver from the Fisetin treated HCC rats (Figure 1(b)).

3.2. Effect of Fisetin on Oxidative Stress and HCC Markers.
Enhanced level of ROS is associated with AFB1 inducedHCC
progression. To ascertain whether Fisetin could suppress
oxidative stress in AFB1 treated rats, ROS levels in the liver
from control and experimental group rats were compared.
A significant rise in ROS level (𝑝 < 0.05) was observed
in the liver from the HCC rats as compared to the control
counterparts. However, after Fisetin treatment, the enhanced
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Figure 1: Effect of Fisetin on histopathology of HCC liver. Representative photomicrographs of liver sections from control (C), HCC, and
HCC + F groups at 10W stage have been shown. In (a), upper panel shows 10x magnification with scale bar of 200 𝜇m and lower panel shows
40x magnification with scale bar of 50 𝜇m. Dotted line encircles FAH area as a mark of neoplastic lesion. (b) shows level of GST-pi in the
liver from control, HCC, and Fisetin treated HCC rats, wherein liver extract containing 60𝜇g protein in each lane was subjected to 10%
SDS-PAGE followed by western transfer and detection of GST-pi bands against a polyclonal anti-GST-pi. The photograph is representative
of the three western blot repeats. Normalized densitometry values of GST-pi/𝛽-actin have been presented as mean ± SD from three western
repeats. ###𝑝 < 0.001 (control versus HCC group) and ∗∗∗𝑝 < 0.001 (HCC versus HCC + F group).

ROS level in HCC liver was seen to be decreased significantly
(𝑝 < 0.05) to regain its normal value (Figure 2(a)).

Enhanced level of glutathione, a nonenzymatic antioxi-
dant, is considered critical for maintaining reducing equiv-
alence in the cells facing oxidative stress. According to
Figure 2(b), the liver from HCC group rats showed a signif-
icant decrease (𝑝 < 0.05) in glutathione level as compared
to the liver from the control group rats. Moreover, such a
decline of glutathione in the HCC liver could be recovered
to its normal value in the HCC group rats administered with
Fisetin.

3.3. Effect of Fisetin on the Profile of Antioxidant Enzymes:
SOD, Catalase, and GPx. Declined SOD1 level is often

considered accountable for the rise of ROS at cellular level.
In the present context, the expression and activity of SOD1
were measured in the liver from the control and the two
experimental group rats. There was a significant decline
(𝑝 < 0.05) in the expression of SOD1, as compared to
the control group rats, in the liver from the HCC group
rats (Figure 3(a)). This pattern of SOD1 expression was seen
to be consistent with the activity profile of this enzyme in
those livers (Figure 3(b)). Moreover, both the expression
(Figure 3(a)) and activity of SOD1 (Figure 3(b)) could regain
their normal values in the liver from the Fisetin treated HCC
rats.

SOD is the committed enzyme of the antioxidant pathway
that neutralizes O

2

− by converting them into H
2
O
2
. Catalase
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Figure 2: Effect of Fisetin on ROS (a) and glutathione (b) levels in the liver from control (C), HCC, and Fisetin treated HCC rats. Values have
been represented as mean ± SD, where 𝑛 = 6 and each experiment is done in triplicate. #𝑝 < 0.05 (control versus HCC group) and ∗𝑝 < 0.05
(HCC versus HCC + F group).
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Figure 3: Effect of Fisetin on expression (a) and activity profile (b) of SOD1 in the liver from control (C), HCC, and Fisetin treated HCC rats.
In (a), liver extract containing 60 𝜇g protein in each lane was subjected to 10% SDS-PAGE followed by western transfer and detection of SOD1
bands against a polyclonal anti-SOD1. The photograph is representative of the three western blot repeats. Normalized densitometry values
of SOD1/𝛽-actin have been presented as mean ± SD. (b) shows 8% nondenaturing PAGE results of 40𝜇g protein loaded in each lane. After
electrophoresis, gel was subjected to development of substrate specific SOD1 band. The gel photograph is representative of the four PAGE
repeats. The relative densitometric values of SOD1 band have been presented as mean ± SD from the four PAGE repeats. #𝑝 < 0.05 (control
versus HCC group) and ∗𝑝 < 0.05, ∗∗𝑝 < 0.01 (HCC versus HCC + F group).

and GPx together metabolize H
2
O
2
by utilizing GSH. Thus,

catalase and GPx both play important roles in maintaining
ROS homeostasis in the cells. According to Figures 4(a) and
4(b), the active levels of both of these enzymes were found
to be declined significantly (𝑝 < 0.05) in the HCC liver as
compared to the liver from the control group rats. However,
after the treatment with Fisetin, the profiles of both catalase
and GPx were found to be enhanced significantly to finally
regain their values around the control liver.

3.4. Effect of Fisetin on Inflammatory Cytokines (TNF𝛼 and
IL1𝛼). It has been demonstrated that AFB1 intoxication
enhances TNF𝛼 and IL1𝛼 levels to finally support oxidative
stress-inflammatory pathway of hepatocarcinogenesis. Since
we observed that Fisetin administration is able to normalize
oxidative stress parameters (Figures 2–4) in the HCC liver, it
was speculated that such a biochemical change may diminish
upregulated profile of TNF𝛼 and IL1𝛼 aswell. Indeed, Figure 5
illustrates that the enhanced levels of TNF𝛼 and IL1𝛼mRNA
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Figure 4: Effect of Fisetin on H
2
O
2
metabolizing enzymes, catalase (a) and GPx (b), in the liver from control (C), HCC, and Fisetin treated

HCC rats. The upper panels of (a) and (b) show 8% nondenaturing PAGE results of 40𝜇g protein loaded in each lane. After electrophoresis,
gels were subjected to development of substrate specific catalase and GPx bands, respectively. The gel photographs are representative of the
four PAGE repeats. The relative densitometric values of catalase and GPx bands have been presented as mean ± SD from the four PAGE
repeats. #𝑝 < 0.05 (control versus HCC group) and ∗𝑝 < 0.05 (HCC versus HCC + F group).
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Figure 5: Effect of Fisetin on the level of proinflammatory cytokines, TNF𝛼 and IL1𝛼, in the liver from control (C), HCC, and Fisetin treated
HCC rats.The figure shows representative RT-PCR photographs from four repeats with the normalized densitometric values of TNF𝛼/𝛽-actin
and IL1𝛼/𝛽-actin as mean ± SD from four RT-PCR repeats. ##𝑝 < 0.01 (control versus HCC group) and ∗∗𝑝 < 0.01 (HCC versus HCC + F
group).

in HCC liver (𝑝 < 0.05) could be recovered to the values
observed in case of the normal liver due to the Fisetin
treatment to the HCC group rats.

4. Discussion

With regard to tumor development, oxidative stress is now
evident to act as a double edged sword; some amount
of oxidative stress stimulates tumor growth [35]; however,
persistently enhanced oxidative stress, generated mainly

due to depleted endogenous antioxidant system, has been
demonstrated to induce apoptosis in the tumor cells in vitro
[36] and in vivo as well [37, 38]. As such, this mechanism,
although it needs to be confirmed in case of a higher number
of in vivo tumor models, provides a biochemical basis to
design therapy targeted to modulate antioxidant system in
the tumor cells. In a recent report from this lab, it has
been demonstrated that AFB1 induced hepatocarcinogenesis
also implicates oxidative stress imposed due to decrease in
the levels of all the antioxidant enzymes [15]. Moreover, it
was interesting to observe that Fisetin, a dietary flavonol, is
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able to bring down the enhanced level of GST-pi, a HCC
marker (Figure 1(b)), and could reduce the neoplastic lesions
(FAH areas) in the HCC liver significantly (Figure 1(a)). In
general, both GST-pi level and appearance of FAH regions
are considered end point parameters to ascertain genotoxin
induced HCC development in rat models [5, 15] and, thus,
it was argued that Fisetin is able to regress AFB1 induced
HCC in rats. However, since this pattern was consistent with
the reversal of the enhanced ROS level in those HCC livers
(Figure 2(a)), attempt was made to explore whether Fisetin
regresses HCC by modulating antioxidant enzymes in the
HCC liver in vivo.

Structurally, due to possession of three OH groups
around, Fisetin is primarily known as a potent free radical
scavenger [39]. In the present context, however, Fisetin was
found not only to normalize ROS level but also to regain the
level of depleted glutathione in the HCC liver (Figure 2(b)).
This hinted at the multimodal action of Fisetin towards
maintaining antioxidant milieu in the HCC cells. Indeed,
some in vitro studies suggest that this compound is able
to modulate different tumorigenic factors [27] including
endogenous antioxidant factors at cellular level [30].

Mainly, the three antioxidant enzymes, SOD, catalase, and
GPx, constitute central antioxidant mechanism to prevent
oxidative insult at cellular level. SOD is the first enzyme of
the antioxidant pathway that catalyzes dismutation of O

2

−

into a less toxic H
2
O
2
compound [12]. Out of the two main

SOD isoforms, SOD1 and SOD2, the level of SOD1 is found
to be more critical in ROS mediated cancer progression [11].
It has been reported that reduced level of SOD1 facilitates
genotoxin induced tumorigenesis viamaintaining a high level
of O
2

− whereas increased SOD1 level has been demonstrated
to attenuate this process [40, 41]. In the present context also,
the HCC associated low level of SOD1 and consequently
increased level of ROS in the AFB1 induced HCC liver could
be recovered to their respective normal levels due to the
treatment with Fisetin (Figures 3(a) and 3(b)).

Although H
2
O
2
, produced by SOD1, is considered rel-

atively less toxic, its rise has been found to support the
genotoxin induced tumorigenesis including AFB1 induced
HCC as well [15, 42]. Therefore, its degradation by the two
downstream enzymes, catalase and GPx, becomes equally
critical for preventing oxidative stress induced tumorigenesis.
It has been demonstrated that enhanced level of GPx alone
can prevent oxidative insult in SOD1 and catalase dual
suppressed cells, thereby suggesting concordant roles of these
three antioxidant enzymes in tumor progression/regression
[43, 44]. Since declined levels of both GPx and catalase,
reported in case of AFB1 induced HCC [15], are recovered
back to their normal levels due to the Fisetin treatment
(Figures 4(b) and 4(a)), it may be discerned that Fisetin
modulates all the three antioxidant enzymes to prevent rise
in tumor supportive ROS level in the HCC liver.

In addition to preventing a rise in ROS level, GPx activity
contributes to maintaining the level of reducing equivalents
in the form of glutathione in the cell [45, 46]. This is because
GPx catalyzed reaction involves glutathione turnover in the
cells [47]. A relative decrease in glutathione level has also
been found to be associated with the rise in ROS level during

genotoxins induced tumorigenesis, which could be prevented
due to the exogenous glutathione administration [48]. We
could also observe that AFB1 induced HCC progression is
accompanied with the declined glutathione level in the AFB1
inducedHCC liver [15]. However, its level in thoseHCC livers
was recovered due to the Fisetin treatment (Figure 1(b)).

Taken together, the findings of Figures 3 and 4 suggest
that Fisetin modulates concordantly all the enzymes of
antioxidant pathway which could account for prevention of
ROS mediated HCC progression in the AFB1 treated rats.
Though information is scanty about alterations in antiox-
idant enzymes by Fisetin in in vivo tumor models, it has
been described that this compound does modulate oxidative
factors against benzopyrene induced lung carcinoma in mice
[32].

There could be more than one mechanism by which
oxidative stress drives a cell towards neoplastic progres-
sion. Moreover, in case of genotoxin induced tumorigenesis,
implication of oxidative stress-inflammatory pathway has
been found to be the most plausible one [23, 49]. Using
DEN induced HCC model, it has been speculated that
oxidative stress is likely to induce local hepatocytes necrosis,
thereby secreting certain proinflammatory cytokines around,
which ultimately drives the neighboring cells to undergo
compensatory proliferation and thus HCC progression [5].
Indeed, this pathway has recently been found to drive AFB1
intoxicated hepatocytes towards HCC progression as well
[15]. Therefore, it was reasonable to examine whether Fisetin
is able to modulate HCC associated inflammatory factors in
the AFB1 induced HCC liver.

Among the inflammatory cytokines, TNF𝛼 has been
givenmuch attention because its deficiency has been demon-
strated to prevent formation of neoplastic lesions during
DEN induced hepatocarcinogenesis [17, 18]. IL1𝛼 is another
cytokine which has been found to be implicated in the
oxidative stress led necrotic death and consequently tumor
progression [5]. Concordant with the declined levels of all
the antioxidant enzymes, both of these cytokines have also
been found to be overexpressed in the AFB1 induced HCC
liver [15]. Not much information is available to derive a
mechanistic link for reciprocal changes between antioxidant
enzymes and the inflammatory factors; in a human cell line,
it has been reported that enhanced TNF𝛼 represses SOD1
promoter activity via JNK/AP-1 signaling pathway [21]. It
is reported here that Fisetin treatment could decline the
enhanced level of both TNF𝛼 and IL1𝛼 (Figure 5), which is
consistent with recovery in SOD1 activity (Figure 3), declined
ROS level (Figure 2(a)), and HCC regression (Figure 1).
Thus, it is argued that this compound could normalize
proinflammatory-antioxidant pathway by declining TNF𝛼
expression and thus preventing SOD1 depletion in the HCC
liver.

5. Conclusion

Targeting tumor growth associated biochemical events by
nontoxic compounds is an evolving concept in cancer
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chemotherapy. In case of genotoxicity mediated tumorigen-
esis, imposition of oxidative stress is considered critical for
driving a normal cell to undergo neoplastic progression in
vivo. This paper describes that a nontoxic dose (examined on
normal rats) of Fisetin, a natural flavanol, is able to normalize
ROS led inflammatory pathway of AFB1 induced hepatocar-
cinogenesis in rats. And it does so bymodulating the enzymes
of the main antioxidant pathway in the HCC cells. The
findings suggest that modulating antioxidant enzymes and
proinflammatory factors could be the relevant mechanisms
to inhibit tumor development in vivo.
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Nrf2 (NF-E2-related factor 2) pathway and autophagy both can respond to oxidative stress to promote cancer cells to survive in the
tumor microenvironment. We, therefore, explored the relevance between Nrf2 pathway and autophagy in pancreatic cancer cells
upon stimulation of reactive oxygen species (ROS). Pancreatic cancer cells were cultured under controlled ROS stressing condition
or basal condition. Different inhibitors were used to prevent autophagy at particular stages. Nrf2 siRNA was used to inhibit Nrf2
pathway activation. Ad-mRFP-GFP-LC3 infection was used to monitor autophagic flux. The result shows that a small amount of
exogenous hydrogen peroxide (H

2
O
2
) can significantly improve the level of intracellular ROS. Moreover, our findings indicate

that ROS promotes the activation of both Nrf2 pathway and autophagy in pancreatic cancer cells. Moreover, our data demonstrate
that suppression of autophagic activity at particular stages results in an increased promotion of Nrf2 pathway activation upon
ROS stimulation. Furthermore, we found that silencing of Nrf2 promotes autophagy upon ROS stimulation. In addition, Nrf2
interference effectively promotes autophagic flux upon ROS stimulation. In summary, our findings suggest that Nrf2 pathway and
autophagy have a negative interaction with each other upon ROS stimulation.

1. Introduction

Autophagy is an evolutionary conserved lysosomal degrada-
tion process in which the cells degrade long-lived proteins,
misfolded proteins, and damaged cytoplasmic organelles for
recycling [1]. Autophagy has been considered to maintain
the cellular homeostasis and adaption to stressed conditions
such as oxidative stress, nutrient starvation, and hypoxia [1–
4]. For its many important roles, it is not surprising that
impaired autophagic function promotes the progression of
cancer. However, cancer cells break down cellular damaged
organelles and accumulated proteins by autophagy, allowing
the catabolites to be recycled and thus used for biosynthesis
and energymetabolism to cope with the stressing conditions,
which is essential to enable cancer cells to survive [5, 6].

It has been considered that Nrf2, a transcriptional factor,
is an adaptive cellular response to protect cells against oxi-
dative stress. Nrf2 is targeted by Keap1 (Kelch-like ECH-asso-
ciated protein1) for ubiquitylation and proteasomal degra-
dation under normal condition [7]. When faced with cel-
lular stressing signals (e.g., oxidative stress), the interaction
between Nrf2 and Keap1 is disrupted, resulting in Nrf2
stabilization and translocation fromcytoplasm to the nucleus,
which is regarded as canonical way of Nrf2 activation [8].
As a result, the nuclear Nrf2 binds to antioxidant response
elements (AREs) or electrophile response elements (EpREs)
to deal with the stressing signals [9–11]. High levels of Nrf2
have been observed in many cancers, including head and
neck, gall bladder, lung cancer, and colorectal cancer [12–14],

Hindawi Publishing Corporation
Oxidative Medicine and Cellular Longevity
Volume 2016, Article ID 3897250, 11 pages
http://dx.doi.org/10.1155/2016/3897250

http://dx.doi.org/10.1155/2016/3897250


2 Oxidative Medicine and Cellular Longevity

which promote the growth and survival of cancer cells under
stressing conditions. Nrf2 pathway and autophagy both have
the ability to antagonize cellular stressing signals by pro-
moting a series of antioxidant programs. Furthermore, stud-
ies have shown that Nrf2 and autophagy both contribute to
the chemoresistance [15–18].

The relationship between the Nrf2 pathway and auto-
phagy has been explored in recent years, and researchers
found that the association between them mainly relied on
p62/SQSTM1, an adaptor for selective autophagy, and Keap1
[19–21]. Inhibition of autophagy leads to accumulation of
p62. P62 works to sequester Keap1 into the autophago-
somes, inhibiting the ubiquitylation of Nrf2, resulting in the
noncanonical activation of Nrf2 [19–21]. Many studies have
shown that cancer cells accumulate more reactive oxygen
species (ROS) than normal cells [22, 23]. Consistent with
other researchers, we found that the level of ROS in pancreatic
cancer cells had elevated along with the increasing metastatic
ability [24]. With the increased ROS, cancer cells induce
antioxidant programs to set a new redox balance, resulting
in cellular adaptation. Studies have shown that autophagic
inhibitor (chloroquine) caused accumulatedROS in cells, and
downstream of Atg1, FIP200-(Atg17 homologue) knockout
livers, and Atg5- and Atg7-knockout cells both increase
ROS production [25–30]. On the basis of these results,
we hypothesized that there is a possibility that autophagy
inhibition not only leads to accumulation of p62 to activate
Nrf2 pathway by a noncanonical way but also increase ROS
production to directly activate Nrf2 pathway.

In addition, another study indicated thatNrf2 could lower
the level of intracellular ROS [31]. Thus, we speculated that
the relationship between Nrf2 pathway and autophagy could
not be a simple upstream or downstream. The mechanism
of the interaction between Nrf2 pathway and autophagy is
needed to be investigated to facilitate the discovery of new
therapies. In this study, we set pancreatic cancer cells at an
increasedROS level to simulate oxidative stress condition and
explore the relevance between Nrf2 pathway and autophagy.

2. Materials and Methods

2.1. Cell Culture and Reagents. Human pancreatic cancer
cell lines BxPc-3, PANC-1, SW1990, AsPC-1, and MiaPaCa-
2 were obtained from and validated by the Cell Bank of the
ChineseAcademyof Sciences (Shanghai, China) and cultured
as per their instructions. Briefly, cells were cultured with
a humidified atmosphere of 95% air and 5% CO

2
at 37∘C

in Dulbecco’s modified Eagle’s medium (DMEM) (HyClone,
Logan, USA) supplemented with 10% heat-inactivated fetal
bovine serum (FBS) added with 100 𝜇g/mL ampicillin and
100 𝜇g/mL streptomycin. In experiments designed to elevate
the level of intracellular ROS, H

2
O
2
was added in the serum-

free media with a final concentration of 100 𝜇mol/L for 24 h.
Different autophagic inhibitors were used in this study: 3-MA
of 5mmol/L or CQ of 40 𝜇mol/L for 24 h. Antibodies were
obtained from the following resources: anti-𝛽-actin antibody
(Santa Cruz, USA), anti-Nrf2 antibody (Abcam, USA), anti-
Beclin1 antibody (Abcam, USA), anti-LC3 antibody (Sigma,
USA), and anti-p62 antibody (Proteintech Group, USA).

Autophagic inhibitors were obtained from the following
resources: 3-MA (HanBio, China) and CQ (Sigma, USA).

2.2. Cell Proliferation Analysis. PANC-1 cells were seeded
in 96-well plates at the point of 24 h prior to the serum
free incubation at an amount of 5–10 × 103 cells per well.
Following the serum starvation of 24 h, cells weremaintained
in medium with concentrations of H

2
O
2
ranging from 100

to 400 𝜇mol/L. At the time point of 24 h, 48 h, or 72 h, the
medium in each well was removed, and then MTT reagent
(3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bro-
mide) was added. After incubation of 4 h at 37∘C, DMSO
was added to each well with an amount of 150 𝜇L. The
microplate reader (BIO-TEC Inc, VA) was used to measure
the optical densities (OD) at 490 nm. The proliferation rate
was determined as OD (cells plate)/OD (blank plate).

2.3. Detection of Intracellular ROS. The level of intracellular
ROS was detected using an oxidation-sensitive fluorescent
probe (DCFH-DA). After treatment with H

2
O
2
100 𝜇mol/L

or not, PANC-1 cells were washed twice with PBS. Then
cells were incubated with 10 𝜇mol/L DCFH-DA for 20min
at 37∘C according to the manufacturer’s instructions. DCFH-
DA was oxidized to the fluorescent compound 2, 7-dichlo-
rofluorescein (DCF) in the presence of ROS. DCF fluo-
rescence was detected by FACScan flow cytometer (Becton
Dickinson). 10 000 events were collected for each sample.

2.4. RNA Extraction and Quantitative Real-Time PCR. Total
RNA was extracted from pancreatic cancer cells by Trizol
reagent (Invitrogen, CA, USA) according to the manufac-
turer’s instructions. Reverse transcription was carried out
using a PrimeScript RT reagent Kit (TaKaRa, Dalian, China),
and the real-time PCR assay was performedwith an iQ5Mul-
ticolor real-time PCR Detection System (Bio-Rad, Hercules,
CA, USA) and a SYBR Green PCR Kit (TaKaRa) followed by
their manufacturer’s instructions.The PCR primer sequences
of Nrf2, Beclin1, LC3 and 𝛽-actin are shown in Supplemen-
tary Table S1 in Supplementary Material available online at
http://dx.doi.org/10.1155/2016/3897250. For all real-time PCR
analyses, 𝛽-actin was used as a normalization control to
quantify the relative expression of the target gene.

2.5. RNA Interference. Six siRNAs for NRF2 (Supplemen-
tary Table S2) were purchased from GenePharm (Shanghai,
China). Cells were seeded in six orifice plates with an amount
of 2× 105 per well and transfected with a final concentration
of 100 nM siRNA using Lipofectamine RNAi MAX Reagent
(Invitrogen, CA, USA) according to the manufacturer’s
instructions. After transfection, cells were used for further
study at the time point of 48 h.

2.6. Western Blot. The protein levels of Nrf2, Beclin1, LC3,
and p62 were quantified by semiquantitative densitometric
analysis. Cell samples were lysed in RIPA, and a BCA protein
assay kit was used to determine the protein concentration.
Briefly, the total protein lysates were separated on 12% SDS-
PAGE gels for detecting Nrf2, Beclin1, LC3, and p62. Then
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the proteins were transferred to polyvinylidene difluoride
(PVDF) membranes, blocked with 5% skimmed milk for 2 h
at room temperature, and then immunoblotted with rabbit
polyclonal anti-human antibodies against 𝛽-actin (1 : 1000),
Nrf2 (1 : 1000), Beclin1 (1 : 1000), LC3 (1 : 1000), and p62
(1 : 1500) overnight at 4∘C.This was followed by application of
a goat anti-rabbit peroxidase conjugated secondary antibody
(1 : 5000, Santa Cruz) for 2 h at 37∘C. Then the bands were
detected using the enhanced chemiluminescence system and
Quantity One image analysis software was used to measure
the band intensity. The housekeeping protein 𝛽-actin was
used for loading control. For result analysis, we normalized
the band intensity of target protein to 𝛽-actin in each sample,
and then we normalized the relative target protein expression
level of treated group to its control group.

2.7. Immunofluorescence. The cells were washed with phos-
phate-buffered saline (PBS) for three times, fixed with 4%
paraformaldehyde for 20min at room temperature, perme-
abilized with 0.5% Triton X-100 for 10min, and then blocked
with 1% bovine serum albumin (BSA) for 1 h at room temper-
ature. Next, cells were incubated with rabbit polyclonal anti-
human antibodies against Nrf2 (1 : 150), Beclin1 (1 : 150), and
LC3 (1 : 150) at 4∘C overnight, respectively. After that, cells
were washed and incubated with goat anti-rabbit dylight 594
(red) IgG antibody (QENSHARE BIOLOGICAL Inc., Xi’an,
China) or goat anti-rabbit FITC (green) IgG antibody (ZSGB-
BIO Inc., Beijing, China) at 1 : 150 dilution for 60min at
room temperature. Nuclei were stained with 4,6-diamidino-
2-phenylindole for 5min. Cells were visualized with the
fluorescent microscope (Nikon Eclipse Ti-s, Japan) using
appropriate excitation wavelength.

2.8. AutophagyDetectionUsingmRFP-GFPAdenoviral Vector.
Ad-mRFP-GFP-LC3 was purchased from HanBio Technol-
ogy Co. Ltd. (HanBio, shanghai, China) and the process of
adenoviral infection was implemented according to the man-
ufacturer’s instructions. PANC-1 cells were plated in six ori-
fice plates and determined to reach at the desired confluency
of 50%–70% at the time of infection.Then, cells were cultured
in DMEM supplemented with 2% FBS with the adenoviruses
at a final MOI of 60 for 2 h at 37∘C. After infection, cells
were grown in medium with 10% FBS and used for further
study at the time point of 48 h. Autophagy was observed
under a fluorescence microscope (Nikon Eclipse Ti-s, Japan).
Autophagic flux was determined by evaluating the number of
GFP and RFP puncta (puncta/cell were counted).

2.9. Live Cell Microscopy and Imaging. For live cell imaging,
PANC-1 cells infected with Ad-mRFP-GFP-LC3 were grown
on glass-bottom dishes (MatTek). Then, the cells were trans-
fected with Nrf2 siRNA. After transfection, cells were treated
with ROS stimulation and observed by Live Cell Imaging
Confocal Scanner System according to the manufacturer’s
instructions. Briefly, cells were maintained in a 5% CO

2

chamber at 37∘C through the acquisition. Three random
positions of the cells were selected to monitor the process
of autophagy. Cells were visualized with the fluorescent

microscope using appropriate excitation wavelength, and
images for the three selected positions were acquired at the
beginning and the time point of 24 h.

2.10. Statistical Analysis. All experiments were repeated at
least three times. Data are presented as Mean ± SD. Statistical
analyses were performed using the Statistical Package for
Social Science (SPSS) version 17.0 (SPSS Inc., Chicago, IL,
USA). Student’s 𝑡-test and one-way ANOVA with the LSD
post hoc test were used to evaluate the differences of pre-
sented data. The overall 𝑃 values presented here were two-
sided.The significance level was set at a𝑃 value less than 0.05.
In all figures, (∗) denotes 𝑃 < 0.05.

3. Results

3.1. Expression of Nrf2 in Pancreatic Cancer Cell Lines. To
explore the possible roles of Nrf2 pathway and autophagy
under oxidative stress in pancreatic cancer cell lines, we first
detected the expression of Nrf2 in 5 pancreatic cancer cell
lines (BxPc-3, PANC-1, SW1990, AsPC-1, and MiaPaCa-2)
by Western blot and real-time PCR analyses, respectively
(Figures 1(a)-1(b)). We found that Nrf2 expression and tran-
scription were the strongest in PANC-1 cells but the weakest
in BxPc-3 and AsPC-1 cells.

3.2. Expression of Autophagic Related Protein Level in Pancre-
atic Cancer Cells. Beclin1 and LC3 were conducted to detect
the autophagic activity of pancreatic cancer cells for their
important roles in autophagy. We detected the expression of
Beclin1 and LC3 in 5 pancreatic cancer cell lines (BxPc-3,
PANC-1, SW1990, AsPC-1, and MiaPaCa-2) by Western blot
and real-time PCR analyses, respectively (Figures 2(a)–2(c)).
We found that the expression of Beclin1 and LC3-II protein
and also Beclin1 and LC3 transcription were all the strongest
in PANC-1 cells. Therefore, we chose the cell line of PANC-1
for further study.

3.3. H2O2 Induces Increased Generation of ROS in PANC-1
Cells. To elevate the level of intracellular ROS in PANC-1
cells, exogenous hydrogen peroxide (H

2
O
2
) was used to treat

cells. H
2
O
2
is a prototypic reactive oxygen species (ROS) gen-

erated as a by-product of the normal oxidative metabolism.
At low concentrations, H

2
O
2
acts as a survival molecule, but

at high concentrations it can lead to irreversible damage,
followed by cell death. With the increased concentration
of H
2
O
2
in serum-free medium, the capacity of inhibiting

proliferation for PANC-1 cells became more apparent. Ulti-
mately, we selected 100 𝜇mol/L as the optimumconcentration
through the MTT assay (Figure S1). Then, we observed that
a large number of cancer cells died after 48 h when treated
with 100 𝜇mol/L H

2
O
2
. Thus, we choose 24 h as the optimal

H
2
O
2
treated time. Flow cytometry was used to detect the

intracellular ROS level in PANC-1 cells (Figure S2). The
results showed that a small amount of exogenous H

2
O
2
can

significantly improve the level of intracellular ROS.



4 Oxidative Medicine and Cellular Longevity

BxPc-3 PANC-1 SW1990 AsPC-1 MiaPaCa-2

Nrf2

𝛽-actin

(a)

Re
lat

iv
e N

rf2
 m

RN
A

 ex
pr

es
sio

n

0.0

0.5

1.0

1.5

2.0

BxPc-3 PANC-1 SW1990 AsPC-1 MiaPaCa-2

(b)

Figure 1: The expression of Nrf2 in pancreatic cancer cells. (a) The expression of Nrf2 at protein level in BxPc-3, PANC-1, SW1990, AsPC-1,
and MiaPaCa-2 cells was evaluated by Western blotting. (b) The expression of Nrf2 mRNA level was estimated in 5 pancreatic cancer cell
lines by qRT-PCR. The data are presented as Mean ± SD for three independent experiments. The bar graph below shows the relative mRNA
expression levels among the cell lines. Column: Mean; bar: SD.
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Figure 2: The expression of Beclin1 and LC3 in pancreatic cancer cells. (a) The expression of Beclin1 and LC3-II protein in BxPc-3, PANC-1,
SW1990, AsPC-1, andMiaPaCa-2 cells was evaluated byWestern blotting. (b-c)The expression of Beclin1 and LC3mRNA level was estimated
in 5 pancreatic cancer cell lines by qRT-PCR.The data are presented as Mean ± SD for three independent experiments. The bar graph shows
the relative mRNA expression levels among the cell lines. Column: Mean; bar: SD.

3.4. The Influence of ROS on Nrf2 Expression and Autophagy
in PANC-1 Cells. The expression of Nrf2 and autophagic
related proteins were explored by Western blot. As shown in
Figure 3(a), treatment with H

2
O
2
(ROS) could significantly

improve the expression of Nrf2, Beclin1, and LC3-II and also
the level of p62 in PANC-1 cells. Immunofluorescence analy-
ses indicated a marked increase of Nrf2 immunofluorescence
signal in both the cytoplasm and the nucleus, suggesting that
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Figure 3: ROS stimulation induces translocation of Nrf2 to the nucleus and autophagy in PANC-1 cells. (a) The expression of Nrf2, Beclin1
and LC3-II and also the level of p62 in PANC-1 cells under basal condition and upon ROS stimulation. (b–d) Immunofluorescence images
of PANC-1 cells for Nrf2, Beclin1 and LC3 under basal condition and upon ROS stimulation. (e) Numbers of autophagosomes per cell were
counted in 10 random fields. The data are presented as Mean ± SD for three independent experiments. Column: Mean; bar: SD.
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the expression of Nrf2 and nuclear translocation of Nrf2 were
enhanced as an effect of increased ROS (Figure 3(b)). Fur-
thermore, we found a stronger immunofluorescence signal
for Beclin1 in the cytoplasm of cells upon ROS stimulation
compared with control cells, indicating that the expression
of Beclin1 was elevated by ROS (Figure 3(c)). Additionally,
LC3 changed from the diffuse state to gathered granular in
the cytoplasm (Figure 3(d)). We quantitated the occurrence
of autophagy and found that autophagosomes were signifi-
cantly promoted by ROS (Figure 3(e)). In addition, for the
accumulation of p62 reflects the inhibition of autophagy, the
increased level of p62 in our study indicated that ROS induces
the p62 transcription.

3.5. The Influence of ROS on Nrf2 Expression in PANC-1
Cells Under Suppressed Autophagy. To explore the effect of
ROS on Nrf2 pathway when the autophagic activity was
suppressed, we used different inhibitors (3-methyladenine: 3-
MA and chloroquine: CQ) to prevent autophagy in PANC-1
cells at particular stages. 3-MA has been used to prevent the
formation of autophagosomal precursors at the early stage of
autophagy as an inhibitor of class III phosphatidylinositol 3-
kinase and CQ, a lysosomotropic weak base, could inhibit
the fusion of autophagosome with lysosome to prevent the
process of autophagy [32]. As shown in Figure 4(a), we
found that the treatment of 3-MA inhibited the expression of
Beclin1, and CQ lead to accumulation of LC3-II in basal state.
These results indicated that 3-MA and CQ both can inhibit
the autophagic activity. Moreover, Western blot was used to
detect the expression ofNrf2, Beclin1, and LC3-II and also the
level of p62 when cells were under basal condition and upon
ROS stimulation with or without 3-MA or CQ.We found that
the treatment of 3-MA effectively arrested the ROS-induced
autophagic activation determined by low Beclin1 expression
and accumulation of p62. Similarly, CQ prevented the ROS-
induced autophagy characterized as accumulation of LC3-II
and p62 (Figure 4(b)).

Both inhibition and blockage of autophagy at particular
stages caused a marked increase in the expression level of
Nrf2 upon ROS stimulation (Figure 4(b)). Additionally, the
expression of Nrf2 in the cytoplasm and the nuclear translo-
cation of Nrf2 were both enhanced as an effect of autophagic
inhibitor treatment upon ROS exposure, as demonstrated by
immunofluorescence (Figure 4(c)). These findings indicated
that suppression of autophagic activity results in an increased
promotion of Nrf2 pathway upon ROS stimulation in PANC-
1 cells.

3.6. The Influence of ROS on Autophagy in PANC-1 Cells
Transfected with Nrf2 siRNA. To confirm if Nrf2 pathway
could regulate autophagy under the treatment of ROS, Nrf2
siRNA was applied to knock down Nrf2 in PANC-1 cells
(Figure 5(a)). Using fluorescence microscope, we found that
the transfection efficiency is up to 98% (Figure S3A). Next,
we screened appropriate siRNA sequence with RT-PCR and
Western blot from six designed Nrf2 siRNAs. The result
showed that the inhibition efficiency of NRF2-homo-1498
was the most efficient (Figure S3B-C).

We detected the expression of autophagic related proteins
when Nrf2 siRNA-PANC-1 cells were faced with ROS stimu-
lation byWestern blot and immunofluorescence. As shown in
Figure 5(b), silencing of Nrf2 resulted in significant increase
in the expression of Beclin1 and LC3-II after ROS interven-
tion; similar results were detected using immunofluorescence
(Figure 5(c)). Furthermore, we found a significant increase in
gathered granular of LC3 in the cytoplasmwhenPANC-1 cells
transfected with Nrf2 siRNA compared with NC siRNA upon
ROS exposure, as demonstrated by immunofluorescence
(Figure 5(d)). Additionally, we quantitated the occurrence of
autophagy and found that autophagosomes were significantly
promoted as a result of Nrf2 knockdown (Figure 5(e)).

P62, a link between LC3 and ubiquitinated substrates,
could be successfully degraded by autophagy [33]. To deter-
mine whether silencing of Nrf2 promotes the exact autoph-
agic flux of PANC-1 cells upon ROS stimulation,Western blot
detection of p62 was used to assess the capacity of autophagic
flux. As shown in Figure 5(b), the level of p62 protein was
decreased as an effect of silencing of Nrf2 in PANC-1 cells
upon ROS exposure. These findings indicated that silencing
of Nrf2 promotes autophagic flux upon ROS stimulation in
PANC-1 cells.

3.7. Silencing of Nrf2 in PANC-1 Cells upon ROS Stimulation
Enhances Autophagic Flux by Promoting Autolysosome For-
mation. As autophagy is a dynamic process, the detection of
LC3 processing byWestern blot and formation of autophago-
somes by fluorescence to monitor autophagic activity is
insufficient to determine the entire autophagic system. For
example, the increased autophagosomes could suggest either
autophagic activation or an inhibition of lysosomal degra-
dation [34]. Therefore, to further confirm that the silencing
of Nrf2 promotes the progression of complete process of
autophagy (autophagic flux) uponROS stimulation in PANC-
1 cells, we observed live cells infected with the Ad-mRFP-
GFP-LC3 to differentiate the autophagosome and autolyso-
some during autophagy.The assay takes advantage of the sta-
bility of red fluorescent protein (RFP) under acidic conditions
and the acid-sensitive green fluorescent protein (GFP) and
also the pHdifference between autophagosome and autolyso-
some. Quenching of GFP and maintaining of RFP which
exhibits red puncta could represent the autolysosome by
indicating the fusion of autophagosomewith acidic lysosomal
compartment. However, maintaining of both GFP and RFP
which exhibits yellow puncta could represent the autophago-
some. Live Cell Imaging Confocal Scanner System was used
to observe the autophagic flux of the same cells treatedwith or
without ROS. As shown in Figures 6(a)-6(b), we found a suc-
cessful introduction of this adenovirus displaying both fluo-
rescent proteins when cells were infected with the Ad-mRFP-
GFP-LC3. The results indicated marked fold increases of the
autophagosomes and autophagosomes in both Nrf2 siRNA
and NC siRNA-transfected PANC-1 cells when faced with
ROS stimulation, but the Nrf2 siRNA-transfected PANC-1
cells tend to have the higher fold increase which suggests that
inhibition of Nrf2 further promote the autophagic flux upon
ROS stimulation (Figures 6(c)-6(d)). These results further
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Figure 4: Suppression of autophagic activity enhances Nrf2 expression and translocation of Nrf2 to the nucleus upon ROS stimulation in
PANC-1 cells. (a) The expression of Beclin1 and LC3-II treated with or without 3-MA or CQ in the absence of ROS. (b) The expression of
Nrf2, Beclin1, and LC3-II and also the level of p62 in pancreatic cancer cells under basal condition and upon ROS stimulation with or without
3-MA or CQ. (c) Immunofluorescence images of PANC-1 cells for Nrf2 under basal condition and upon ROS stimulation with or without
3-MA or CQ.
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Figure 5: Silencing of Nrf2 promotes autophagy upon ROS stimulation in PANC-1 cells. (a) Western blot detection of Nrf2 in siRNA-
transfected PANC-1 cells. (b)The expression of Beclin1 and LC3-II and also the level of p62 inNrf2 siRNA-transfected PANC-1 cells uponROS
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Figure 6: Silencing of Nrf2 in PANC-1 cells upon ROS stimulation promotes autolysosome formation. (a) PANC-1 cells were infected with
the Ad-mRFP-GFP-LC3.Then, the cells were transfected with Nrf2 siRNA, treated with ROS stimulation, and observed by Live Cell Imaging
Confocal Scanner System. (b) PANC-1 cells were infected with the Ad-mRFP-GFP-LC3. Then, the cells were transfected with NC siRNA,
treated with ROS stimulation, and observed by Live Cell Imaging Confocal Scanner System. (c-d) Numbers of puncta in the same cell was
determined when cells were under basal condition and upon ROS stimulation. Cells were counted in 10 random fields. The data of fold
increase are presented as Mean ± SD for three independent experiments. Column: Mean; bar: SD.

confirmed that silencing of Nrf2 promotes autophagic flux
upon ROS stimulation in PANC-1 cells.

4. Discussion

In the present study, we have provided direct evidence that
Nrf2 pathway and autophagy have a negative interaction with
each other in pancreatic cancer cells upon ROS stimulation.
We have successfully set a model with ROS stress to better
study the relevance of Nrf2 pathway and autophagy in pan-
creatic cancer cells.

It has been shown that high expression levels of Nrf2
have been observed in many cancers, including head and
neck, gall bladder, lung, pancreas, and colorectal cancer [12,
14, 35, 36]. Moreover, the research of Yang et al. indicates
a higher autophagic level in pancreatic cancer [6]. Nrf2
and autophagy both benefit the progression of pancreatic
cancer. As we know, loss of autophagic function leads to
accumulation of p62 which acts to sequester Keap1 into

the autophagosomes, inhibiting the ubiquitylation of Nrf2,
resulting in the noncanonical activation of Nrf2. However,
it has been demonstrated that persistent activation of Nrf2
is critical for liver tumorigenesis that occur in mice with
autophagy-deficient hepatocyte [37]. Moreover, Riley et al.
consider that the accumulation of poly-Ub chains in circum-
stances with defects in autophagy is an indirect consequence
of activation of Nrf2 [38]. Persistent activation of Nrf2 results
in tumorigenesis, in this way, the Nrf2 inhibitors can be
used to inhibit the persistent Nrf2 activation induced by
loss of autophagic function to prevent the progression of
pancreatic cancer. Meanwhile, a study showed that inhibition
of autophagy leads to robust tumor regression and prolonged
survival in pancreatic cancer xenografts and genetic mouse
models. It seems that the inhibition of autophagy combined
with Nrf2 inhibitors would be more effective to prevent
the progression of pancreatic cancer due to its dark side of
activating Nrf2 pathway.
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Since the nutrient-limited environment in pancreatic
cancer cells could lead to elevated ROS level, followed by
activation of both Nrf2 pathway and autophagy, they may
be involved in the protection of cells against oxidative stress.
Low level of ROS could promote the antioxidant production
and the tumor growth in cancer cells, but further increased
production of ROS and/or decrease in antioxidant capacity
would lead to the imbalance in oxidant-antioxidant system
of cancer cells, resulting in cell death [39]. Some evidence
indicated that Nrf2 has the ability to lower intracellular ROS
by its antioxidant program [31]. For autophagy, its function
of removing damaged organelles and accumulated proteins
could prevent the further increase of ROS. Taken together,
Nrf2 pathway and autophagy are required coordinately
reducing the intracellular ROS accumulation to ensure the
survival of pancreatic cancer cells, but their inner relationship
is unclear. It is puzzling whether Nrf2 pathway or autophagy
is the upstream regulator to modulate the other one. To
make it clear, we first used exogenous H

2
O
2
to improve

the level of intracellular ROS, which resulted in activation
of both Nrf2 pathway and autophagy. Then, for the several
steps of autophagic process, different inhibitors (3-MA and
CQ) were used to prevent autophagy at early or late stage,
and the result showed that suppression of autophagic activity
at different stages lead to an increased promotion of Nrf2
pathway.This indicates that when faced with oxidative stress,
if the autophagic function of cancer cell is suppressed, the
further activation of Nrf2 pathway is required to respond to
excessive ROS to help cancer cell to survive.

On the other hand, we showed that silencing of Nrf2
resulted in significant increase in the expression of Beclin1
and LC3-II, which suggest that Nrf2 pathway regulates
autophagy at both the initial and the final steps. As autophagy
is a dynamic process, Western blot detection of p62 and Ad-
mRFP-GFP-LC3 infection were used to monitor the change
of autophagic flux after Nrf2 knockdown. Interestingly, our
findings showed that silencing of Nrf2 promotes the exact
autophagic flux.This indicates that when faced with oxidative
stress, if the activation of Nrf2 pathway in cancer cell is
repressed, the further promotion of effective autophagic
flux is required to deal with the ROS mediated damage to
avoid cell death. Thus, the relationship between Nrf2 path-
way and autophagy cannot be a simple upstream or down-
stream. Taken together, when we regard ROS as the key
factor, Nrf2 pathway and autophagy would be in a negative
interaction with each other, and autophagy inhibition not
only leads to accumulation of p62 to activate Nrf2 pathway
by a noncanonical way but also increase ROS production to
directly activate Nrf2 pathway.

Antioxidant programs inhibit excessive ROS production
to maintain pancreatic cancer cells at quiescent state, causing
chemotherapeutic and radio therapeutic resistance [40, 41].
We suggest that cancer cells with higher activated Nrf2 path-
way and autophagymay have stronger ability to survive under
oxidative stress due to their capacity to lower intracellular
ROS. Combined with their negative interaction with each
other, we suggest that novel drug targets for coinhibition of
Nrf2 pathway and autophagy may be a potential therapy for
preventing the progression of pancreatic cancer.

5. Conclusions

In summary, our findings suggest that Nrf2 pathway and
autophagy have a negative interaction with each other upon
ROS stimulation, and autophagy inhibition not only leads to
accumulation of p62 to activate Nrf2 pathway by a noncanon-
ical way but also increase ROS production to directly activate
Nrf2 pathway. The demonstrated relationship between Nrf2
pathway and autophagy will advance our understanding of
the progression of pancreatic cancer induced by ROS. Thus,
novel drug targets for coinhibition of Nrf2 pathway and
autophagy may be a potential therapy for preventing the
progression of pancreatic cancer.
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Juglanthraquinone C (JC), a naturally occurring anthraquinone extracted from Juglans mandshurica, could induce apoptosis of
cancer cells.This study aims to investigate the detailed cytotoxicity mechanism of JC in HepG2 and BEL-7402 cells.The Affymetrix
HG-U133 Plus 2.0 arrays were first used to analyze the mRNA expression exposed to JC or DMSO in HepG2 cells. Consistent
with the previous results, the data indicated that JC could induce apoptosis and hyperactivated Akt. The Western blot analysis
further revealed that Akt, a well-known survival protein, was strongly activated in HepG2 and BEL-7402 cells. Furthermore, an
obvious inhibitory effect on JC-induced apoptosis was observed when the Akt levels were decreased, while the overexpression
of constitutively active mutant Akt greatly accelerated JC-induced apoptosis. The subsequent results suggested that JC treatment
suppressed nuclear localization and increased phosphorylated levels of Foxo3a, and the overexpression of Foxo3a abrogated JC-
induced apoptosis. Most importantly, the inactivation of Foxo3a induced by JC further led to an increase of intracellular ROS levels
by suppressing ROS scavenging enzymes, and the antioxidant N-acetyl-L-cysteine and catalase successfully decreased JC-induced
apoptosis. Collectively, this study demonstrated that JC induced the apoptosis of hepatocellular carcinoma (HCC) cells by activating
Akt/Foxo signaling pathway and increasing intracellular ROS levels.

1. Introduction

Juglans mandshurica Maxim (Juglandaceae) is one of the
rare species of trees used as a traditional medicine, and
many studies have reported on the screening of apoptosis-
inducing compounds isolated from J. mandshurica [1, 2].
Juglone, a major chemical constituent of J. mandshurica
Maxim [3], induces the increase of intracellular reactive
oxygen species (ROS) levels, mitochondrial dysfunction, and
elevated ratio of Bax/Bcl-2, triggering events responsible

for mitochondrial-dependent apoptosis in human leukemia
cell HL-60 [4, 5]. Plumbagin, another naphthoquinone,
reduces a change in Bcl-2/Bax ratios, resulting in mitochon-
drial membrane potential loss, Cytochrome 𝑐 release, and
caspase-9 activation, triggering the mitochondrial apoptosis
[6]. Juglanthraquinone C (JC), a new naturally occurring
anthraquinone compound isolated from the stem bark of
J. mandshurica, was reported to have significant anticancer
effects by inducing S-phase arrest and mitochondrion-
dependent apoptosis [7]. However, the underlying signal
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transduction pathways that mediated JC-induced cell apop-
tosis were still unknown.

The induction of apoptosis is a major mechanism of
cancer therapeutics, and it is a constitutive suicide program
triggered by a variety of extrinsic and intrinsic signals. The
tumor necrosis factor (TNF) acts via the tumor necrosis
factor receptor (TNFR) and is a part of the extrinsic pathway
for triggering apoptosis [8]. TNFR can recruit the adaptor
proteins Fas-associated death domain (FADD) that can trig-
ger the caspase cascade, irreversibly sensitizing the cell to
apoptosis [9]. Mitochondrial apoptosis is the best-known
intrinsic apoptosis pathway [10]. Mitogen-activated protein
kinase (MAPK) signaling pathways, including extracellu-
lar signal-regulated protein kinase 1/2 (ERK1/2), c-Jun N-
terminal kinase (JNK), and p38 MAPK (p38), can trigger
mitochondrial apoptosis. High glucose also can induce apop-
tosis in HepG2 cells through activating the ASK1-p38/JNK
pathway [11].

Akt or protein kinase B, a 57-kDa Ser/Thr kinase, is
activated by extracellular signals. Akt is frequently activated
in cancer cells, and its activation promotes cell proliferation
and provides protection from apoptosis [12]. But hyperacti-
vated Akt induces premature senescence and sensitizes cells
to ROS-mediated apoptosis by increasing intracellular ROS
through increased oxygen consumption and by inhibiting the
expression of ROS scavengers downstream of Foxo [13]. Foxo
is directly phosphorylated by Akt, and then its transcrip-
tional activity is inhibited. Foxo3a is a member of forkhead
transcription factors (Foxos) and plays an important role in
protecting cells against oxidative stress through regulating
ROS scavengers, including superoxide dismutase 2 (SOD2)
and catalase. In normal cells, low amounts of ROS are
eliminated by nonenzymatic and enzymatic antioxidizing
agents such as glutathione, thioredoxin, SOD2, catalase,
and peroxidases [14]. So the inhibition of ROS scavenger
activation could cause an increase of ROS levels. High levels
of ROS cause changes in cellular adenosine triphosphate
(ATP) and Ca2+ levels and lead to the release of Cytochrome
𝑐 and mitochondrion-dependent apoptosis [15].

Hepatocellular carcinoma (HCC) constitutes one of the
most prevalent malignant diseases. The purpose of this study
is to clarify the molecular mechanisms by which JC induced
the apoptosis of HepG2 and BEL-7402 cells. Interestingly,
JC was found to induce mitochondrion-dependent apopto-
sis by activating the Akt/Foxo signaling pathway, resulting
in the apoptosis of HCC cells; this was contradictory to
the conventional role of Akt in apoptosis. Further studies
revealed that the hyperactive Akt induced by JC inhibited
Foxo transcription factors, impaired ROS scavenging, and
eventually resulted in the apoptosis of HCC cells.

2. Materials and Methods

2.1. Chemicals, Antibodies, Kits, and Reagents. JC was isolated
from the stem bark of J. mandshurica, and its chemical
structure was described by Lin et al. [16]. The purity of JC
was greater than 98% as determined by the high-performance
liquid chromatography-mass spectrometry. Antibodies

against p65, p38, p-p38, JNK, p-JNK, and Histone H1 were
purchased from Santa Cruz Biotechnology (CA, USA).
Antibodies against ERK, p-ERK, Akt, p-Akt (Ser473),
caspase-9, cleaved caspase-9, caspase-3, cleaved caspase-
3, Foxo3a, p-Foxo3a, and catalase were purchased from
Cell Signaling Technology (MA, USA). Antibody against
SOD2 was purchased from EMD Millipore Corporation
Division (MA, USA). A mouse monoclonal antibody against
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was
purchased from KangChen Bio-tech (Shanghai, China).
Dulbecco’s modified Eagle’s medium (DMEM), RPMI
medium 1640 (1640), N-acetyl-L-cysteine (NAC), PEG-
catalase, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tet-
razoliumbromide (MTT), and phosphatidylinositol-3-kinase
(PI3 K) inhibitor LY294002 were purchased from Sigma
Chemical (MO, USA). Dimethyl sulfide (DMSO) was
purchased from Ameresco (MA, USA). The one-step
TUNEL apoptosis assay kit, phorbol 12-myristate 13-acetate
(PMA), ROS assay kit, and fluorescence probe dihy-
droethidium (DHE) were purchased from Beyotime Institute
of Biotechnology (Shanghai, China). The Annexin V-FITC
Apoptosis Detection Kit was purchased from Becton,
Dickinson and Company (NJ, USA). An Akt siRNAs Kit,
including negative control (Nc), GAPDH positive control,
438, and 1191, was purchased from GenePharma (China).

2.2. Cell Culture. Human HCC cell lines HepG2 and BEL-
7402 were purchased from the Cell Bank of the Chinese
Academy of Sciences (Shanghai, China). HepG2 cells were
cultured in DMEM and the BEL-7402 cells in 1640. Both of
them were supplemented with 10% fetal bovine serum (FBS)
(Sijiqing, China) at 37∘C with 5% CO

2
.

2.3. Cytotoxicity and Proliferation Assay. Cytotoxic effects of
JC on BEL-7402 cells were tested by the MTT cell viability
assay. Briefly, BEL-7402 cells were plated in 96-well plates (8
× 103 cells/well) and routinely cultured for 12 hours. Then,
the cells were treated with various concentrations of JC or
DMSO in a medium supplemented with 3% FBS. After 48
hours of treatment, the cells were analyzed by the MTT assay
(as described in [7]).

2.4. siRNA Transfection. HepG2 and BEL-7402 cells (2 ×
105) were seeded into each well of 12-well plates with
an appropriate complete growth medium 24 hours prior
to transfection. Cells were incubated at 37∘C with 5%
CO
2
overnight and treated with 150 pmol siRNA per well.

The siRNAs were incubated with the Lipofectamine 2000
Transfection Reagent, which was purchased from Invitrogen
(CA, USA), according to the manufacturer’s instructions.
After incubation for 12 hours, cells were washed twice
with phosphate-buffered saline (PBS), and the medium was
replaced by another medium with 3% FBS and JC. Then
HCC cells were harvested and assayed. This study included
two human siRNAs (GenePharma, China) designed against
Akt (GenBank NM 001288.4) and two control siRNAs. The
sequences for control siRNAs and Akt siRNAs were as
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follows: negative control (sense: 5-UUCUCCGAACGU-
GUCACGUTT-3, antisense: 5-ACGUGACACGUUCGG-
AGAATT-3); GAPDH positive control (sense: 5-GUA-
UGACAACAGCCUCAAGTT-3, antisense: 5-CUUGAG-
GCUGUUGUCAUACTT-3); Akt siRNA 1191 (sense: 5-
GACGGGCACAUUAAGAUCATT-3, antisense: 5-UGA-
UCUUAAUGUGCCCGUCTT-3); and Akt siRNA 438
(sense: 5-GCACCUUCAUUGGCUACAATT-3, antisense:
5-UUGUAGCCAAUGAAGGUGCTT-3).

2.5. Plasmid Construction and Transfection. Human full-
length Akt and Foxo3a were cloned into the pcDNA3
basic vector. Akt (S473D) and Akt (S473A), which contain
mutations at the phosphorylation site (Ser473 to alanine or
aspartate), were generated by site-directed mutagenesis. The
primer sequences used were as follows: Akt (S473D) (sense:
5-CCGCTGGCCGAGTAGTCGAACTGGGGGAAGTG-
3, antisense: 5-CACTTCCCCCAGTTCGACTACTCG-
GCCAGCGG-3); Akt (S473A) (sense: 5-CGCTGGCCG-
AGTAGGCGAACTGGGGGAAGTG-3, antisense: 5-
CACTTCCCCCAGTTCGCCTACTCGGCCAGCG-3). To
knockdown the expression of Akt, two Akt short interfering
RNA (shRNA) vectors were created. The two shRNA
targeting Akt sequences were synthesized by GenScript. The
shRNA sequences targetingAkt were as follows: Akt#1 (sense:
5-GATCCGCTACTTCCTCCTCAAGAATGTTCAAGA-
GACATTCTTGAGGAGGAAGTAGCTTTTTTGGAAA-
3, antisense: 5-AGCTTTTCCAAAAAAGCTACT-
TCCTCCTCAAGAATGTCTCTTGAACATTCT-
TGAGGAGGAAGTAGCG-3); Akt#2 (sense: 5-
GATCCGCTGGAGAACCTCATGCTGTTCAAGAGA-
CAGCATGAGGTTCTCCAGCTTTTTTGGAAA-3,
antisense: 5-AGCTTTTCCAAAAAAGCTGGAGAACCT-
CATGCTGTCTCTTGAACAGCATGAGGTTCTCCAGC-
G-3). The oligonucleotides were inserted into the pRNAT-
U6.1/Hygro vector, which expresses hairpin sequences
utilizing the U6 RNA pol III promoter (GenScript Corpora-
tion, NJ, USA). All constructs were confirmed by DNA
sequencing. HepG2 and BEL-7402 cells (4 × 105 or 2 ×
105) per well were seeded in 6-well plates or 12-well plates,
respectively. After incubating overnight with a medium
containing 10% FBS, the aforementioned different plasmids
were transfected into the cells using Lipofectamine 2000,
according to the manufacturer’s instructions.

2.6. Apoptosis Analysis by DAPI Staining. JC-induced apop-
tosis was detected by DAPI staining.The cells were harvested
and stained with DAPI (as described in [17]). Images were
acquired using an Olympus IX71 fluorescence microscope
(Olympus, Tokyo, Japan). Apoptotic cells were morphologi-
cally defined by chromatin condensation and fragmentation.

2.7. Apoptosis Analysis by TUNEL Staining. Commercially
available one-step TUNEL apoptosis assay kits (BD Bio-
sciences, NJ, USA) were used to evaluate the apoptotic
response of HepG2 cells, according to the manufacturer’s
instructions. HepG2 cells were stained with DAPI (as
described in [17]).

2.8. Apoptosis Analysis by Annexin V-FITC/PI Double Stain-
ing. The apoptosis and necrosis ratio was analyzed using the
Annexin V-FITC Apoptosis Detection Kit, according to the
manufacturer’s instructions. Fluorescence was measured by
flow cytometer (BD Biosciences).

2.9. Western Blot Analysis. The cells were harvested, and
cytosolic and nuclear extracts were prepared. Western blot-
ting was performed as described in [18]. The membranes
were incubated overnight at 4∘C with primary antibodies
specific for p65, p38, p-p38, JNK, p-JNK, ERK, p-ERK,Akt, p-
Akt (Ser473), caspase-9, cleaved caspase-9, caspase-3, cleaved
caspase-3, Foxo3a, p-Foxo3a, catalase, SOD2, GAPDH, and
Histone H1. The membranes were subsequently visualized
using an ECL reagent (TransGen Biotech, China) and ana-
lyzed with DNR Bio-Imaging Systems (Israel).

2.10. ROS Measurement. The production of ROS was mon-
itored using the nonfluorescent probe 2,7-dichlorodihy-
drofluorescein diacetate (DCFH-DA). DCFH-DA diffuses
into cells and is deacetylated by esterases to form the nonflu-
orescent product 2,7-dichlorodihydrofluorescein (DCFH).
In the presence of ROS, DCFH reacts with ROS to form the
fluorescent product 2,7-dichlorofluorescein (DCF). HepG2
cells were treated with 8𝜇g/mL of JC for 12, 24, 36, and
48 hours. BEL-7402 cells were treated with 6.7, 8.7, and
1.05 𝜇g/mL of JC for 12 hours. DCFH-DA was diluted in
a medium at a final concentration of 10𝜇M and incubated
with microglia for 30 minutes at 37∘C in the dark. The
cells were washed twice with PBS, trypsinized, and then
resuspended in 250 𝜇L of PBS. Fluorescence was measured
at an emission wavelength of 530 nm and an excitation
wavelength of 485 nm by flow cytometry.

The intracellular ROS levels of HepG2 cells were assayed
using the fluorescence probe DHE. Intracellular DHE is oxi-
dized to ethidium,which binds toDNAand stains nuclei with
a bright fluorescent red color. HepG2 cells were seeded in 6-
well plates and pretreated with JC as previously described.
DHE was diluted in a medium at a final concentration of
10 𝜇Mand incubated withmicroglia for 30minutes at 37∘C in
the dark. The cells were washed twice with PBS, trypsinized,
and then resuspended in 250 𝜇L of PBS. Fluorescence was
measured at an emission wavelength of 370 nm and an
excitation wavelength of 420 nm by flow cytometry.

2.11. RNAExtraction andAffymetrixMicroarray. HepG2 cells
were seeded at 3.5 × 105 cells per well in 6-well plates and
treated with DMSO or 8𝜇g/mL of JC for 4 or 10 hours.
The total RNA was isolated from HepG2 cells using the
RNeasy Mini Kit (Qiagen, Hilden, Germany), following the
manufacturer’s protocol. The RNA quantity and quality were
assessed by e-Spect (Malcom, Tokyo, Japan). The 260/280
ratios of all samples were between 2.13 and 2.18. The total
RNA (50 ng)were used to generate amplified and biotinylated
cRNA. Affymetrix HG-U133 Plus 2.0 arrays (Affymetrix, CA,
USA) were hybridized for 16 hours in a 45∘C incubator,
rotated at 60 rpm, and washed and stained according to the
Affymetrix GeneChip Expression Analysis Manual. Finally,
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Affymetrix HG-U133 Plus 2.0 arrays were scanned using the
GeneChip Scanner 3000 7G (Affymetrix).

2.12. Fold Change and Gene Ontology Analysis. To screen
out the differentially expressed genes between the treatment
group and the control group, the CEL files were analyzed.
The raw data was normalized using the robust multiarray
averagemethod [19, 20]. Fold changes of gene expression ≥1.5
were considered significant and used in the following Gene
Ontology (GO) analysis [21]. GO term scores with 𝑃 ≤ 0.05
were considered significant. The GO analysis was performed
using the Database for Annotation, Visualization and Inte-
grated Discovery (DAVID) (http://david.abcc.ncifcrf.gov).
Heat maps were made using the freely available statistical
computing software R (http://mirror.bjtu.edu.cn/cran/). A
probe set is a group of probe pairs used together to interrogate
a sequence that represents a gene on the array. The median
value of several probe sets, which represent one gene, was
taken.

2.13. Statistical Analysis. Experiments were repeated at least
three times. Statistical analysis of the data was performed
using the Student 𝑡-test and two-tailed distribution. The
significance level was set at ∗𝑃 < 0.05 and ∗∗𝑃 < 0.01. Error
bars denote the standard deviation.

3. Results

3.1. Role of JC in Inducing Apoptosis. Previous studies have
suggested that JC showed strong cytotoxicity in HepG2 cells.
In this study, JC was found to reduce the cell viability of HCC
BEL-7402 cells in a dose-dependentmanner (Figure 1(a)). For
a 48-hour exposure, the IC50 was 10.5𝜇g/mL in BEL-7402
cells. Some previous studies have suggested that JC could
selectively inhibit cancer cell viability by inducing apoptosis.
To further confirm the ability of JC to induce the apoptosis
of human liver cancer cells, the chromatin condensation
and DNA fragmentation by DAPI staining in HepG2 and
BEL-7402 cells were analyzed (Figures 1(b) and 1(c)). HCC
cells exposed to JC showed chromatin condensation and
fragmented nuclei in a time-dependent manner.

To study the impact of JC-induced cytotoxicity on gene
expression and reveal the mechanisms responsible for JC-
induced apoptosis in HepG2 cells, the mRNA expression was
analyzed by Affymetrix HG-U133 Plus 2.0 arrays. Genes with
an expression ratio ≥1.5-fold were regarded as differentially
transcribed genes [21]. After treating HepG2 cells with JC
for 10 hours, 2494 individual probe sets were differentially
expressed, and 1271 of these 2494 probe sets were downregu-
lated while 1223 were upregulated due to JC treatment.

To identify different gene clusters among the differentially
transcribed genes, the DAVID Functional Annotation Tool
was used for GO analysis. After treating HepG2 cells with JC
for 10 hours, the data of probe sets, whichwere upregulated by
JC, were enriched by GO. Based on this analysis, three main
clusters encoding genes involved in cell death, including GO:
0043068, positive regulation of programmed cell death (82
probe sets); GO: 0010942, positive regulation of cell death
(83 probe sets); and GO: 0043065, positive regulation of

apoptosis (81 probe sets), were identified in the upregulated
data of the JC treatment group. Moreover, 81 probe sets were
shared by the three main cluster-enriched genes that were
upregulated by JC (Figure 1(d)). These data further verified
that JC could induce apoptosis of HepG2 cells, and the results
were consistent with a previous study [7].

3.2. Activation of Akt Signaling Pathway Caused by JC. To
investigate the differentially expressed genes involved in
signaling pathways that mediated JC-induced apoptosis, the
mRNA expression was analyzed after treating HepG2 cells
with JC for 4 hours. The results of this study suggested that
1113 individual probe sets were differentially expressed after
treating HepG2 cells with JC for 4 hours. Out of these 1113
probe sets, 482 were downregulated and 631 were upregulated
due to JC treatment.The probe sets, which were upregulated,
were used for GO analysis. A significant GO term (GO:
0007167, enzyme-linked receptor protein signaling pathway)
was found. As shown in Figure 1(e), out of the upregulated
probe sets, 54 were involved in the enzyme-linked recep-
tor protein signaling pathway. An enzyme-linked receptor,
also known as a catalytic receptor, is a transmembrane
receptor, and the binding of an extracellular ligand triggers
an enzymatic activity on the intracellular side. Receptor
tyrosine kinases (RTKs) are the main types of enzyme-linked
receptors, and MAPK cascade, nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-𝜅B), and PI3 K/Akt
are the main signaling pathways triggered by RTKs [22–24].
Surprisingly, four genes related to the PI3 K/Akt signaling
pathway were found to be significantly upregulated inHepG2
cells treated with JC compared to those treated with DMSO
(Figure 1(f)). Importantly, it was found that all of the four
genes and one uncharacterized probe set play a role in
positively regulating the Akt signaling pathway.

To validate the microarray data, the effects of JC on NF-
𝜅B, MAPK, and Akt signaling pathways were analyzed by
Western blot. Compared to the control, JC had no obvious
effect on the nuclear translocation of p65 and the phospho-
rylated level of p38, JNK, and ERK; however, the level of
Akt phosphorylation on Ser473, which has been shown to
be an important driver of human cancer [25], was greatly
increased (Figures 2(a)–2(d) and 2(g)). After culturing in a
medium without FBS for 12 hours, JC induced a higher level
of Akt phosphorylation (Figure 2(e)). Also, Akt was found
to be activated in BEL-7402 cells after being treated with JC
(Figure 2(f)).

To further determine the activation of Akt after JC
treatment, HepG2 and BEL-7402 cells were pretreated with
the PI3 K inhibitor LY294002 for 1 hour and then treated with
JC. In addition, rapamycin, a selective mTOR inhibitor that
could induce the activation of Akt signaling through an IGF-
1R-dependentmechanism [26], was used as a positive control.
The increased level of Akt phosphorylation induced by JCwas
found to be dramatically reversed by LY294002 (Figures 2(h)
and 2(i)). Collectively, these data indicated that the PI3 K/Akt
signaling pathway was activated by JC.

3.3. Effect of Akt Deficiencies on JC-Induced Apoptosis of
HCC Cells. Akt is overactivated in a wide range of tumor
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Figure 1: JC induces apoptosis. (a) BEL-7402 HCC cells were treated with indicated concentrations of JC for 48 hours and then subjected to
the MTT cell viability assay. (b, c) Detection of apoptosis in JC-induced HCC cells by DAPI staining. HepG2 cells were treated with DMSO
or 8 𝜇g/mL of JC for the indicated times (b). BEl-7402 cells were treated with 8.7 𝜇g/mL of JC for the indicated times (c). Then, the cells
were fixed and stained with DAPI. Arrows are used to indicate apoptotic bodies in apoptotic HCC cells. (d) DNA microarray analysis of the
genes enriched in cell death, programmed death, and apoptosis after HepG2 cells were treated with JC for 10 hours. (e) GO classification for
upregulated genes after HepG2 cells were treated with JC for 4 hours. (f) Clustering analysis of genes that can positively regulate Akt signaling
after HepG2 cells were treated with JC for 4 hours.

types, and it triggers a cascade of responses, including cell
growth, proliferation, survival, andmotility, and drives tumor
progression [25]. However, the aforementioned results have
suggested that JC could induce apoptosis and increase theAkt
phosphorylation level inHCCcells, whichwas contrary to the
antiapoptotic effect of Akt. To verify whether Akt activation
is required for JC-induced apoptosis, a shRNA interference
approach was developed to selectively downregulate cellular
Akt expression. Two shRNA plasmids against Akt were
constructed and designated as Akt#1 and Akt#2, and Nc
was a negative control. HepG2 cells were transfected with
Akt#1 and Akt#2 and exposed to 8𝜇g/mL of JC. As shown in
Figure 3(a), compared with the control group, Akt deficiency
obviously reduced the cleaved caspase-3 level and chromatin
condensation induced by JC (Figures 3(a) and 3(b)).

To achieve a better interference effect than Akt shRNAs,
HepG2 and BEL-7402 cells were infected with Akt siRNA,

designated as 438 and 1191, and exposed to JC. This study
suggested that Akt siRNAs resulted in an obvious reduction
of Akt expression (Figures 3(c), 3(d), and 3(f)). Furthermore,
the knockdown of Akt by siRNA greatly decreased the JC-
induced cleaved caspase-3 level, as shown in Figure 3(d).
Consistent with the preceding results, the TUNEL staining
and flow cytometry analysis confirmed that Akt deficiencies
significantly reduced the JC-induced apoptosis of HCC cells
(Figures 3(e) and 3(g)).These results suggested that activating
the Akt signaling pathway was required in JC-induced apop-
tosis in HCC cells.

3.4. Role of Akt Phosphorylation in JC-Induced Apoptosis.
Akt is a Ser/Thr kinase having a wide range of substrates.
It is activated by recruitment to the plasma membrane,
where it is phosphorylated at Thr308 and Ser473 [25]. It
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Figure 2: JC activates Akt signaling pathway. (a–d) Effects of JC on MAPK and Akt signaling pathways were determined by Western blot
analysis. HepG2 cells were treated with either DMSO or 8𝜇g/mL of JC for different time periods. (e, f) Effects of JC on the Akt signaling
pathway were determined by Western blot analysis. HepG2 cells were cultured in a medium without FBS for 12 hours and then treated with
either DMSO or 8𝜇g/mL of JC for the indicated times (e). BEL-7402 cells were treated with either DMSO or 8.7 𝜇g/mL of JC for the indicated
times (f). (g) Effects of JC on the NF-𝜅B signaling pathway were determined by Western blot analysis. HepG2 cells were treated with either
DMSO or 8 𝜇g/mL of JC for 12 hours and then treated with PMA, which is an activator of NF-𝜅B, for 5, 15, 30, and 60 minutes. Histone H1
was used as a loading control. (h, i) Effects of LY294002 and JC on Akt activation were determined by Western blot analysis. HepG2 cells
were pretreated with 50 𝜇M of LY294002 for 1 hour and then treated with 15 nM of rapamycin and 8𝜇g/mL of JC separately for 3 hours (h).
BEL-7402 cells were treated with 30𝜇M of LY294002 for 1 hour and then treated with 15 nM of rapamycin and 8.7 𝜇g/mL of JC separately for
3 hours (i). GAPDH was used as a loading control.
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Figure 3: Continued.
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Figure 3: Akt deficiency abrogates HepG2 cell apoptosis induced by JC. (a) Effect of Akt deficiency on JC-induced apoptosis was determined
by Western blot analysis. HepG2 cells were transfected with scrambled shRNA (Nc) or Akt shRNAs (Akt#1, Akt#2). Twelve hours after
transfection, the cells were treated with either DMSO or 8𝜇g/mL of JC for 36 hours. GAPDH was used as a loading control. The ImageJ
software was used to quantify Akt levels. (b) Detection of apoptosis in JC-treated HepG2 cells by DAPI staining. HepG2 cells were transfected
with scrambled shRNA (Nc) or Akt shRNAs (Akt#1, Akt#2). Twelve hours after transfection, the cells were treated with either DMSO or
8 𝜇g/mL of JC for 36 hours. The cells were fixed and stained with DAPI. Arrows are used to indicate apoptotic bodies in apoptotic HepG2
cells. (c) Effect of Akt siRNA onAkt expression was determined byWestern blot analysis. HepG2 cells were transfected with scrambled siRNA
(Nc) or Akt siRNAs (438, 1191) for 48 hours. G is GAPDH siRNA and is used as a positive control. GAPDH was used as a loading control.
(d, e) Effect of Akt deficiency on JC-induced apoptosis. HepG2 cells were transfected with scrambled siRNA (Nc) or Akt siRNAs (438, 1191).
Twelve hours after transfection, the cells were treated with either DMSO or 8 𝜇g/mL of JC for 36 hours. Then, cell apoptosis was detected by
bothWestern blot analysis (d) and TUNEL staining (e).The ImageJ software was used to quantify Akt levels. (f, g) Effect of Akt deficiency on
JC-induced apoptosis in BEL-7402 cells. The cells were transfected with scrambled siRNA (Nc) or Akt siRNAs (438, 1191). Twelve hours after
transfection, the cells were treated with either DMSO or 8.7𝜇g/mL of JC for 24 hours. Then, BEL-7402 cells were detected by both Western
blot analysis (f) and flow cytometry analysis (g).

was shown that Akt was phosphorylated at Ser473 in JC-
induced apoptosis. To further investigate the role of Akt
phosphorylation in the apoptosis of HepG2 cells caused by
JC, inactivated mutant of Akt (Akt-S473A), constitutively

active Akt (Akt-S473D), and wild-type Akt (Akt-WT) were
introduced in HepG2 cells to examine their effects on JC-
induced apoptosis. Notably, the overexpression of Akt-S473A
prevented apoptosis treated with JC in HepG2 cells, whereas
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Figure 4: Akt activation promotes HepG2 cell apoptosis induced by JC. (a) Effects of wild-type and mutant Akt on JC-induced apoptosis
were determined by Western blot analysis. HepG2 cells were transiently transfected with pcDNA3 vector control or pcDNA3-Akt. Twelve
hours after transfection, the cells were treated with either DMSO or 8 𝜇g/mL of JC for 36 hours. In the Akt-WT group, the p-Akt (S473) blot
is for both endogenous and exogenous Akt. In the other groups (PC, S473A, and S473D), the p-Akt (S473) blot is for the endogenous Akt.
GAPDH was used as a loading control. (b) Effects of wild-type and mutant Akt on JC-induced apoptosis were determined by DAPI staining.
Twelve hours after transfection, the cells were treated with either DMSO or 8 𝜇g/mL of JC for 36 hours. The cells were fixed and stained with
DAPI. Arrows are used to indicate apoptotic bodies in apoptotic HepG2 cells.

the overexpression of Akt-WT and Akt-S473D caused higher
levels of apoptosis, elucidating that JC regulated apoptosis at
least partially through promoting the phosphorylation of Akt
at Ser473 (Figures 4(a) and 4(b)).

3.5. Role of JC in Inducing Apoptosis, Activating Akt, and
Inhibiting Foxo3a Transcriptional Activity. The Foxo family
is a key downstream target of the PI3 K/Akt pathway and is
directly phosphorylated by Akt [27]. The phosphorylation of
Akt at Ser473 is required for its activation and inactivation of
the Foxos [28]. The phosphorylation of Foxo factors by Akt
triggers inactivation and rapid relocalization of Foxo proteins
from the nucleus to the cytoplasm [29, 30]. The Foxo family
participates in diverse processes including cell proliferation,
apoptosis, stress resistance, differentiation, and metabolism
[31].The inactivation of Foxo transcription factors can induce
apoptosis and regulate the cellular production of ROS [32].
Based on the aforementioned results and recent reports,
whether Foxo3a translocated to the nucleus in JC-treated

HepG2 and BEL-7402 cells was analyzed. As expected, it
was found that JC treatment activated Akt, inhibited nuclear
localization of Foxo3a, and increased phosphorylated Foxo3a
levels (Figures 5(a)–5(d)).

To confirm the contribution of Foxo3a to the apoptosis
induced by JC, a Foxo3a expression construct (pcDNA3-
Foxo3a) was transfected into HepG2 and BEL-7402 cells.
As shown in Figures 5(e) and 5(f), the overexpression of
Foxo3a abrogated the apoptosis of HCC cells induced by
JC, indicating that Foxo3a was necessary for the apoptosis
induced by JC. All these data suggested that JC activated Akt
signaling, inhibited the transcriptional activity of Foxo3a, and
finally induced the apoptosis of HCC cells.

3.6. Effect of JC on ROS Levels. Foxos have effects on detoxi-
fication of ROS by upregulating the free radical scavenging
enzymes, including SOD2 and catalase [33]. Results from
Nogueira suggested that Akt had the ability to inhibit apopto-
sis induced by multiple apoptotic stimuli excluding ROS, and
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Figure 5: JC induces apoptosis by inhibiting the transcriptional activity of Foxo3a. (a, c) Effect of JC on Foxo3a levels in the nucleus was
determined byWestern blot analysis. HepG2 cells were treated with either DMSO or 8 𝜇g/mL of JC for the indicated times (a). BEL-7402 cells
were treated with either DMSO or 8.7 𝜇g/mL of JC for the indicated times (c). Histone H1 was used as a loading control. (b, d) Effect of JC on
the Akt/Foxo3a signaling pathway was determined by Western blot analysis. HepG2 cells were treated with either DMSO or 8𝜇g/mL of JC
for the indicated times (b). BEL-7402 cells were treated with either DMSO or 8.7 𝜇g/mL of JC for the indicated times (d). GAPDH was used
as a loading control. (e, f) Overexpression of Foxo3a inhibits JC-induced apoptosis. HepG2 and BEL-7402 cells were transiently transfected
with pcDNA3 vector control or pcDNA3-Foxo3a. Twelve hours after transfection, HepG2 cells were treated with either DMSO or 8𝜇g/mL of
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Akt activation sensitized cells to ROS-mediated apoptosis
[13]. So, in this study, the effects of JC on the ROS levels
in HepG2 and BEL-7402 cells were analyzed. After treating
HepG2 cells with JC, the levels of intracellular ROSwere eval-
uated by DCFH-DA or DHE staining separately. Compared
with the control, treatment with JC significantly increased the
level of ROS in a time-dependent manner (Figures 6(a) and
6(b)). Additionally, JC significantly increased ROS levels in
BEL-7402 cells in a dose-dependent manner (Figure 6(c)).

Under normal conditions, low amounts of ROS levels
were eliminated by scavenging enzymes such as SOD2 and
catalase, which converted H

2
O
2
to H
2
O and O

2

− [34]. To
verify whether JC increased ROS production by influencing
SOD2 and catalase, their expressions were examined. As
shown in Figures 6(d)–6(f), SOD2 and catalase were signifi-
cantly decreased when cells were treated with JC for different
times.

It was reported that treatment with antioxidant NAC and
catalase was capable of restoring normal levels of intracellular
ROS [33, 34]. To further determine whether the JC-induced
apoptosis of HepG2 and BEL-7402 cells was mediated by
increased ROS level, HCC cells were pretreated with NAC
and PEG-catalase for 1 hour before incubating them with JC.
This study showed that, compared to JC, NAC or catalase
treatment could significantly reduce JC-induced apoptosis
in HCC cells (Figures 6(g)–6(j)). These data suggested that
treating HepG2 and BEL-7402 cells with JC resulted in high
levels of ROS by inhibiting ROS scavenging, which severely
damaged the cells and eventually led to the apoptosis of HCC
cells.

4. Discussion

Natural products have long been a fertile source for cancer
treatment drugs. At least 250,000 species of plants exist,
out of which more than 1000 plants were found to pos-
sess significant anticancer properties [35]. Many molecules
obtained from the nature have shown anticancer activity and
have become anticancer agents in clinical practice, such as
paclitaxel [36], podophyllotoxin [37], camptothecin [38], and
so on. This study has shown that JC, an anthraquinone com-
pound extracted from J. mandshurica Maxim, could induce
the apoptosis of cancer cells. In this study, a comparison of the
three GO terms related to cell death showed that the shared
81 probe sets were identified in the three terms (Figure 1(d)).
It can be inferred that these genes may be related to the
apoptosis of HepG2 cells.

RTKs are the main type of enzyme-linked receptors that
played an important role in the development and progres-
sion of cancer [39]. RTKs can activate MAPK, NF-𝜅B, and
PI3 K/Akt signaling pathways. In cancer cells, Akt activa-
tion promotes cell proliferation, regulates cellular energy
metabolism, and provides protection from apoptosis, which
could partly explain that it is frequently activated in human
cancers [12]. Here, whether JC induced apoptosis by inhibit-
ing these signaling pathways was investigated. Surprisingly,
the results from microarrays showed that enzyme-linked
receptor protein signaling pathways were activated and the
genes positively regulating Akt signaling were upregulated,

after treatment with JC. The Western blot analysis further
confirmed that Akt was activated after treatment with JC,
which induced the apoptosis of HepG2 and BEL-7402 cells
(Figure 2). This study also demonstrated that Akt deficiency
obviously inhibited apoptosis while the overexpression of
a dominant-active mutant of Akt accelerated apoptosis
induced by JC (Figures 3 and 4), suggesting that HepG2 cells
that were transfected with Akt shRNA and siRNA were less
sensitive than WT cells to JC-induced apoptosis. All these
results suggested that JC-induced apoptosis was mediated by
Akt activation, and this result was different from that of a
previous study [12].

Akt normally acted as a proliferative signal, but the role
of Akt is also a double-edged sword. Hyperactivated Akt also
attenuates G2 arrest in Rat1a cells followingDNAdamage and
induces premature senescence and sensitizes cells to ROS-
mediated apoptosis [13, 40]. Aberrant loss or gain of Akt
activation underlies the pathophysiological properties of a
variety of complex diseases, including cancer [27, 41]. So the
hypothesis that Akt activation was required for JC-induced
apoptosis was investigated.

Akt is recruited to the plasma membrane by phosphati-
dylinositol-3,4,5-triphosphate and phosphorylated by 3-
phosphoinositide-dependent protein kinases 1 and 2 at
Thr308 and Ser473, respectively, which causes the full acti-
vation of Akt [25]. Activated Akt phosphorylates a wide
range of direct intracellular targets containing a minimal
Akt recognition motif, including Bad, Tsc2, Gsk3, and Foxos,
which contribute to the diverse cellular roles of Akt, including
cell survival, growth, proliferation, metabolism, and migra-
tion [27, 30]. Akt phosphorylation at Ser473 is required for
the inactivation of the Foxos [28]. After being activated,
Akt directly phosphorylates Foxos, and this phosphorylation
excludes Foxos from the nucleus, thereby inhibiting their
transcriptional activity [42]. It was found that the transcrip-
tion activity of Foxo3a was inhibited after treatment with JC
(Figures 5(a)–5(d)). Additionally, the apoptosis of HCC cells
induced by JC was abrogated by the overexpression of Foxo3a
(Figures 5(e) and 5(f)), suggesting that Foxo3a was a key
factor in regulating JC-induced apoptosis and Akt activation.

ROS are generally small, short-lived, and highly reactive
molecules, formed by incomplete one-electron reduction of
oxygen [14]. The damage induced by the accumulation of
ROS is considered a major determinant of life span at both
the organismal and cellular levels. ROS can damage proteins,
nucleic acids, and intracellular membranes, which lead to
oxidative stress and impairment of cellular functions [14].
Excessive ROS causes the release of Cytochrome 𝑐 from
mitochondria to the cytosol and triggers caspase-9 activation
and apoptosis [15]. In this study, the levels of intracellular
ROS were evaluated after cells were treated with JC (Figures
6(a) and 6(c)). The increase of apoptosis induced by JC was
reversed by the antioxidant NAC and PEG-catalase (Figures
6(g)–6(j)). Therefore, these results indicate that JC-induced
mitochondrial apoptosis is mediated by ROS.

ROS scavengers SOD2 and catalase are known to be Foxo
target gene. Under normal conditions, ROS are reduced by
nonenzymatic and enzymatic antioxidizing agents, such as
glutathione, thioredoxin, SOD, catalase, and peroxidases [14,



14 Oxidative Medicine and Cellular Longevity

101 102 103 104100

DCFH-DA

0

40

80

120

160

200
C

ou
nt

s

DMSO
12h
24h

36h
48h

HepG2

(a)

101 102 103 104100

DHE

DMSO
12h
24h

36h
48h

HepG2

0

40

80

120

160

200

C
ou

nt
s

(b)

BEL-7402

DMSO DMSO DMSO6.7 𝜇g/mL 8.7 𝜇g/mL 10.5 𝜇g/mL
JC

0

1000

2000

3000

4000

5000

6000

7000

Re
la

tiv
e D

CF
H

-D
A

 fl
uo

re
sc

en
ce

(c)

GAPDH 

Catalase

JC

Akt

HepG2

36 482412DMSO Time (h)

p-Akt (Ser473)

(d)

GAPDH

SOD2

JC

HepG2

36 482412DMSO Time (h)

(e)

GAPDH 

Catalase

SOD2

BEL-7402

JC

36 482412DMSO Time (h)

(f)

Figure 6: Continued.
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Figure 6: JC induces apoptosis by increasing intracellular ROS. (a, c) Effect of JC on the total ROS levels in HepG2 and BEL-7402 cells was
examined by flow cytometry. HepG2 cells were treated with DMSO or 8𝜇g/mL JC for 12, 24, 36, and 48 hours (a). BEL-7402 cells were treated
with DMSO or 6.7, 8.7, and 10.5𝜇g/mL of JC for 12 hours (c). (b) Effect of JC on superoxide anion levels in HepG2 cells was examined by flow
cytometry. The levels of ROS in HepG2 cells were treated with either DMSO or 8𝜇g/mL of JC for 12, 24, 36, and 48 hours and analyzed by
flow cytometry. (d–f) Effects of JC on catalase and SOD2 expression and Akt activation were determined by Western blot analysis. HepG2
cells were treated with either DMSO or 8𝜇g/mL of JC for the indicated times (d and e). BEL-7402 cells were treated with DMSO or 8.7 𝜇g/mL
of JC for the indicated times (f). GAPDH was used as a loading control. (g–j) NAC and PEG-catalase abrogate JC-induced apoptosis. HepG2
cells were pretreated with NAC and PEG-catalase for 1 hour. HepG2 cells were treated with either DMSO or 8 𝜇g/mL of JC for 36 hours and
detected byWestern blot analysis (g) or flow cytometry analysis (h). GAPDHwas used as a loading control. BEL-7402 cells were treated with
either DMSO or 8.7 𝜇g/mL of JC for 24 hours and detected by flow cytometry analysis (i and j).
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Figure 7: A proposed model to illustrate mechanisms by which JC induced the apoptosis of HCC cells. Akt hyperactivation caused by JC-
inhibited Foxo transcriptional activity, which resulted in highly increased ROS levels via impairment of ROS scavenging. The upregulation
of ROS, in turn, promoted apoptosis of HepG2 and BEL-7402 cells.

34]. In this study, both SOD2 and catalase were significantly
decreased, while ROS levels were increased, when HCC
cells were treated with JC (Figure 6). These results suggest
that SOD2 and catalase are related to the increased ROS
levels induced by JC. Akt could also increase ROS levels by
increasing oxygen consumption.Most of ROS are products of
mitochondrial respiration and generated at Complexes I and
III of the respiratory chain [14, 43]. Akt can increase cellular
ATP production by accelerating both glycolytic and oxidative
metabolism [44], which contributes to an increase of ROS
levels.

Given that activating the PI3 K/Akt pathway is frequently
implicated in human cancer, many intracellular components
of the PI3 K/Akt pathway have been targeted as anticancer
drug discovery [45]. However, existing drugs against various
components of the PI3 K/Akt pathway possibly exhibit unde-
sired physiological consequences such as diabetes. Compared
with normal cells, cancer cells normally contain higher
levels of ROS, which can stimulate cell proliferation and
induce genetic instability [46]. It was reported that abnormal
increases in ROS can be exploited to selectively kill cancer
cells [47]. Thus, using hyperactivated Akt and high levels of
ROS as targets is a strategy to selectively kill cancer cells. It
was demonstrated that JC can selectively eradicate HepG2
and BEL-7402 cells with hyperactivated Akt by inducing
excessive ROS, suggesting that JC is a potentially effective
anticancer drug.

It was reported that the activation of Akt is frequently
implicated in resistance to anticancer drugs [48]. Moreover,
this study proved that JC can selectively kill HCC cells
with hyperactivated Akt. So the combination of JC and
anticancer drugs, such as PEITC and rapamycin, could be an
effective strategy to selectively eradicate tumors that display
hyperactive Akt and resistance to anticancer drugs.

Overall, these findings suggest a model (Figure 7) in
which JC increases Akt Ser473 and Foxos phosphorylation.

Foxos were excluded from the nucleus, thereby inhibiting the
expression of their target genes SOD2 and catalase, resulting
in the intracellular ROS accumulation, and eventually leading
to cell apoptosis.
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[10] L. Czerski and G. Nuñez, “Apoptosome formation and caspase
activation: is it different in the heart?” Journal of Molecular and
Cellular Cardiology, vol. 37, no. 3, pp. 643–652, 2004.

[11] Q. Jiang, Y. Yuan, J. Zhou et al., “Apoptotic events induced by
high glucose in human hepatoma HepG2 cells involve endo-
plasmic reticulum stress andMAPK’s activation,”Molecular and
Cellular Biochemistry, vol. 399, no. 1-2, pp. 113–122, 2014.
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Tumors contain a distinct small subpopulation of cells that possess stem cell-like characteristics.These cells have been called cancer
stem cells (CSCs) and are thought to be responsible for anticancer drug resistance and tumor relapse after therapy. Emerging
evidence indicates that CSCs share many properties, such as self-renewal and quiescence, with normal stem cells. In particular,
CSCs and normal stem cells retain low levels of reactive oxygen species (ROS), which can contribute to stem cell maintenance and
resistance to stressful tumor environments. Current literatures demonstrate that the activation of ataxia telangiectasia mutated
(ATM) and forkhead box O3 (FoxO3) is associated with the maintenance of low ROS levels in normal stem cells such as
hematopoietic stem cells. However, the importance of ROS signaling in CSC biology remains poorly understood. Recent studies
demonstrate that nuclear factor-erythroid 2-related factor 2 (NRF2), amaster regulator of the cellular antioxidant defense system, is
involved in the maintenance of quiescence, survival, and stress resistance of CSCs. Here, we review the recent findings on the roles
of NRF2 in maintenance of the redox state and multidrug resistance in CSCs, focusing on how NRF2-mediated ROS modulation
influences the growth and resistance of CSCs.

1. Introduction

Reactive oxygen species (ROS) are highly proactivemolecules
derived from molecular oxygen and include free radicals
such as hydrogen peroxide (H

2
O
2
), superoxide anion (O2

−),
and hydroxyl radical (OH∙). Under normal physiological
conditions, low-to-moderate levels of ROS play a critical
role in cellular development and signaling. However, excess
ROS levels, which can be caused by metabolic dysfunction
or environmental stress conditions, can lead to peroxida-
tion of cellular macromolecules such as lipids, proteins,
and nucleic acids [1, 2]. These ROS-induced byproducts
eventually trigger cellular senescence, carcinogenesis, or cell
death. Interestingly, mammalian cells have developed tightly
regulated antioxidant systems for protection against ROS-
induced oxidative damage. For example, the superoxide
anion, a product of mitochondrial dysfunction, is converted
to H
2
O
2
by superoxide dismutases (SODs). H

2
O
2
is then

decomposed to oxygen and water by catalase or glutathione
peroxidases (GPXs) [3, 4].

Multiple lines of evidence suggest that cancer cells possess
higher levels of intracellular ROS than normal cells [5, 6].
Elevated ROS levels in cancer can be utilized to promote cell
proliferation, invasiveness, and metastasis [6–9]. There are
several underlying mechanisms involved in ROS elevation in
cancer cells. First, activated oncogenes can trigger ROS pro-
duction through upregulation of ROS-generating enzymes
such as NADPH oxidases (NOXs) [10, 11]. The RAS onco-
gene increases NOX1 expression via the extracellular signal-
regulated kinases (ERK) [10] or mitogen-activated protein
kinase (MAPK) signaling pathways [11] in human cancers.
Overexpression of the c-MYC oncogene in normal human
fibroblasts induces DNA damage by increasing ROS levels
[12]. Mutation of mitochondrial DNA (mtDNA) is a major
cause of ROS elevation in cancer cells. Polyak et al. found that
seven out of ten colorectal cancer cell lines retained somatic
mutations in mtDNA; most of these mutations were detected
in mitochondrial genes such as those encoding cytochrome c
oxidases 1–3, which has potential implications with respect to
increase in mitochondrial ROS [13]. Cancer cells have their

Hindawi Publishing Corporation
Oxidative Medicine and Cellular Longevity
Volume 2016, Article ID 2428153, 14 pages
http://dx.doi.org/10.1155/2016/2428153

http://dx.doi.org/10.1155/2016/2428153


2 Oxidative Medicine and Cellular Longevity

own adaptation mechanisms against increased ROS, such as
upregulation of ROS scavenging systems. As a result of these
systems, malignant transformed cells can utilize ROS as a
signal for tumor progression and metastasis [5, 14].

Recent studies are expanding our knowledge about the
biological implications of ROS in cancer stem cells (CSCs),
which are small subpopulation of cancer cells responsible for
tumorigenesis and tumor progression and relapse. Based on
increasing evidence for the role of ROS in stem cell biology,
lower levels of cellular ROS are considered beneficial for
the maintenance of quiescence and chemo/radioresistance
of CSCs [15]. In this review, we show current findings
illustrating the relationship between ROS and CSC biology
and present emerging evidence that nuclear factor-erythroid
2- (NF-E2-) related factor 2 (NRF2) may play a role in CSC
growth and resistance.

2. CSCs and Resistance to Environmental
Stress and Chemotherapy

Tumors contain a small population of cells with stem cell
properties, namely, CSCs or tumor-initiating cells (TICs)
[16, 17]. These cells are known to play a crucial role in tumor
maintenance and relapse. In the 1990s, the first experimental
evidence of CSCs was introduced by Bonnet and Dick [18].
In acute myeloid leukemia (AML), it appeared that 0.1 to
1% of the total cell population had tumor-initiating activity.
This subpopulation exhibited a CD34+/CD38− phenotype
and was capable of tumor reconstitution after transplantation
into nonobese diabetic/severe combined immune-deficient
(NOD/SCID)mice [18]. Since then,multiple lines of evidence
have revealed that theCSCpopulation exists in different types
of solid tumors, including brain, breast, and colon cancers
[19–21].

CSCs are characterized by their self-renewal and differen-
tiation capacity, similar to normal stem cells [16]. Markers of
embryonic stem cells (ESCs) such as octamer-binding tran-
scription factor 4 (OCT4), Nanog homeobox (NANOG), and
SRY (sex determining region Y)-box 2 (SOX2) are expressed
in CSCs, and the Wnt/𝛽-catenin, Hedgehog, and Notch
pathways are implicated in the self-renewal of CSCs [22–26].
Several CSC-specific surfacemarkers have been identified for
the detection and isolation of CSCs from the tumor mass.
CD44+/CD24− phenotypic cells were isolated from breast
cancer tissues and breast carcinoma cell lines andwere shown
to exhibit self-renewal and high tumorigenic capacity [27].
The CD133+ subpopulation from brain tumors demonstrated
stem cell properties and showed tumor-initiating capability
in NOD/SCID mouse brains [20].

CSCs are considered to be one of themain causes of tumor
recurrence after therapy. CSC resistance to conventional
anticancer drug therapies and radiotherapy is attributed to
increased expression of ROS scavenging molecules, drug
transporters, and enhanced DNA repair capacity [28–30]. It
has been reported that CSCs contain low levels of endogenous
ROS compared to those seen in non-CSCs [31, 32]. In
primary AMLs, a subpopulation of low ROS-producing cells
demonstrated characteristics of CSCs including quiescence

and a CD34+/CD38− phenotype [31]. Moreover, Chang et al.
observed that this population of low ROS-producing cells
exhibited increased expression of stem cell markers (OCT4
and NANOG) and higher chemoresistance and tumorigenic-
ity than the population of high ROS-producing cells in head
and neck cancer [32].

The ATP-binding cassette transporter (ABC transporter)
family is known to induce multidrug resistance by actively
transporting intracellular drugs to outside of the cell [33, 34].
P-glycoprotein (P-gp), multidrug resistance-associated pro-
teins (MRPs), and breast cancer associated protein (BCRP)
belong to the ABC transporter family. Since many types of
anticancer agents are substrates of these ABC transporters,
enhanced expression of P-gp, MRPs, and BCRP is strongly
associatedwith the chemoresistant phenotype of CSCs. Based
on this, ABC transporters are often used as a CSC surface
marker [28, 35]. The side population (SP), which is a fraction
of cells that expresses a high level of BCRP, can be isolated
from cancer cells using fluorogenic dye Hoechst 33342.
As Hoechst 33342 dye is a substrate of BCRP, the BCRP
overexpressing cells exclude this fluorescent dye and thereby
a fraction of cells with low fluorescence can be isolated from
non-SP cells.This method is now widely used to isolate CSCs
from cancer cell lines and specimens using a flow cytometry
[36].

3. Role of ROS in Stem Cells

Stem cells can be broadly classified into two categories:
adult stem cells (e.g., haematopoietic stem cells (HSCs) and
neural stem cells) and ESCs. Under homeostatic conditions,
these stem cells, particularly adult stem cells, are generally
maintained in a quiescent state. However, stem cells are able
to escape quiescence and enter the cell cycle for proliferation
when they are exposed to metabolic changes [37–40].

ROS are considered as important signaling molecules in
stem cell biology. They play a key role in stem cell mainte-
nance by preserving quiescence and protecting against
environmental stress [37, 38]. Recent stem cell studies
have demonstrated that stem cells contain low levels of
intracellular ROS, and this redox status was found to be
critical for regulation of stem cell quiescence and self-
renewal. Murine ESCs exhibited low levels of intracellular
ROS compared to differentiated murine cells, due to the
increased level of GSH and thioredoxin (TXN) system [41].
Furthermore, HSCs containing low levels of ROS (i.e., cells
with low fluorescent activity following the incubation with
2,7-dichlorodihydrofluorescein diacetate (DCFDA), a cell-
permeable ROS sensing fluorogenic dye) were highly qui-
escent and expressed relatively high levels of NOTCH1 and
BCRP compared to high DCFDA fluorescent cells. High
levels of ROS are cytotoxic, since ROS accumulation in HSCs
can lead to cellular prematurity and senescence [42, 43].

ROS have been reported to be involved in stem cell differ-
entiation. Bone marrow mesenchymal stem cells (MSCs) are
found in the bone marrow together with HSCs and have the
potential to differentiate to adipocytes, osteocytes, and chon-
drocytes. It was shown that humanMSCs are highly resistant
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to ROS.This phenomenon was linked to low levels of cellular
ROS and high levels of SODs, catalase, GPX1, and GSH in
MSCs [38, 40]. Elevated antioxidant molecules appear to play
a crucial role in the protection of stem cells against oxidative
stress. However, under certain circumstances, NOX-derived
ROS are associated with MSC differentiation. The treatment
of MSCs with antioxidants or interfering RNA of NOX4 pre-
vented adipocyte differentiation of MSCs via cAMP response
element-binding protein (CREB) inhibition. Similarly, ESC
differentiation to the cardiac lineage was dependent on
NOX4-derived ROS [44]. These findings indicate that ROS
are important for stem cell fate determination for quiescence
or differentiation.

4. Redox Signaling Molecules in Stem Cells

It has been reported that multiple signaling molecules are
involved in ROS-mediated regulation of stem cells (Figure 1).
First, ataxia telangiectasia mutated (ATM) plays a critical
role in controlling ROS levels in stem cells. ATM, a ser-
ine/threonine protein kinase, is a known regulator of the
DNA damage response and contributes to the regulation of
cellular ROS. ATM is known to regulate ROS via modulation
of AMPK-mTOR pathway or NADPH production [45, 46].
Ito et al. showed that atm−/− mice developed bone marrow
failure after 24 weeks of age due to a depletion of HSCs.
In this study, HSCs in atm knockout mice showed higher
levels of ROS than wild type mice, which presumably caused
a reduction in the self-renewal activity of HSCs. However,
the treatment of mice with antioxidant N-acetylcysteine
(NAC) restored HSC reconstitution in atm knockout mice by
reducing ROS in HSCs, confirming the critical role of ROS
in HSCs maintenance [47]. Similarly, in another study, NAC
treatment prevented hypersensitivity of atm−/−mice to X-ray
irradiation and senescence of atm−/− embryonic fibroblasts
[48]. Cosentino et al. have presented amolecularmechanistic
role for ATM, demonstrating that ATM activation promotes
the binding of heat shock protein 27 (HSP27) to glucose-
6-phosphate dehydrogenase (G6PDH), which can result in
G6PDH activation and subsequent NADPH increase [46].

The forkhead box O (FoxO) transcription factor family
is also implicated in redox regulation of stem cells. The
FoxO family, including FoxO1, FoxO3, FoxO4, and FoxO6,
is a key regulator of cell survival, proliferation, DNA repair,
and apoptosis. FoxO1 and FoxO3 are reported to upregulate
the expression of GSH biosynthetic enzymes and SODs
and therefore are associated with cellular protection against
oxidative stress [49, 50]. Particularly, FoxO3 has been known
to play crucial roles in cytoprotection of stem cells including
HSCs [51–53]. Loss of FoxO3a, which regulates the expression
of antioxidant enzymes such as catalases and SOD2, led to
ROS accumulation and thus a higher rate of cell cycling
and a loss of quiescence in HSCs [51]. In foxo1/foxo3a/foxo4
triple-knockout mice, the number of HSCs was substantially
decreased and apoptotic HSCs were increased through ROS
elevation [52]. Notably, Yalcin et al. provided a link between
ATMand the FoxOprotein in ROS regulation of stem cells. In
foxo3−/−HSCs, ATMexpressionwas diminished compared to

Quiescence
self-renewal

Senescence
apoptosis

cell cycle progressionLow ROS

High ROSATM ↑ FoxO ↑

PI3K/AKT ↑

FoxO ↓

Figure 1: Involvement of ROS in normal stem cell quiescence and
self-renewal. In normal stem cells, modulation of ROS levels can
determine quiescence and cell fate progression. At low ROS levels,
which are maintained by ATM and FoxO signaling, stem cells
remain quiescent and self-renewal activity is enhanced.On the other
hand, increased ROS levels result in cell cycle progression, cellular
senescence, and apoptosis. The PI3K-AKT pathway is known to
elevate ROS levels by negative regulation of FoxO.

normalHSCs, suggesting that FoxO3 repressed ROS viaATM
regulation [53]. Similar to HSCs, foxo-deficient neural stem
cells demonstrated a decline in self-renewal capacity due to
increased cellular ROS levels [54, 55].

The phosphoinositide 3-kinase (PI3K)/AKT pathway is
another ROS regulator in normal stem cells. In particular,
PI3K/AKT signaling associates with FoxO transcription fac-
tors to mediate ROS regulation. Activated AKT promotes
FoxO phosphorylation, resulting in the nuclear export and
cytoplasmic degradation of FoxO through the proteasome
[56, 57]. Therefore, ak𝑡1/2 double knockout HSCs displayed
increased quiescence and low cellular ROS levels [58]. Con-
sistently, persistent activation of the PI3K/AKT pathway in
phosphatase and tensin homolog (PTEN) deleted HSCs led
to defective quiescence, resulting in cellular senescence [59].
Based on the above observations, the PI3K/AKTpathway and
FoxO/ATMpathway exhibit opposite roles in ROS regulation
of stem cells.

Hypoxia-inducible factors (HIFs) are transcription fac-
tors that respond to hypoxic conditions [60]. They are also
critical factors for the maintenance of stem cells. HSCs
cultured in hypoxic conditions displayed a higher colony
formation capacity, and high HIF levels positively regulated
the pluripotency of human ESCs by activating stemness
transcription factors such as OCT4, SOX2, and NANOG
[61, 62]. Moreover, in neuronal stem cells in a hypoxic
environment, accumulated HIF1𝛼 promoted Wnt/𝛽-catenin
pathway activation [63]. The involvement of HIFs in stem
cell biology is mediated by ROS. Takubo et al. observed that
hif1𝛼−/− HSCs contain high levels of ROS, which could be
associated with a loss of HSC quiescence and an induction of
cellular senescence [64]. In agreement with this finding, the
suppression of HIF1𝛼 and HIF2𝛼 in HSCs led to increased
ROS generation via mitochondrial metabolic shift and con-
sequently induced cellular senescence and apoptosis. Scav-
enging ROS byNAC treatment could restore HSC quiescence
and function in stem cells withHIF1𝛼 andHIF2𝛼 suppression
[65].

5. Involvement of ROS in CSC Biology

Very few studies have investigated the involvement of redox
change in CSC biology compared to that in cancer cells
or normal stem cells. However, it has been reported that
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CSCs appear to share several ROS-associated properties
with normal stem cells. CSCs are known to contain lower
levels of ROS compared to non-CSCs. CD44+/CD24−/low
breast cancer CSCs, isolated from MDA-MB-231 and MCF7
mammospheres, were relatively more resistant to radiation
and this was associated with lower levels of ROS after
radiation [66]. Diehn et al. observed that ROS levels in
CD44+/CD24− breast cancer CSCs were lower than in non-
CSCs, and the expression levels of the modulatory subunit of
glutamate cysteine ligase (GCLM, the rate-limiting enzyme
of GSH synthesis) and FoxO1 were high. Treatment of the
CD44+/CD24− subpopulationwith buthionine sulphoximine
(BSO), an inhibitor of GSH synthesis, resulted in reduced
colony forming capacity and increased sensitivity to radiation
therapy through an increase in ROS [67]. In a study using
human AML specimens, leukemic stem cells with low levels
of ROS majorly contributed to stem cell quiescence by
maintaining a low rate of oxidative phosphorylation and
metabolism [31]. A leukemia with a high amount of leukemic
stem cells showed low levels of ROS and increased expression
of GPX3 compared to tumors with a low frequency of
leukemic stem cells. This study demonstrated that GPX3
levels positively correlated with poor prognostic outcome in
AML patients [68]. Glioma stem cells within the tumor mass
have low levels of cellular ROS, although they are located in a
hypoxic environment. A proposed molecular mechanism of
this phenomenon was the significantly upregulated expres-
sion of peroxiredoxin 4 (PRDX4) in glioma stem cells [69].

Evidence is indicating that low ROS levels in CSCs
result from the intrinsic characteristics of CSCs. Cell surface
markers of CSCs, including CD44 and CD13, are found to
be involved in ROS regulation. Ishimoto et al. demonstrated
that a variant isoform of CD44 (CD44v) can bind to the
cystine/glutamate exchange transporter xCT and activates
cysteine uptake to enhance GSH synthesis in gastrointestinal
CSCs [70]. The expression of antioxidant genes such as
GPX1/2 was significantly increased in CD44+ gastric tumor
cells. In addition, knockdown of CD44 in mice led to
ROS increase, p38MAPK activation, and cellular senescence
that are related to p21 expression. In a subsequent study,
the same group demonstrated that the number of CD44+
cells increased with neoadjuvant chemotherapy in head and
neck squamous cell carcinoma (HNSCC) patients. These
CD44+ undifferentiated cancer cells displayed high xCT
expression, GSH upregulation, and low cellular ROS levels.
Ablation of xCT by siRNA or sulfasalazine treatment (xCT-
mediated cystine transport inhibitor) induced differentiation
of HNSCCCSCs both in vitro and in vivo [71]. CD13 has been
identified as a surface marker for liver CSCs. In liver cancer
cell lines including Huh7 and PLC/PRF/5, CD13 positive cells
predominated the SP fraction and were mainly in the G0/G1
phase of the cell cycle. Additionally, resistance to anticancer
drugs or radiation in the CD13 positive cell fraction was
much higher than that observed in the CD13 negative cell
fraction. Direct comparison of ROS levels between the two
cell fractions revealed that the CD13 positive cell fraction
contains lower levels of ROS and expresses higher levels
of GCLM [72]. In another study by the same group, CD13
expression reduced transforming growth factor-𝛽 (TGF-𝛽)

induced ROS production and promoted survival of liver
CSCs [73].

It has been demonstrated that signaling pathways
involved in ROS regulation of normal stem cells also play
a role in CSC biology. The nuclear expression levels of
FoxO3a was high in chronic myeloid leukemia-initiating
cells, and the transplantation of leukemic stem cells derived
from foxo3a knockout mice significantly reduced their ability
to cause myeloid leukemia in an animal model [74]. This
study also revealed that TGF-𝛽 is a crucial regulator of
FoxO3a activity. In the SP of MCF-7 breast cancer cells,
activation of the PI3K/mammalian target rapamycin (mTOR)
signaling pathway was important for tumorigenecity of these
CSCs, and knockdown of PI3K or mTOR led to ablated
tumorigenecity [75]. When CD133+/CD44+ prostate cancer
cells were grown in sphere-forming conditions, activated
PI3K/AKT signaling was found to be critical for maintaining
CSCs [76]. CD44+/CD24−or low cells isolated from breast
cancer cell lines and breast cancer patient specimens were
radioresistant, and this resistant phenotype was associated
with ATM signaling activation [77].

6. NRF2 as a Key Molecule for
Redox Homeostasis

In 1990, Rushmore and Pickett discovered the enhancer
sequence in the rat gsta2 gene promoter as a response element
to 𝛽-naphthoflavone and t-butylhydroquinone (t-BHQ) and
named it antioxidant responsive element (ARE) [78]. Subse-
quent studies revealed that ARE is commonly involved in the
transcription of multiple antioxidant and detoxifying genes,
including glutamate-cysteine ligase (GCL), glutathione S-
transferase (GST), and NAD(P)H quinone oxidoreductase-
1 (NQO-1) [79, 80]. Based on sequence homology between
ARE and MAF-recognition element (MRE), further studies
hypothesized that small MAF and bZIP cap’n’collar (CNC)
transcription factors may interact with ARE [81, 82]. Among
bZIP CNC transcription factors, NRF2 was found to play a
crucial role in ARE regulation, in which inducible expression
of NQO1 and GST was ablated in t-butylhydroxy anisole-
treated nrf2 null mice, in contrast to the observation in wild
type mice [83]. After this report, numerous studies have
elucidated a wide spectrum of protective effects of NRF2
signaling against various stressors. For example, sensitivity
to benzo[a]pyrene-induced carcinogenesis was significantly
greater in nrf2-knockout mice than in wild type mice [84].

To account for the protective effects of Nrf2, comparative
analyses of gene expression patterns were carried out in
nrf2-deficient and wild type mice following treatment with
Nrf2 activators. In global gene analysis of dithiolethione-
administered mouse livers, Nrf2 was found to govern
the expression of xenobiotic-detoxifying enzymes, GSH-
generating systems, antioxidant proteins, and the molec-
ular chaperone-26S proteasome [85]. Similarly, Hu et al.
demonstrated that detoxifying enzymes, antioxidants, drug
transporters, stress response proteins, and some signaling
molecules serve as Nrf2-dependent and isothiocyanate-
inducible genes in mouse liver [86]. It has now been firmly
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established thatNRF2 regulates divergent genes to coordinate
xenobiotic detoxification and redox homeostasis [85, 87–89].
In its function as a regulator of cellular redox homeostasis,
NRF2 elevates the expression of GCL and the cysteine
transporter xCT to increase cellular GSH levels. NRF2 also
enhances regeneration of reduced GSH by upregulating
GPX and GSH reductase (GSR). Expression of thioredoxin
1 (TXN1), thioredoxin reductase 1 (TXNRD1), and perox-
iredoxin 1/6, which can reduce oxidized protein thiols, is
also under the control of NRF2. In addition, the levels of
NADPH, a cofactor of many antioxidant enzymes such as
GSR and TXNRD, can be increased by NRF2 (reviewed
in Hayes and Dinkova-Kostova [90]). The expression of
multiple NADPH generating enzymes such as G6PDH and
6-phosphogluconate dehydrogenase is upregulated by NRF2.
Additionally, the role of NRF2 in ABC transporter expression
for xenobiotic detoxification is notable. The basal expression
level of Mrp1 was relatively lower in nrf2-deficient fibroblasts
than that in wild type fibroblasts, and the treatment of
mice with Nrf2 activating diethyl maleate increased Mrp1
expression in the liver [91]. Levels of MDR1, MRP2/3, and
BCRP were elevated following oltipraz treatment in pri-
mary human hepatocytes [92]. Sulforaphane (SFN) treatment
enhanced the levels ofMDR1, BCRP, andMRP2 in the blood-
brain barrier of rats [93]. Our recent study showed that
genetic activation of NRF2 via KEAP1 silencing increases the
expression ofMDR1,MRP2/3, and BCRP in human proximal
tubular epithelial cells [94]. As direct molecular evidence,
functional AREs have been identified in human MRP3 [95]
and BCRP genes [96].

Kelch-like ECH-associated protein 1 (KEAP1), a cysteine-
rich actin-binding protein, is the main negative regulator
of NRF2 activity [83, 97]. Under quiescent conditions,
NRF2 remains inactive by forming a complex with KEAP1
in the cytoplasm. NRF2 is subject to ubiquitination and
KEAP1-induced proteasomal degradation through the Cullin
3 (CUL3) based E3 ligase. KEAP1 has three major domains
as follows: (i) The BTB domain is associated with KEAP1
homodimerization, (ii) the IVR domain plays a role in
regulation ofKEAP1 activity, and (iii) theKelch/DGRdomain
mediates binding with NRF2 [83, 90, 98–101]. The binding
of NRF2 with KEAP1 has been described as the “hinge and
latch” model, where one molecule of NRF2 interacts with the
Kelch/DGR domains of the KEAP1 dimer through conserved
motifs called ETGE (D/N-X-E-T/S-G-E) and DLG (L-X-X-
Q-D-X-D-L-G) [102–104]. In these reports, it was shown that
the binding affinity of the ETGE motif to KEAP1 is much
higher than that of the DLG motif. It has therefore been
shown that “latch” binding of the NRF2 DLG motif is easily
broken by modifications of KEAP1 cysteine residues by ROS
or electrophiles. In turn, disrupted DLG binding of NRF2 to
KEAP1 leads to the blockade of ubiquitination and further
degradation of NRF2, resulting in nuclear translocation of
NRF2. It has been demonstrated that the sulfhydryl groups of
multiple cysteine residues of KEAP1 can be directly modified
by oxidation/reduction or alkylation. In particular, Cys151,
Cys273, and Cys288 were found to be essential for the
regulation of NRF2 activity [99, 104–106]. Mutation of the
Cys273 or Cys288 residue of KEAP1 ablated its ability to

suppress NRF2 activity, leading to accumulation of the NRF2
protein [99, 104].

In addition to KEAP1-mediated stability regulation,
NRF2 activity can be modulated at multiple steps. First, it
is noticeable that NRF2 activity is regulated at the transcrip-
tional step. Functional AREs were identified in the murine
nrf2 gene promoter and were involved in the autoregulation
of NRF2 through transcriptional activation [107]. Moreover,
a single nucleotide polymorphism in the ARE-like sequences
of the human NRF2 promoter was associated with increased
lung cancer susceptibility [108]. Second, it was shown that
NRF2 activity is regulated by posttranslationalmodifications.
Studies indicate that NRF2 activation involves phosphoryla-
tion signaling mediated by multiple kinase pathways such as
MAPK, protein kinase C (PKC), PI3K, and protein kinase
RNA-like endoplasmic reticulum kinase (PERK) [109–111].
Meanwhile, glycogen synthase kinase-3 (GSK-3), a consti-
tutively active serine/threonine kinase, was found to inhibit
NRF2 activity [112]. Last, NRF2 activity is increased by
several intrinsic proteins such as p21 and p62 [113, 114]. For
example, p62, a linker protein of ubiquitinated proteins to
autophagy degradation, binds to the KEAP1 protein and
interferes with the binding of NRF2 to KEAP1, resulting in
NRF2 stabilization.

7. Emerging Role of NRF2 in Cancer Biology

Continuous or fatal stimuli such as toxic chemicals and excess
ROS disrupt cellular homeostasis, causing macromolecular
damage and alterations in cell cycle and growth signaling,
which can eventually result in carcinogenesis. The NRF2
pathway deserved significant attention in the area of cancer
biology because numerous studies have demonstrated that
activation of the NRF2 pathway decreases the sensitivity of
cells to carcinogens [115–117]. For instance, the burden of
gastric neoplasia caused by benzo[a]pyrene was effectively
attenuated by the Nrf2 activator oltipraz in wild type mice,
whereas nrf2 knockout mice did not show any protective
effect of oltipraz [84]. Similarly, the incidence of N-butyl-N-
(4-hydroxybutyl)nitrosamine (BBN) induced urinary blad-
der carcinomawas greater in nrf2 knockoutmice than in wild
type mice, and oltipraz treatment reduced tumor incidence
only in wild type mice [118].

Although it has been firmly confirmed that NRF2 activa-
tion can protect cells against a wide range of toxicants and
stressors, aberrant activation of NRF2 has been associated
with several types of cancers. NRF2 levels were constitutively
elevated in cancer cell lines and tumor samples of the lung,
breast, esophagus, endometrial cancers, and prostate cancers
[119–125]. Molecular mechanisms involved in constitutive
NRF2 activation include the following: (i) somatic mutations
of KEAP1 or NRF2, (ii) epigenetic silencing of the KEAP1
gene, (iii) aberrant accumulation of proteins that compete
with NRF2 for KEAP1 binding, and (iv) oncogene-mediated
overexpression of NRF2 [101, 126]. First, somatic mutations
of KEAP1-NRF2 have been reported in an initial study by
Padmanabhan et al. [127]. This study identified mutations
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in the Kelch/DGR domain of KEAP1 in lung cancer cell
lines as well as lung cancer tissue samples and demonstrated
that these mutant KEAP1 proteins lost their NRF2 repressive
function, which resulted in NRF2 accumulation. Singh et al.
also demonstrated that the Kelch/DGR and IVR domains
of the KEAP1 gene contain multiple somatic mutations and
these mutations were identified in 19% of tumor specimens
from non-small cell lung cancer patients [123]. In gallbladder
cancer, 4 of 13 patients harbored KEAP1 mutations [122].
Shibata et al. reported that NRF2 somatic mutations were
found in 10.7% of primary lung cancer patients and 27.2%
of primary head and neck cancer patients [122]. Notably,
thesemutationswere primarily located in theDLG andETGE
motifs, and eventually led to the loss of a proper interaction
between the NRF2 protein and KEAP1. Second, CpG island
hypermethylation in the KEAP1 promoter resulted in low
KEAP1 expression in lung cancer cell lines and tumor samples
[124].Third, in humanhepatocellular carcinoma, p62 positive
cellular aggregates were found with a frequency of 25%, and
most of these tumors retained higher levels of NRF2 and
its target gene expression [128]. Fourth, oncogenes have also
been shown to play a role in NRF2 signaling. Oncogenic
activation of KRAS (KRASG12D), c-MYC (c-MYCERT12), and
BRAF (BRAFV619E) elevates the transcript levels of NRF2 and
its target gene expression [129].

It is now widely accepted that aberrant activation of
NRF2 can enhance cancer cell survival and growth in oxi-
dizing tumor environments, and further promote chemo/
radioresistance. Indeed, the prognosis of cancer patients
negatively correlated with NRF2 levels in the tumor [122,
130]. The favorable effect of NRF2 overexpression on tumor
survival and growth can be attributed to the increase in
NRF2 target antioxidant proteins and their counteractive
effect on oxidative stress. For instance, GSH, which is a
direct target molecule of NRF2, has been shown to be critical
for cell proliferation [131, 132]. In addition to its antioxi-
dant contribution, Mitsuishi et al. provided direct evidence,
demonstrating that NRF2 alters the cellular metabolism in
relation to anabolic pathways to accelerate cell proliferation
[133]. Multiple metabolic genes, such as those involved
in the pentose phosphate pathway, were upregulated by
NRF2 through ARE, and these changes promoted purine
synthesis, glutamine metabolism, and NADPH production
for enhanced cell proliferation.

Constitutively high levels of NRF2 have been associated
with chemoresistance as well as radioresistance. Cancer cells
with high NRF2 activity were less sensitive to cytotoxic
chemotherapeutics such as cisplatin, doxorubicin, and 5-
fluorouracil through facilitated detoxification of anticancer
agents and enhanced antioxidant capacity [101]. It is there-
fore hypothesized that NRF2 inhibition can enhance the
chemosensitivity of cancers. NRF2 siRNA could suppress
cancer resistance to cisplatin, topoisomerase inhibitors, and
5-fluorouracil [101, 122, 134, 135]. Cancer cells with constitu-
tively high NRF2 were protected against 𝛾-radiation induced
toxicity. Moreover, siRNA-mediated inhibition of NRF2 in
non-small cell lung cancer cell lines substantially enhanced
radiosensitivity [136]. Additionally, NRF2 expression was

increased during the acquisition of chemoresistance. In our
previous study, doxorubicin-selected ovarian cancer cells
demonstrated increased expression of NRF2 and its target
genes forGSH synthesis, andNRF2 inhibition in this resistant
cell line could restore doxorubicin sensitivity [137].

Our understanding of the role of NRF2 in cancer cell sig-
naling has expanded. In particular, the relationship between
oncogenic signaling and NRF2 is noteworthy. As men-
tioned earlier, activation of oncogenes such as KRAS and c-
MYC increased the expression of NRF2 presumably through
oncogene-mediated ROS increase, and this phenomenon
appears to contribute to the maintenance of reduced redox
homeostasis in cancer cells [129]. In ERBB2 (Her2/Neu) over-
expressing ovarian cancer cells, the stable silencing of NRF2
repressed ERBB2 expression and its downstream signaling
and retarded tumor growth. Therefore, the inhibition of
NRF2 could sensitize these cells to taxol therapy by repressing
ERBB2 expression [138]. Moreover, NRF2 was shown to be
associated with HIF signaling, which is a critical factor for
tumor angiogenesis. When NRF2 was stably knocked down
in colon carcinoma cell lines, hypoxia-inducible HIF-1𝛼
accumulation was abrogated and consequently, angiogenesis
and tumor growth were significantly suppressed in NRF2
knockdown tumors compared to the control group [139]. In
type 2 papillary renal cell cancer, which is characterized by
loss of the fumarate hydratase gene and consequentmetabolic
alteration, accumulated fumarate was associated with tumor
progression via NRF2 signaling. Fumarate was shown to
modify KEAP1 cysteine residues and elevate NRF2 levels,
which contributed to the growth and progression of type 2
papillary renal cell cancer [140]. These accumulating lines
of evidence suggest that once cells are transformed to the
neoplastic stage, cancer cells utilize NRF2 signaling to adapt
to the stressful tumor environment and to promote survival
and further cancer progression (Figure 2).

8. Involvement of NRF2 Signaling in
Stem Cell Quiescence and Differentiation

There is considerable evidence to suggest that NRF2 plays
a role in normal stem cell biology [141–145]. For example,
NRF2 activation in HSCs plays a critical role in not only the
maintenance of quiescence but also in the determination of
differentiation fate [141, 145]. In Drosophila intestinal stem
cells, constitutive Nrf2 activation sustained quiescence by
reducing the levels of ROS via upregulation of antioxidant
genes such as gclc. However, in the case of KEAP1-mediated
Nrf2 repression, high levels of intracellular ROS facilitated
an ablation of the quiescent state in intestinal stem cells
and age-related degeneration in the intestinal epithelium
[146]. Similarly, low intracellular ROS levels are required
for the maintenance of quiescence in human airway basal
stem cells (ABSCs). When exposed to exogenous ROS,
quiescent ABSCs enter the proliferation stage. Changes in
ROS levels activate the NRF2-Notch pathway, which results
in self-renewal and protection of ABSCs from ROS-induced
hyperproliferation and senescence. Moreover, the quiescent
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Figure 2: Implications of NRF2 signaling in cancer. NRF2 coordi-
nates the expression of genes associated with cellular redox regu-
lation, metabolism, and xenobiotic efflux, and thereby its aberrant
activation promotes cancer cell survival, proliferation, and anti-
cancer drug resistance. GCLM, glutamate cysteine ligase modifier
subunit; GCLC, glutamate cysteine ligase catalytic subunit; NQO1,
NAD(P)H:quinone oxidoreductase 1; SODs, superoxide dismutases;
G6PDH, glucose-6-phosphate dehydrogenase; PGD, phosphoglu-
conate dehydrogenase; ME1, malic enzyme 1, MDRs, multidrug
resistance proteins;MRPs,multidrug resistance-associated proteins;
BCRP, breast cancer resistance protein.

state of ABSCs was maintained by NRF2 activation [147].
In osteoclast progenitor cells, hydrogen sulfide (H

2
S) inhib-

ited human osteoclast differentiation by NRF2-dependent
induction of peroxiredoxin 1 and NQO1. These results
were further confirmed using NRF2 activators including
sulforaphane and t-BHQ [148]. It is also notable that NRF2
participates in the regulation of cell fate determination of
HSCs.Murakami et al. demonstrated that HSCs derived from
KEAP1-deficientmice exhibited preferred differentiation into
the granulocyte-monocyte lineage rather than differentiating
into the erythroid-lymphoid lineage [145].

Up to now, numerous studies have demonstrated that
NRF2 plays a protective role against various stressors in
stem cells. In neural stem cells, overexpression of NRF2
or pharmacological NRF2 activation prevented necrotic
cell death [149]. In an animal study, nrf2-deficient mice
showed defective stem cell function. HSCs from nrf2−/− mice
expressed lower levels of prosurvival cytokines and exhib-
ited spontaneous apoptosis [150]. Ionizing radiation-induced
myelosuppression and mortality were mitigated through
NRF2-mediated Notch signaling activation in HSCs [142].
Similarly, resveratrol-inducedNRF2 expression improved the
survival of cardiac stem cells and consequently regenerated
infarcted myocardium [151, 152]. The heme oxygenase 1
(HO-1) inducer, cobalt protoporphyrin (CoPP) elicited an
antiapoptotic effect on cardiac stem cells via activation of the

ERK-NRF2 pathway [153]. In neural stem cells, NRF2 activa-
tion by melatonin or t-BHQ ameliorated lipopolysaccharide
(LPS) orH

2
O
2
induced cell death [149, 154]. In addition, amy-

loid 𝛽-mediated neural stem cell death could be alleviated by
exogenous NRF2 transduction, which was accompanied by
increased expression of GCLC, NQO-1, andHO-1.This study
also demonstrated that neuronal differentiation of neural
stem cells is enhanced by NRF2 activation [155]. Similar to
neural stem cells, NRF2 has a protective role against hypoxic
and oxidative stress conditions in undifferentiated MSCs.
Treatment of the murine mesenchymal stem cell line with
adrenaline increased the mRNA expression of nrf2, gclc, and
xCT, leading to an increase in GSH levels and the prevention
of ROS-induced cytotoxicity [156, 157].

9. Potential Implication of NRF2 in
CSC Maintenance and Resistance

The role of NRF2 in CSC biology is now beginning to
be unveiled. Similar to the case of normal stem cells, it
was shown that NRF2 contributes to CSC stemness by
maintaining their self-renewal capacity and protecting them
from chemo/radiotherapy. Achuthan et al. established stable
chemotherapy-resistant breast cancer cells and observed that
these cells expressed higher levels of CD133 and OCT-4,
indicating that these cells exhibit CSC phenotype [34]. Of
note, it was shown that ROS levels were relatively low in
these drug-selected cells, presumably due to higher levels
of antioxidant enzymes such as SOD1 and GPX1/2. NRF2
protein stabilizationwas associatedwith high levels of antiox-
idant enzymes. As an underlying molecular mechanism,
diminished proteasome activity and increased p21 levels
appear to stabilize the NRF2 protein in these stem-like cells.
Evidently, p21 knockdown repressed the mammosphere-
forming potential of these stem-like breast cancer cells.
Similarly, a study by Zhu et al. showed the involvement of
NRF2 in glioblastoma stem cells that were isolated from
human surgical glioblastoma specimens. NRF2 knockdown
in glioblastoma stem cells inhibited cell proliferation and
neurosphere formation and further suppressed SOX2 expres-
sion. Moreover, NRF2 knockdown changed the cell cycle
distribution to the G2 phase and significantly attenuated the
tumorigenecity of glioblastoma stem cells [158, 159]. These
results are providing evidence that NRF2 is necessary for
maintenance of the self-renewal capacity of glioblastoma
stem cells.

On the other hand, activation of NRF2 signaling has been
demonstrated in different types of CSC models, including
lung, esophageal, breast, ovarian, and colon CSCs, and this
is closely correlated with themaintenance of low intracellular
ROS levels and chemoresistance of CSCs [160–165]. In lung
and esophageal cancer cells, cigarette smoke condensate
increased the SP as well as BCRP expression, which are
hallmarks of CSCs [165]. Promoter analysis revealed that
BCRP expression was associated with elevated levels of
NRF2, aryl hydrocarbon receptor (AhR), and specificity
protein 1 (SP1). Additionally, this study demonstrated that
mithramycin diminished BCRP expression via repression of
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Figure 3: Potential roles of NRF2 signaling in CSCs. InCSC-like cell
models, NRF2 is activated through multiple molecular mechanisms
in a context-dependent manner. The upregulation of competing
proteins such as p62 and p21, activation of PERK, or repressed
proteasome function were shown to enhance NRF2 activity in
these models. Elevated NRF2 levels in CSCs can contribute to
the maintenance of low ROS by upregulating multiple antioxidant
genes. In addition, NRF2-mediated expression of ABC transporters
elicits efflux of anticancer drugs from cancer cells. Overall, activated
NRF2 signaling facilitates CSCs survival and stress resistance, and
consequently, it can be suggested that CSCs with high NRF2 activity
play a crucial role in tumor recurrence and further progression.

NRF2, AhR, and SP1, and thereby inhibiting the expression
of genes associated with CSC-related pathways, resulting in
reduced proliferation and tumorigenecity. Similarly, it was
reported that lung cancer SP cells exhibited high levels of
NRF2 and BCRP expression. These SP cells were highly
tumorigenic and possessed self-renewal capacity, compared
to non-SP cells [164]. Emmink et al. performed a proteome
analysis on collected secretome from highly tumorigenic
CSCs and their corresponding nontumorigenic differentiated
cells, both of which were established from human colorectal
specimens [160]. Subsequent bioinformatic analysis revealed
that the CSC secretome contained a large amount of proteins
associated with cell survival and protein quality control,
compared to differentiated tumor cells. Notably, the CSC
secretome contained an NRF2 antioxidant and detoxifying
protein signature, in that it included elevated levels of
GCLC, GPX2/3, and TXNRD1. This study provided novel
evidence that CSCs secrete NRF2 target antioxidant proteins
to counteract extracellular stressors and chemotherapeutics.
In patients with ovarian clear cell carcinoma, the expression
of the CSC maker aldehyde dehydrogenase-1 (ALDH1) was
strongly correlated with an advanced clinical stage and
reduced progression free survival [161]. Ovarian clear cell
carcinoma cells with high ALDH1 expressionmaintained low
levels of ROS compared to ALDH-low cells, and these cells
were shown to express higher levels of NRF2 and its target
genes.

Two recent studies have demonstratedNRF2 activation in
sphere cultures of breast cancer cells, that is one of models of
CSCs. Wu et al. showed that mammospheres derived from
MCF7 and MDA-MB231 breast cancer cell lines exhibited
lower ROS levels compared to their monolayer counterparts.
They also showed that levels of NRF2 and target genes such

as NQO1 and GCLM were elevated in mammospheres [163].
Similarly, our group has shown substantially elevated NRF2
protein levels along with increased expression of antioxidant
genes (e.g., HO-1 and GPX2) and drug efflux transporters
(e.g., MRP2 and BCRP) in sphere cultures of breast cancer
cells. NRF2 accumulation was also observed in sphere-
cultured ovarian and colon cancer cells. However, shRNA-
mediated downregulation ofNRF2 led to decreased chemore-
sistance of mammospheres presumably due to reduced levels
of antioxidant genes and drug transporters. High ROS levels
in NRF2 knockdown mammospheres caused sphere growth
retardation and apoptosis. Coherently, ablation of ABC
transporter induction in NRF2 knockdown mammospheres
sensitized to anticancer agents [162]. Additionally, this study
provided evidence that increased NRF2 protein expression in
mammospheres can be linked to 26S proteasome reduction
and p62 accumulation. In particular, knockdown of p62 in
MCF7 mammospheres significantly attenuated NRF2 eleva-
tion.

Surviving dedifferentiated breast cancer cells after chem-
otherapy treatment retained high levels of NRF2 activation,
similar to other CSCs. However, NRF2 activation was medi-
ated by a noncanonical pathway. Levels of PERKwere high in
dedifferentiated cancer cells and this in turn phosphorylated
and activated NRF2 signaling to maintain low cellular ROS
levels and to express ABC transporters. In agreement with
these findings, clinical observations revealed that the PERK
pathway gene signature is related to chemoresistance and
reduced patient survival [166].

10. Concluding Remarks

Recent studies have started to uncover the role of ROS signal-
ing in the biology of CSCs, which is related to tumorigenecity,
tumor progression, and relapse. Expression of the transcrip-
tion factor NRF2, a master regulator of antioxidant genes
expression, is increased in different models of CSCs, and this
elevation is likely to promote CSC maintenance and survival
in an oxidizing tumormicroenvironment. In addition,NRF2-
mediated overexpression of ABC transporters, particularly
the CSC marker BCRP, may play a critical role in the
multidrug resistance of CSCs.These findings, combined with
the increasing evidence showing the alteration of KEAP1-
NRF2 signaling in cancer cells, suggest a novel role of NRF2
in CSC maintenance and survival (Figure 3).

One important question that arises from the current stud-
ies is whether it is possible to design CSC-targeted therapies
through regulation of theNRF2 pathway and its related redox
homeostasis inCSCs. Recent studies provide several potential
clues for addressing this question: the naturally occurring
alkaloid brusatol could reduce the growth and chemoresis-
tance of breast CSCs [163]. Treatment ofmammospheres with
brusatol elevated ROS levels and promoted taxol-induced
growth retardation and cell death. The NRF2 repressive
mechanism of brusatol has not been clearly elucidated, but it
appears to be independent of KEAP1-mediated degradation
[167]. In addition to brusatol, natural compounds such as
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chrysin, apigenin, luteolin, and trigonelline are known to
inhibit NRF2 signaling in several types of cancer cells [102,
168–170] and therefore the development of NRF2 inhibitors
with characterized modes of action will enable efficient tar-
geting of the redox homeostasis system as well as multidrug
resistance systems in CSCs.
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The role of the induction of oxidative stress as themechanism of action of many antitumor drugs is acquiring an increasing interest.
In such cases, the antitumor therapy success may be conditioned by the antioxidants present in our own body, which can be
synthesized de novo (endogenous) or incorporated through the diet and nutritional supplements (exogenous). In this paper, we
have reviewed different aspects of antioxidants, including their classification, natural sources, importance in diet, consumption
of nutritional supplements, and the impact of antioxidants on health. Moreover, we have focused especially on the study of the
interaction between antioxidants and antitumor therapy, considering both radiotherapy and chemotherapy. In this regard, we found
that the convenience of administration of antioxidants during cancer treatment still remains a very controversial issue. In general
terms, antioxidants could promote or suppress the effectiveness of antitumor treatment and even protect healthy tissues against
damage induced by oxidative stress. The effects may depend on many factors discussed in the paper. These factors should be taken
into consideration in order to achieve precise nutritional recommendations for patients. The evidence at the moment suggests
that the supplementation or restriction of exogenous antioxidants during cancer treatment, as appropriate, could contribute to
improving its efficiency.

1. Introduction

The first definition of antioxidant was proposed by Halli-
well et al. in 1989 as “any substance that, present in low
concentrations compared to oxidizable substrates (carbohy-
drates, lipids, proteins or nucleic acids), significantly delays
or inhibits the oxidation of the mentioned substrates” [1].
Later, other definitions of antioxidant were proposed, such as
“any substance that prevents, delays or eliminates oxidative
damage of a target molecule” [2] or “any substance that can
eliminate reactive oxygen species directly or indirectly, acting
as a regulator of the antioxidant defense, or inhibiting the
production of those species” [3].

Reactive oxygen species (ROS) are a group of molecules
produced by some metabolic processes, due to the action of
oxidases in themitochondria or other cellular compartments.
ROS have high reactivity because they possess unpaired

electrons that can interact with oxidizable substrates through
redox reactions. The main ROS involved in the biological
systems are superoxide anion, hydroxyl radical, hydroperoxyl
and peroxyl radical, nitric oxide, and other species such as
hydrogen peroxide, singlet oxygen, and hypochlorous acid
[4, 5]. However, there are other reactive molecules derived
from the reaction of ROS with nitric oxide (reactive nitrogen
species, RNS) or thiols (reactive sulfur species, RSS) [6]
(Figure 1).

The balance between oxidants and antioxidants (redox
balance) is essential in maintaining a healthy cellular
microenvironment. The generation of oxidative stress is
caused by an alteration in the balance between ROS pro-
duction and the efficiency of the cell antioxidant defense
system. Cells and tissues are continuously being exposed to
free radicals derived from themetabolism or external factors,
such as pollution, microbes, allergens, radiation, cigarette
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Figure 1: Oxygen reactive species (ROS) and derivatives. ROS
includes superoxide anion, hydroxyl radical, singlet oxygen,
hydroperoxyl radical, peroxyl radical, hydrogen peroxide, and
hypochlorous acid. There are other reactive species which result
from the reaction between ROS and nitric oxide (reactive nitrogen
species, RNS), or with thiols (reactive sulfur species, RSS) [4–6].

smoke, and pesticides [7]. However, ROS can play a dual
role, acting as beneficial or harmful factors [8]. On the one
hand, the increase in ROS production generates oxidative
stress, a damaging process that can alter cell structures and
influences the expression of genes related to accelerated cell
aging [9]. Nevertheless, ROS derived from the mitochondrial
respiratory chain, at low or moderate concentrations, partic-
ipate in physiological functions such as in the defense against
infections and in the maintenance of redox balance [9, 10].

Cells have several mechanisms to transform and elimi-
nate ROS to avoid their harmful effects.The synergistic action
of both antioxidant proteins and enzymes and exogenous
antioxidants neutralize free radicals andmodulate cell signal-
ing [11]. In fact, numerous studies suggest that antioxidants
exert a protective effect against radiation and also prevent
the development of many diseases such as cancer, atheroscle-
rosis, stroke, rheumatoid arthritis, neurodegeneration, and
diabetes [12, 13].

2. The Antioxidant Defense

The natural antioxidant defense is composed of endoge-
nous antioxidants, which are enzymatic and nonenzymatic
antioxidants produced by our own body, and exogenous
antioxidants, which can be incorporated through the diet or
nutritional supplements [14]. Furthermore, there is another
group that comprises synthetic antioxidants widely used in

the food industry, such as butylated hydroxyanisole (BHA),
butylated hydroxytoluene (BHT), propyl gallate (PG), and
tert-butylhydroquinone (TBHQ). Several in vivo studies car-
ried out in the 80s and the 90s reported some health risks
associated with the consumption of synthetic antioxidants
[15]. However, this is a controversial issue. A trial conducted
in 1993 suggested that the toxic effects produced by BHA and
BHT occur only at high doses in long-term treatments [16].
Another study found that the usual intake of BHA and BHT
at low doses is not associated with stomach cancer risk [17].
More recently, the European Food Safety Authority (EFSA)
studied in depth all the contradictory published data and
established that the acceptable daily intakes of 0,25mg/kg/day
for BHA and 1,0mg/kg/day for BHT are safe for adults and
children [18].

Antioxidants can be classified into three lines of defense
according to theirmechanismof action.Thefirst line includes
antioxidants that prevent the formation of new free radicals.
It is a very heterogeneous group which includes enzymes
such as superoxide dismutase (SOD), catalase (CAT), and
glutathione peroxidase (GPX); proteins that bindmetals such
as ferritin and ceruloplasmin; and minerals such as Se, Cu,
and Zn. The second group of antioxidants is responsible for
capturing free radicals, and thus they prevent oxidative chain
reactions. This group is formed by the glutathione enzyme,
albumin, vitamins C and E, carotenoids, and flavonoids. The
third line of defense includes antioxidant enzymes that repair
the damage caused by free radicals to biomolecules, such
as lipases, proteases, DNA repair enzymes, transferases, and
methionine-sulfoxide reductases [19–21]. Most exogenous
antioxidants are produced by vegetables. Therefore, they are
often called phytochemicals, although this is a concept which
refers to any chemical compound derived from plants [22]
(Figure 2).

3. Classification of Exogenous Antioxidants

Exogenous antioxidants constitute a very large and diverse
group ofmolecules in terms of chemical structure and biolog-
ical properties [23, 24]. Due to the abundance and diversity
of members, this group can be divided into three subgroups:
polyphenols, vitamins and derivatives, and antioxidant min-
erals [18].

Polyphenols are the most abundant natural antioxidants.
The twomain types of polyphenols are flavonoids and pheno-
lic acids. For its part, flavonoids can be classified into several
groups: flavonols, flavanones, flavones, catechins, antho-
cyanins, and isoflavones. Polyphenols are usually secondary
metabolites involved in the defense against UV radiation or
pathogens [25]. They are found in all plant products such as
fruits, vegetables, juices, tea, and wine, and they contribute
to their color, taste, smell, and oxidative stability [26]. Numer-
ous epidemiological studies in the late twentieth century
have suggested that polyphenols confer some protection
against the development of prevalent diseases, including
diabetes, infections, cancer, cardiovascular diseases, asthma,
and osteoporosis [23, 27, 28].

Within the family of vitamins and derivatives, we want to
highlight vitamins C, E, and K and carotenoids. Carotenoids
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Third line

Repairing the damage caused to 
biomolecules by free radicals

DNA repair enzymes, lipases, proteases,
transferases, and methionine-sulfoxide

Second line

Capturing free radicals to prevent
oxidative chain reactions

Gluthatione, vitamins C and E, 
carotenoids, and flavonoids

First line

Preventing the formation 
of new free radicals

SOD, CAT, GPX, ferritin,
ceruloplasmin, Se, Cu, and Zn

reductases

Figure 2: The antioxidant defense. The human antioxidant defense is composed of exogenous and endogenous antioxidants that can be
classified into three different lines regarding their mechanism of action.The first line prevents the formation of new free radicals and includes
SOD, CAT, GPX, ferritin, ceruloplasmin, Se, Cu, and Zn. The second line captures free radicals to prevent the oxidative chain reactions and
includes gluthatione, vitamins C and E, carotenoids, and flavonoids.The third line repairs the damage caused to biomolecules by free radicals
and includes DNA repair enzymes, lipases, proteases, transferases, and methionine-sulfoxide reductases [19–21].

are a group of pigments present inmany fruits and vegetables.
There are more than 600 types, but only a few of them
have demonstrated biological properties, as is the case of
𝛽-carotene and lycopene. 𝛽-Carotene is the most studied
antioxidants for the prevention of diseases [29]. A product of
the hepatic catabolism of 𝛽-carotene is vitamin A or retinol,
which has beneficial effects on the skin, eyes, and internal
organs, and that has the ability to combine and neutralize per-
oxyl radicals before they produce lipid peroxidation [30, 31].

Vitamin C or ascorbic acid is known by its electron-
donating ability, thanks towhich it prevents the accumulation
of oxidizing agents and free radicals. It is especially efficient
in eliminating superoxide anion radicals, hydrogen peroxide,
hydroxyl, singlet oxygen, and RNS [32, 33]. Vitamin E
family includes tocotrienols and tocopherols.They are highly
lipophilic molecules that exert an antioxidant action due to
their ability to join biological membranes, stabilizing and
protecting them against lipid peroxidation [29]. Vitamin K
is also lipophilic and it is involved in the blood clotting
process. There are two known natural isoforms of vitamin
K. K
1
is present in green plants and is called phylloquinone,

while K
2
types are produced by bacteria of the intestinal

flora and are called menaquinones. Although vitamin K is
not considered a classic antioxidant, various studies have
demonstrated its ability to slow the depletion of glutathione
caused by oxidative stress [34].

Within the group of antioxidant minerals, selenium has
a special importance because it is a cofactor of antioxidant
enzymes such as GPX and thioredoxin reductase, among
others [35]. Its role as part of the superoxide dismutase
(SOD) and its capacity of inhibiting the NADPG oxidases
that catalyze the transformation of oxygen into singlet oxygen
radical are also relevant [18]. Similarly, it has been found that
zinc can prevent lipid peroxidation and therefore protect cell
membranes [36–38].

Apart from the antioxidants mentioned above, in recent
years, the importance attributed to melatonin and N-
acetylcysteine (NAC) as antioxidants has risen. Melatonin
is the main product produced by the pineal gland. It exerts
antioxidant activity both directly and indirectly, and it also
has anti-inflammatory properties. Melatonin can directly
eliminate free radicals such as hydroxyl radical, oxygen
singlet, hydrogen peroxide, and peroxynitrite, and indirectly
it induces the production of antioxidant enzymes, including
GPX, glutathione reductase, Glucose 6P-DH, and SOD.
Moreover, unlike classic antioxidants, melatonin does not
produce a dose-dependent prooxidant effect, and it is able
to cross the blood brain barrier [39]. For its part, NAC has
mucolytic properties, it is the precursor of L-cysteine, and it
is able to eliminate ROS and restore intracellular glutathione
levels. In addition, recent studies indicate that NAC could
cross the blood brain barrier, although depending on the dose
andmethod of administration. Bothmelatonin andNAC also
stand out for their low toxicity [40].

4. Sources of Exogenous Antioxidants and Diet

Numerous studies have focused on determining the antiox-
idant content of foods, which conclude that the food with
more antioxidant is derived from the plant kingdom (fruits,
vegetables, and cereals), while meat and fish are poor in
antioxidants. Comparing the group of meat and meat prod-
ucts, with plant foods such as fruits, nuts, cocoa, and berries,
the latter are 5- to 33-fold richer in antioxidants than the
former [41]. Therefore, diets mainly composed of animal
source foods may not provide sufficient antioxidants, which
could increase the oxidation of biomolecules and cell damage
[42]. Nevertheless, proteins and hydrolysates derived from
milk and eggs have shown some antioxidant activity [43].
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Table 1: Classification of biologically relevant exogenous antioxidants and their natural sources [13, 41].

Exogenous antioxidants Sources
Vitamins and derivatives

Vitamin C Berries, citrus fruits, some vegetables (peppers, cabbage), pulses, and some herbs and spices
Vitamin E Seeds, vegetable oils, peanuts, nuts, and some fruits
Vitamin K Green leafy vegetables, some herbs and spices
Carotenoids
𝛽-Carotene Many vegetables (spinach, carrots, pumpkins, and red pepper) and fruits (mango, apricots, and peaches)
Lycopene Tomatoes, ketchup, and watermelon

Polyphenols
Flavonoids
Quercetin Fruits (apples, citrus), onions, parsley tea, red wine, and green leafy vegetables
Catechins Green tea, cocoa, and berries
Proanthocyanidins Many fruits and vegetables, nuts, seeds, cocoa, and some medicinal herbs
Genistein and daidzein Soy
Hesperetin Citrus fruits
Resveratrol Red grapes, red wine, peanuts, and berries

Phenolic acids
Caffeic and chlorogenic acids Coffee
Ferulic acid Cereals, seeds, citrus fruits, and some vegetables

As stated above, polyphenols are the most abundant
group of natural antioxidants. One of them, resveratrol,
stands out for its antitumor properties, an aspect that will be
discussed later in this paper.Thismolecule can be synthesized
by a large number of plants, in which it seems to protect
against different forms of stress such as heat, insects, bacteria,
and fungi.

Resveratrol is present in common foods like red grapes
and wine, peanuts, and berries [44]. Other important dietary
polyphenols are catechins, present in green tea and some
fruits [45, 46]; proanthocyanidins, present inmany fruits and
vegetables, nuts, and seeds [47]; quercetin found in fruits,
vegetables, tea, and wine [48, 49]; genistein and daidzein in
soy [50]; the phenolic acids in many fruits and vegetables;
the hesperetin present in some citrus [51]; the chlorogenic
and caffeic acids which abound in coffee [52]; and ferulic
acid, found in cereals, citrus fruits, and some vegetables [53].
Cereals, pulses, and nuts also have important polyphenol
content [41, 54] (Table 1).

Tea and coffee are very important sources of antioxidants
for humans. They are rich in polyphenols and also the two
most consumed beverages on the planet after water [54, 55].
Cocoa has a high content of flavanols and procyanidins,
and in vitro studies have shown that it possesses anti-
inflammatory, antiallergic, antiviral, and even antitumor
properties [56–58].

Traditional medicinal plants are especially rich in antiox-
idants, for example, the sap from the trunk of Croton lechleri
in Peru, known as “sangre de grado” or blood of dragon.
This sap has been used for a long time by the Indians of
South America to heal wounds, demonstrating antifungal,
antiseptic, antiviral, and antihemorrhagic properties. Itsmain
components are proanthocyanidins that have the ability
to accelerate the healing of stomach ulcers and to induce

apoptosis in some tumor cells [59, 60]. Another interesting
plant is Triphala, from India, which seems to possess anti-
inflammatory, antibacterial, and anticancer properties [61].

Although herbs and spices constitute only a small per-
centage of the daily food intake, they can be an important
source of exogenous antioxidants, especially in cultures
where spices are regularly used for cooking [22]. Curcumin is
extracted from the plant Curcuma longa, and it is commonly
used in India. Curcumin has shown anti-inflammatory,
antimicrobial, cardioprotective, and neuroprotective proper-
ties, among others [62–64]. Recently, it has been found that its
mechanism of action involves the expression of antioxidant
enzymes such as glutathione transferases, glutathione reduc-
tase, and catalase in liver, kidney, and small intestine [64–66].
The content of vitamin C and tocopherols in rosemary (Ros-
marinus officinalis) [67], sage (Salvia officinalis) [68], and cat’s
claw (Uncaria tomentosa) [69] extracts, which are currently
used as alternatives sources to synthetic antioxidants in the
food industry, has to be highlighted.

Vegetables, fruits, olive oil, and red wine are basic
ingredients of the Mediterranean diet. These foods provide
a wide variety of antioxidants such as vitamins C and E,
polyphenols, and carotenoids [13]. In fact, beneficial effects
of the Mediterranean diet, regarding the prevention of car-
diovascular diseases and the improvement in cognitive status,
have been reported [70, 71].

It is important to note that the antioxidant content of
natural products and foods can vary formany reasons, such as
the environmental and climatic conditions of growth, storage
conditions, and the existence of genetically different varieties
[72]. Similarly, the antioxidant content may be substantially
modified after processing or cooking. This is the case of
berries, which are an important source of flavonoids like
tannins, stilbenes, lignans, and phenolic acids. However,
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during the transformation process of berries into jams and
syrup, the content of phenols is reduced up to half of
the original amount [72, 73]. However, in other cases, the
processing liberates elements included in the food matrix,
leading to an increase in the content of certain antioxidants.
An example is the tomatoes, since their content in lycopene
is available only when they are processed by heat [74, 75].

5. Antioxidant Supplementation

Although cells possess a large repertoire of enzymes and
antioxidants, sometimes these agents are insufficient to nor-
malize the redox state produced by an intense oxidative stress
[76]. In these cases, exogenous antioxidant supplements may
be required to restore the cell redox homeostasis [77].

A nutritional or dietary supplement can be defined
as any product directed to improve human nutrition and
which must contain at least one dietary ingredient. The
classic mode of administration of nutritional supplements is
orally, in all physical forms, liquid, powder, tablets, capsules,
drops, and ampoules. However, in some experimental trials,
supplements can be administered by other routes, such as
parenteral [78].

The composition of the supplements is very variable.They
can contain only vitamins (vitamins C, B and/or multivita-
mins), only minerals (selenium, zinc, iron, or multimineral),
or a combination of vitamins andminerals (multivitamin and
multimineral;MVM).Other supplements aremixtures of oils
and vitamins or minerals, or plant extracts (ginseng, fiber).
Both in Europe and in the United States, the most consumed
supplements areMVM, and themost consumed antioxidants
are vitamins C, E, D, and A [79, 80]. Additionally, vitamin
E is usually added as an antioxidant to preserve different
formulations of supplements.

It has been suggested that antioxidant supplementation
may protect against oxidative stress associated with the devel-
opment of certain diseases or that it may reverse the oxidative
stress produced during their course. This knowledge has
contributed to the fact that the consumption of antioxidant
supplements had become an increasingly common practice
in the population for the maintenance of physical andmental
health [81]. However, the reasons that justify antioxidant
supplements consumption vary according to people’s age and
sex. Usually, older people take them to treat ailments or
health problems, while young people consume supplements
to achieve higher levels of body energy and to strengthen
the immune system. Moreover, women are more likely to use
supplements to prevent bone and colon diseases, while men
take them to prevent cardiovascular diseases [79, 80].

AHRQ (Agency for Healthcare Research and Quality) in
USA conducted a review of all the articles published between
1996 and 2006 related to the preventive effect of MVM
supplements on the development of chronic disease [82].The
nutrients considered in the supplements were vitamins D, E,
and A, folic acid, calcium, iron, selenium, and 𝛽-carotene;
the diseases were hepatitis, AIDS, rheumatoid arthritis, renal
failure, dementia, Parkinson, type II diabetes, cancer, and
some ocular diseases (cataracts and macular degeneration),
among others. Interestingly, they did not find significant

benefits of antioxidant intake for prevention of these diseases
and very limited benefit of MVM supplements on primary
cancer prevention. The only significant relation found was
a reduction in the progression of macular degeneration in
smokers who had taken zinc-based supplements.

However, several clinical trials demonstrated that some
antioxidant supplements improve the recovery of patients
who suffer diseases associated with an excessive production
of ROS, for example, premature infants with bronchopul-
monary dysplasia (vitamins A, E, recombinant human SOD,
Zn, and Se), necrotizing enterocolitis (glutamine, arginine,
and human recombinant SOD), periventricular leukomalacia
(vitamin E, lactoferrin, and cysteine), or retinopathy (resver-
atrol, caffeic acid, and epicatechin) [83], and also in cases
of idiopathic male infertility (vitamins C, E, coenzyme Q10,
glutathione, and selenium) [84]. According to these results, in
an experimental assay it was observed that pomegranate juice
and resveratrol, orally administered tomicemothers, provide
significant protection to their newborn pups against the
brain damage caused by hypoxic-ischemic insult. Similarly,
supplementation with omega-3 fatty acids could reduce brain
damage from rodents, even five weeks after hypoxic-ischemic
insult [85, 86].

We have found numerous studies focused specifically on
the effect of antioxidant supplementation on cancer and its
treatment. These themes will be discussed in the next two
sections of this paper.

6. Role of Antioxidants in Human Health

Attending to the literature, we believe that antioxidants have
impact on health. The questions to be answered are what
is the right antioxidant for each particular physiological or
pathological condition? And how the antioxidants must be
taken, through food or as nutritional supplements? [87].

Many oxidative substances that penetrate into our body
through ingestion, inhalation, or skin can be harmful. These
substances can generate free radicals that are being accumu-
lated. This accumulation can cause damage and even death
due to the biological consequences, whether the antioxidant
defense is sufficient or not. Currently, the main causes for
reducing the plasma level of antioxidants are smoking and
chronic alcoholism [21]. In the skin, for example, there is
an antioxidant defense against UV radiation. It is formed by
melanin and antioxidant enzymes but also by food antiox-
idants. This defense prevents swelling, wrinkling, and skin
cancer. For that reason, some authors recommend the use of
skin protective creams together with antioxidants orally or by
topical application, to avoid the damaging effect of sun [88].

The benefit of antioxidant uptake has been demonstrated
in the course of some diseases and certain conditions
as diabetes, asthma, hemodialysis, thalassemia, rheumatoid
arthritis, systemic attack, postmenopause, schizophrenia,
depression, and leukemia [89, 90] (Figure 3).

The consumption of polyphenols has been associated
with the prevention of the development of atheromatous
lesions [91], the reduction of the size of such lesions in vivo
[92, 93], and the inhibition of platelet aggregation in vitro
[94] and in vivo [95]. In addition, polyphenols seem to reduce
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Figure 3: Influence of antioxidants on human health. Antioxidants can influence many aspects of human health such as diabetes, aging,
cardiovascular and neurodegenerative diseases, cancer, and other illnesses. Antioxidants produce several beneficial effects, promoting a
healthy status, reducing the oxidative stress caused by ROS [89, 90].

the oxidation of LDL, a process that may be responsible
for atherosclerosis development. For its part, tea catechins
inhibit proliferation and invasiveness of smooth muscle cells
in the artery walls of experimental animals. This effect could
contribute to reducing the formation of atheromatous lesions.
However, this effect has not been fully clarified in humans
[91].

Oxidative stress and the damage it causes in the brain
are involved in the pathophysiology of highly prevalent
neurodegenerative diseases. Several studies suggested that
the consumption of foods rich in polyphenols can prevent the
development of these diseases [96, 97]. Green tea provides
protection against Parkinson [10], and daily consumption
of wine has been linked to a lower incidence of dementia
and Alzheimer [98]. In fact, it has been shown that dietary
polyphenols act against hydrogen peroxide, being more
effective than vitamins [99]. Similarly, the consumption of
fruit and vegetable juices may also play an important role in
delaying the development of neurodegenerative disease [100].

In the area of our interest, that is, cancer, antioxidants are
acquiring great importance. It is believed that antioxidants
can prevent the development of cancer due to their effects on
cell cycle regulation, inflammation, the inhibition of tumor
cell proliferation and invasiveness, the induction of apoptosis,
and the stimulation of the detoxifying enzyme activity [29,
101]. The antitumor effect of some polyphenols, such as
catechins, isoflavones, lignans, flavanones, resveratrol, ellagic
acid, quercetin, and curcumin, has been extensively studied.
It has been found that these compounds are able to reduce
tumor growth through various action mechanisms, in differ-
ent locations such as mouth, stomach, liver, lung, duodenum,
colon, mammary gland, and skin [102–104].

One important antioxidant is resveratrol, since it has
demonstrated both in vivo and in vitro ability to slow down
tumor progression in experimental models of lung, skin,
breast, and colon cancer, it interferes with the inflammatory

mechanisms, and it has antiangiogenic and antimetastatic
properties [104–106]. These findings, coupled with the fact
that high doses of oral resveratrol seem to be nontoxic, make
resveratrol a promising antioxidant for cancer therapy [107].

Regarding the prevention of cancer, there are numerous
studies that often provide conflicting conclusions. As an
example, a systematic review of lung cancer concluded that
there was evidence to recommend supplements of vitamins
A, C, and E and selenium, both individually and in combi-
nation, to prevent lung cancer. This study also could indicate
that the intake of 𝛽-carotene supplements may be associated
with a small increase in the incidence and mortality from
cancer in active and passive smokers [108]. This unfavorable
aspect of the intake of supplements confirms the results of
earlier trials as “The 𝛼-Tocopherol and 𝛽-Carotene Trial”
(ATBC) and “The Carotene and Retinol Efficacy Trial”
(CARET), which also were conducted with smokers. Both
studies had to be suspended after observing an increase in
the incidence of lung cancer besides an increased mortality
due to this cancer [14, 109].

However, some studies have shown reported benefits of
consuming antioxidant supplements, such as the trial made
by Lappe et al., which showed that supplementation with
vitaminD and calcium could reduce the overall risk of cancer
in postmenopausal women older than 55 years [110]. In this
regard, there is an outstanding study of primary prevention,
conducted in large-scale, named NIT (Linxian General Pop-
ulationNutrition Intervention Trial), which initially involved
29.584 adults of both sexes. This trial evaluated the effect
of the intake of supplements of 𝛽-carotene, selenium, and
vitamins E and D, over 10 years in the Chinese town of
Linxian. Interestingly, they found a decrease in mortality
caused by cancer, especially in stomach cancer. Similarly,
it was found that the treatment with supplements tends to
be more beneficial in young people. So, the individual’s age
appears to play a crucial role in the effects obtained [111].
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There are some trials that suggest that flavonoids may
have a preventive role against colorectal cancer recurrence.
One of these studies involved a population of 87 patients
who had underwent colon resection or polypectomy and
took a supplement composed of a mixture of apigenin and
epigallocatechin 3-gallate (EGCG). After 3-4 years of treat-
ment and monitoring by colonoscopy, the results with this
long-term treatment appeared to decrease the recurrence of
colon cancer in patients with resected colon [112]. Likewise, a
similar study found that a high intake of flavonoids was asso-
ciated with a reduced risk of advanced adenoma recurrence
[113]. Among flavonoids, the mentioned EGCG is the major
green tea catechin that has been studied more intensively in
recent years. Some studies have shown that the intake of this
compound can inhibit the disease progression in lung, cervix,
breast, stomach, liver, and colon cancer [114]. In addition,
numerous clinical trials have been conducted to study the
effects of this catechin. One of them involved 8000 patients
with stage I or II of breast cancer. Its results revealed that
daily consumption of green tea could reduce the recurrence of
breast cancer and increase the disease-free survival [114, 115].

The SU.VI.MAX trial is a valuable study that showed
controversial results. This study took place in France and
included 7876 women aged between 35 and 60 years and
5141 men aged between 45 and 60 years. They were given
daily oral supplements in capsules including 6mg𝛽-carotene,
120mg vitamin C, 30mg 𝛼-tocopherol, 100 𝜇g selenium, and
20mg zinc, individualized or mixed form [140]. The effects
of each supplement were evaluated separately and combined.
Individual selenium supplementation was associated with
some protection against the development of cancer in general
in both sexes. This fact has been confirmed by other studies
[141]. However, combined therapy consisting of vitamins C
and E, 𝛽-carotene, selenium, and zinc appeared to reduce the
incidence of any type of cancer in men but not in women.
Researchers attributed this result to the fact that the group
of women was younger and less smokers and enjoyed better
health than men. Furthermore, previous to the trial, blood
tests showed that female samples were higher in vitamin C
and 𝛽-carotene than male samples [140].

Interestingly, supplementation reduced the risk of
prostate cancer in 94% of men, while the remaining 6%,
who had a higher level of prostate-specific antigen (PSA) in
serum, showed an increased risk of developing the disease.
It is believed that this beneficial effect would be provided
by selenium. This antioxidant mineral may be effective in
healthy people or in early stages of the disease, but not in
later stages, as in the case of prostate cancer associated with
elevated levels of PSA [14, 142]. The intake of selenium as a
supplement has shown no effect on the incidence of prostate
cancer in patients at high risk for the disease, either with
elevated PSA levels or under suspicion of cancer after a
digital rectal examination [143]. However, selenium through
diet has been associated with a lower risk of pancreatic cancer
(up to 20 𝜇gr/day), although this effect seems to disappear
if there is an additional intake of MVM supplements that
increase the levels of selenium [144].

There is evidence to suggest that the intake of tea and
coffee antioxidants, especially vitamin E in form of gamma-
tocopherol, would provide some protection against the devel-
opment of prostate cancer [145, 146]. Similarly, in a clinical
trial conducted in Canada, a group of men suffering prostate
neoplasia were given daily supplements compound of soy
proteins (40 g), vitamin E (800 IU), and selenium (200mg)
for 3 years. It was observed that this supplement appeared
to reduce the incidence of prostate cancer [147]. Also, the
effect other minerals, such as zinc, could produce on this
disease was assessed. Both in in vitro and in vivo studies,
the ability of zinc was found to inhibit the proliferation of
prostate tumor cells [148, 149]. Other studies have provided
more data about the role of zinc in the course of the disease
[150]. Furthermore, the epidemiological study conducted by
Leitzmann et al. [151] showed that a high intake of zinc
supplementation (>100mg/day) would increase the risk of
prostate cancer, while, according toHo, the dietary deficiency
of this mineral would increase the production of oxidative
stress, and, thus, it would increase cell damage both in vitro
and in vivo [152].

A study conducted in Bangladesh, which began in 2006,
was to prove the administration of vitamin E and selenium
for five years, individually and in combination, to offset
the adverse effects of exposure to arsenic suffered by the
population The aim was to improve the skin lesions and
reduce the incidence of skin cancer caused by arsenic toxicity.
However, they found that although the treatment improved
the evolution of lesions, there was an increase in mortality
and skin dysplasia in the supplemented patients [153]. Sim-
ilarly, recent in vivo studies conducted in mice have shown
that the intake of supplements with vitamin E and NAC led
to greater progression of lung cancer [154].

7. Antitumor Therapy, Oxidative Stress, and
Interactions with Antioxidants

Some evidence suggests that cancer cells have a higher level
of oxidative stress compared to normal cells. This stress
is associated with an increased production of ROS and
some changes in the metabolic activity related to oncogenic
transformation [155]. Therefore, tumor cells may be more
sensitive to drugs that generate big amounts of ROS, or drugs
that damage the ROS scavenging capacity of cells, leading
these cells to death by apoptosis [156]. Apoptosis is conducted
by proteases called caspases, of which there are two main
waterfalls, and acts to produce cellular DNA damage and
disruption of microtubules [157].

In a multifactorial disease as cancer, an important aspect
to consider is the relation between antioxidants and gene
expression. Tumor cells show elevated levels of ROS, which
may alter prooncogenic signaling pathways that contribute
to the malignant phenotype of cells. In this sense, some of
the most studied routes are Nrf2 and p53. Nrf2 belongs to
an important signaling pathway that controls the expression
of genes involved in the neutralization of oxidant agents
[158], and the p53 pathway protects the DNA from the
oxidation induced by ROS [159, 160]. Many signaling path-
ways associated with carcinogenesis are related directly or
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indirectly to ROSmetabolism.Thus, these pathwaysmay also
be influenced by the presence of antioxidants [161].

Increased ROS during cancer development makes tumor
cells become highly dependent on antioxidant agents. For this
reason, low concentrations of free radicals due to an excessive
administration of antioxidantsmay promote the proliferation
of harmful cells in the neoplastic state, promoting the devel-
opment of cancer rather than interrupting it [101]. Another
aspect to consider is that the intense generation of ROS
in tumor cells could damage DNA, promoting the genetic
instability and the development of drug resistance. However,
it seems interesting to develop new therapeutic strategies to
eliminate tumor cells usingROS-mediatedmechanisms [155].

Radiation therapy is based on the ability of the ionizing
radiation to kill cells. This therapy involves the generation
of ROS, including hydroxyl radicals, superoxide anion, and
other organic radicals, and also producing lipid peroxidation
[126, 162]. In the presence of oxygen, these radicals cause
increased formation of other ROS such as peroxides [163].
Therefore, radiation adverse effects would be influenced by
these increased radicals, affecting the cellular antioxidant
status [164]. In the trial conducted by Bairati et al. with head
and neck cancer patients, whowere treated with radiotherapy
and supplemented with high doses of vitamin C and E,
they seemed to improve the adverse effects, but also a loss
of effectiveness of the treatment was observed, even an
increased mortality in patients who received the treatment
with antioxidants [116, 117]. There are several studies that
have linked the consumption of these vitaminswith improved
adverse effects during both chemotherapy and radiotherapy
[165–167]. However, other trials showed that the intake of
vitamins does not improve the side effects and could even
reduce the efficacy of the treatment [168] (Table 2(a)).

Moreover, some studies have reported that curcumin
could have synergistic effect with radiotherapy, whether
administered separately or in combination [136, 169]. It was
observed that, using cell lines of head and neck squamous
cell carcinoma (HNSCC), SCC1, SCC-9, A431, and KB, the
combination of curcumin and radiation resulted in a greater
antitumor effect [124]. The role of curcumin as a radiosensi-
tizer has been supported by the results from other studies,
such as the cases of prostate [170], breast [171], colorectal
[172], and ovarian tumors [173], among others [62, 174].

Another promising radiosensitizer is EGCG. This cate-
chin has shown synergistic effects with radiation on radiore-
sistant glioblastoma multiforme, multiple myeloma (IM-9),
leukemia (K-562), and cancer cervix (HeLa) cells [125].More-
over, a recent clinical trial showed that EGCG may improve
the prognostic of breast cancer patients under radiotherapy
[119].

Melatonin is one of the most studied antioxidants in
recent years, both in in vitro and in vivo assays. As it was
hypothesized by Vijayalaxmi et al. [175], melatonin may slow
the saturation of repair enzymes. This fact would lead to
repairing the damage caused by oxidative stress and also
would allow the use of higher doses of radiation in the
treatment,makingmelatonin an ideal protective agent during
radiotherapy. Although, in most studies, melatonin has been
used at very high doses (it is not toxic up to 250mg/kg), it

was found that its administration at low doses in mice, over a
period of time (e.g., 0.1mg/kg/day for 15 days before receiving
radiation), appeared to be quite effective, so that the suitable
dose of melatonin for humans in radiotherapy treatments
is an issue that has to be investigated in more depth [126]
(Table 2(b)).

As for chemotherapy, there are numerous agents that
induce cell death by oxidative stress either directly, leading
to the disruption of redox signaling and ROS scavenging,
or indirectly by reducing intracellular levels of antioxidants
and deactivating the cellular defense. Numerous articles have
reported on many chemotherapeutic agents whose effects
involve the induction of oxidative stress. Some of them are
new molecules as Meroxest, a synthetic merosesquiterpene
derivative of the trans-communic acid, plentiful in Cupressus
sempervirens [176], or Jadomycin, which is synthesized by
the bacteria Streptomyces venezuelae [177]. Other compounds
are part of the current therapeutic repertoire, like oxaliplatin
[178], bleomycin [179], gemcitabine [180, 181], cyclophos-
phamide [182], celecoxib [183], capecitabine [184, 185], borte-
zomib (a proteasome inhibitor, approved for the treatment
of multiple myeloma) [186, 187], and arsenic trioxide (ATO).
ATO, which is used in the treatment of acute promyelocytic
leukemia (APL), can produce a loss of permeability of the
outer mitochondrial membrane and impair the function of
the respiratory chain, leading to an increase in superoxide
anion [188–191]. However, many of the agents that induce
oxidative stress have hardly any studies about the interaction
between their antineoplastic activity and antioxidants.

Then, we present the information about various antitu-
mor drugs which have been selected according to their utility,
therapeutic efficacy, and involvement in studies that were
focused on the evaluation of the interactionwith antioxidants
during chemotherapy.

Anthracyclines are antitumor antibiotics commonly used
in chemotherapy. They have been linked to the generation
of oxidative stress and increased ROS levels and could act as
mediators of apoptosis by the activation of caspases 3 and 9
[192–194]. Doxorubicin (Adriamycin) is a widely anthracy-
cline used in the treatment of various cancers, including solid
breast and prostate tumors. It exerts its antitumor activity
by inhibiting topoisomerase II and generating ROS, hereby
producing DNA damage and cell death by apoptosis [195,
196]. This increasing of ROS seems to play an important role
in the cardiotoxicity caused by doxorubicin [197].

There are in vitro studies which have indicated that the
administration of antioxidants could counteract the toxicity
of this drug in cardiomyoblasts, although other studies have
shown different results. For example, vitamin E could exert a
cardioprotective effect but only against chronic cardiotoxic-
ity, not against the development of chronic cardiomyopathy
[198]. Recently,Wu et al. were able to reduce apoptosis in car-
diomyocytes and also the oxidative stress in a model of heart
failure in Japanese white rabbits, using intravenous injections
of doxorubicin after being treated with NAC [127]. In another
experimental trial, it was intended to evaluate the influence
of vitamin C on the cytotoxicity caused by antineoplastic
agents, such as doxorubicin. As a result, it was observed
that when the level of vitamin C was increased, there was
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Table 2: Antioxidants and antitumor therapy: (a) clinical evidence, (b) preclinical evidence.
(a)

Clinical evidence
Treatment Disease Results Reference

High dose of vitamins C and E + radiotherapy HNSCC Improve adverse effects but decrease
effectiveness of the treatment [116, 117]

Normal dose of vitamins C, E and 𝛽-carotene +
cisplatin + radiation Cervical cancer Decrease oxidative damage, increased

muscle strength, and less fatigue [118]

EGCG + radiotherapy Breast cancer Decrease the levels of angiogenic factors
and HGF [119]

Uncaria tomentosa + FAC Breast cancer Decrease the adverse effects without
interfering with the efficacy of treatment [120]

NAC and vitamin E + vincristine, doxorubicin,
cytosine arabinoside, cyclophosphamide, and
6-mercaptopurine + radiation

ALL
Decrease the incidence of toxic hepatitis
Decrease the requirement of blood and
platelet transfusions during treatment

[121]

Melatonin + cisplatin plus etoposide or cisplatin
plus gemcitabine NSCLC Increase the rate of tumor regression and

greater two-year survival rate [122]
Melatonin + oxaliplatin and 5-FU Gastrointestinal cancer

Melatonin in combination with chemotherapy Advanced NSCLC Decrease the side effects with no better
rates of survival [123]

HNSCC: head and neck squamous cell carcinoma; ALL: acute lymphoblastic leukemia; NSCLC: non-small-cell lung carcinoma.
(b)

Preclinical evidence
Treatment Experimental model Results Reference
Curcumin + radiotherapy SCC1, SCC-9, A431, and KB of HNSCC Increase the antitumor effect of radiation [124]

EGCG + radiotherapy
Tumor cervical cells (HeLa), multiple
myeloma (IM-9), and leukemic
(K-562)

Decrease cell proliferation
Increase apoptosis and necrosis [125]

Melatonin + radiotherapy CD2-F1 mice Increase the survival of animals [126]

NAC + doxorubicin Model of heart failure in Japanese
white rabbits Decrease apoptosis in cardiomyocytes [127]

Vitamin C + doxorubicin
Cell lines of chronic myelogenous
leukemia (K562) and lymphoma (RL) Increase the resistance to treatment

[128]
Mice with RL cell xenografts Larger tumors in mice

Suppression of Prdx + doxorubicin MCF-7 human breast tumor cells Increase the apoptotic effect of the drug [129]

ECGC + doxorubicin Colorectal tumor cells
(BEL-7404/DOX)

Increase cell death and the sensitivity to
the drug [130]

Resveratrol + paclitaxel Human breast tumor cells Decrease the antitumor action of the drug [131]
Nitroxide + docetaxel or
doxorubicin

Mice with breast tumor cells
xenografts

Decrease the side effects without
interfering with the efficacy of treatment [132]

Quercetin + cisplatin or 5-FU,
taxol, or pirarubicin

Ovarian tumor cells (C13∗ and
SKOV3)

High concentrations of quercetin:
proapoptotic effect
Low concentrations of quercetin:
decrease the damage caused by ROS

[133]

Quercetin at low doses + cisplatin,
5-FU, taxol, or pirarubicin

Athymic nude mice with
ovarian tumor cells (C13∗) xenografts Inefficiency in the treatment [133]

High dose of vitamins A, E and
selenium + cisplatin

Tumor cells of colon
(COLO-205-GFP) induced in mice

Significant lower growth of tumors
compared to the control tumors [134]

Curcumin + cisplatin Liver tumor cells (HA22T/VGH) Increase the cytotoxic effect of the drug [135]
HNSCC tumor cells (CAL27, UMSCC) [136]

NAC before or up to 1 hour after
the drug + cisplatin

Human ovarian carcinoma
cells(SKOV3), human SCLC tumor
cells (B.5 LX-1), human glioblastoma
cells (U87), and rat Rat1 fibroblasts

Blocks the proapoptotic effect of the drug [137]

NAC up to 4 hours after drug +
cisplatin Long-Evans rats Otoprotective without interfering with

the efficacy of treatment [138]

Lycopene + cisplatin Adult male Sprague-Dawley rats Decrease the renal toxicity without
interfering with the efficacy of treatment [139]



10 Oxidative Medicine and Cellular Longevity

a greater resistance to treatment in two cell lines of chronic
myelogenous leukemia (K562) and lymphoma (RL). It also
occurred in mice with RL cell xenografts. Moreover, after 32
days of treatment, when vitamin C was given to mice 2 hours
before being treated with doxorubicin, the tumors became
almost four times larger than the tumors of mice treated with
just doxorubicin. So, they concluded that vitamin C seemed
to interfere with the cytotoxic effect of doxorubicin [128].

In other cases, antioxidant supplements have shown
positive effects, without affecting the effectiveness of treat-
ment. The combination of 5-fluorouracil, doxorubicin, and
cyclophosphamide (FAC) appears to involve a decrease in
antioxidant levels, as a result of the lipid peroxidation
produced in the cell membrane [199]. In a clinical trial
conducted with patients treated with FAC who were in
stage II of invasive ductal carcinoma of breast, the aim
was to test the effectiveness of Uncaria tomentosa. It was
observed that the patients who received chemotherapy along
with 30mg/day of the extract of the plant experienced a
decrease of the adverse effects from chemotherapy such
as neutropenia, without affecting the effectiveness of drugs
[120]. Similarly, tannins (a type of polyphenols) administered
during the treatment with doxorubicin showed their capacity
of lowering the cardiotoxicity caused by the drug, without
reducing its antitumor efficacy.

The ability of EGCG as an adjuvant in chemotherapy
has also been investigated both in vitro and in vivo [125].
This catechin exerts synergistic effects with doxorubicin in
chemoresistant models of hepatocellular carcinoma (HCC).
In addition, in vivo studies showed that mice receiving
EGCG with doxorubicin experienced a lower growth rate
of liver tumors than mice that received only doxorubicin
[130]. Similarly, other trials evaluated the combination of
EGCGwith other drugs such as 5-FU and cisplatin, and their
conclusions also suggest the great potential of this catechin as
adjuvant in anticancer therapy [200, 201].

A very important topic in antitumor therapy based on
doxorubicin is the development of drug resistance. In this
regard, the relationship between this resistance and the
presence of endogenous antioxidants was recently described.
So,McDonald et al.managed to demonstrate the involvement
of peroxiredoxins (Prdx) in the doxorubicin resistance of
MCF-7 breast tumor cells. Prdx are a family of six proteins
expressed in mammals which are thiol-specific antioxidants.
This trial showed that MCF-7 had elevated levels of Prdx
compared to nontumor cells MCF-10A, and the levels of
these proteins in line MCF-7 resistant to doxorubicin were
higher. This study also reported that the suppression of the
expression of four of these six Prdx led to increasing the
apoptotic effect of doxorubicin [129].

Taxanes are anticancer cytotoxics that include paclitaxel,
which is a natural antitumor drug used to treat various
types of tumors. Numerous studies have indicated that it
induces ROS and alters the permeability of themitochondrial
membrane producing H

2
O
2
. A recent study reported a

reduction of glutathione levels in blood samples collected
from patients treated with Paclitaxel, which implies that
there was a decrease of the antioxidant potential of cells
[202]. In vitro studies also point in the same direction. T47D

and MDA-MB231 breast tumor cells, treated with scavengers
(NAC, catalase, or SOD), were able tomaintain their viability.
It was discovered how another agent, such as 2-deoxy-D-
glucose (a competitive inhibitor of glycolysis), was able to
promote a prooxidant effect of paclitaxel [203]. In other trials,
it was shown that the administration of resveratrol, during the
treatment with paclitaxel, decreased its antineoplastic action
against breast tumor cells both in vitro and in vivo [131].

Docetaxel (Taxotere) is a derivative of paclitaxel that
is often used as a first-line drug to treat prostate cancer
and other types of tumors. According to some research, its
way of inducing cell death would be due to microtubule
depolymerisation [204]. It has also been reported that this
drug is able to induce oxidative stress by activating caspase
3 [205, 206]. Recently, the prooxidant effect of docetaxel on
breast tumor cells (MDA-231 andMCF-7) was demonstrated,
which could be enhanced with the addition of C6 ceramide
(a cell-permeable-short-chain ceramide), increasing the drug
toxicity [207].

Attending to reduce the side effects of this drug, a
reduction of oxidative stress in blood levels of mice with
breast tumor cells xenografts was found, due to the sup-
plementation of a nitroxide (3-carbamoylpyrroline nitroxyl
derivative pirolin) when they were treated with docetaxel and
doxorubicin. It also was found that this compound did not
interfere with the antitumor activity of these drugs [132].

Cisplatin was the first heavy metal used for treating
cancer and it has been widely used to treat solid tumors of
lung, ovary, testes, and lymphoma, among others [208, 209].
Its mechanism of action involves the generation of an intense
oxidative stress but also causes numerous side effects due to
their toxicity [133, 210]. Its mechanism of action is associated
with the expression of p53 (tumor suppressor gene), anti-
apoptotic Bax proteins, p21 protein (cell cycle regulator), and
the cleavage of PARP and caspases 3 and 9 [137]. After an
extensive review, it has come to our attention that there is a
large literature focused on the study of interactions between
treatment with cisplatin and antioxidant supplementation, so
this fact may be a reflection of the importance of this drug
in the treatment of cancer. Here we report some of the most
clarifying studies about this drug.

The role of quercetin is remarkable, since it has been
reported in several studies that it seemed to act as an
adjuvant in the treatment with cisplatin. In a recent study on
the treatment with cisplatin in ovarian tumor cells (C13∗ and
SKOV3), it was found that high concentrations of quercetin
(40 𝜇M–100 𝜇M) appeared to have a proapoptotic effect,
while low concentrations (5𝜇M–30 𝜇M) seemed to reduce
the damage caused by ROS.This reduction of the damage was
due to the increase of SOD, and therefore the antineoplastic
effect of cisplatin was attenuated. Similarly, the interaction
of quercetin with commonly used drugs in the treatment of
ovarian cancer (5-FU, taxol, and pirarubicin) was analyzed
and the results were alike. Moreover, in vivo studies using
athymic nude mice with C13∗ cells xenografts showed
that low doses of quercetin could cause inefficiency in the
treatment with cisplatin, 5-FU, taxol, or pirarubicin [133].

Other studies have reported that some antioxidants help
to slow the progression of tumor cells. It was discovered
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that tumor cells of colon (COLO-205-GFP) induced in mice
that were treated with cisplatin and received high-dose
supplements of vitamins A, E and selenium (5 times higher
than the standard diet) along with fish oil experienced a
significant lower growth compared to the control tumors
[134]. However, the mechanism responsible for this effect has
not been explained.

An interesting clinical trial evaluated the effect of vitamin
supplementation on the quality of life of patients with cervical
cancer, at different stages of the disease and undergoing treat-
mentwith cisplatin. In this case, chemotherapywas combined
with radiation and cisplatin, and parallely patients took vita-
mins C, E and 𝛽-carotene. Most of patients, aged between 29
and 73, displayed lower antioxidant levels than recommended
(except for vitamin C and zinc) in the pretrial serum analysis.
The results showed that women who took supplements
during the treatment had less oxidative damage (lower con-
centration of free carbonyls in serum), their muscle strength
was increased, and they showed less fatigue than women who
did not take them. It is noteworthy that, in this study, the dose
of supplement contained the recommended daily doses, not
like other studies in which doses were much higher [118].

Curcumin is another antioxidant that, in addition to its
mentioned radiosensitizer potential, has also been investi-
gated in the role of adjuvant therapy with cisplatin. In an in
vitro assay performed with liver tumor cells HA22T/VGH, it
was reported that curcumin enhanced the cytotoxic activity
of the drug [135, 211] and so it did against HNSCC tumor cells
(CAL27 and UMSCC lines) both in vitro and in vivo [136].

There have beennumerous studies focused on the study of
the effects of NAC during the treatment with cisplatin. It has
been reported that the administration of NAC can reverse the
cytotoxicity and the proapoptotic effects exerted by cisplatin,
in human SKOV3 ovarian carcinoma cells, human B.5 LX-1
SCLC, humanU87 glioblastoma cells, and rat Rat1 fibroblasts,
reaching values of up to 99% reduction in its efficacy. Inter-
estingly, they found that the proapoptotic effect of cisplatin
was blocked by NAC if it was administered before or up to 1
hour later than the drug. In case of adding the antioxidant 8
hours after the cisplatin applying, no changes occurred in the
proapoptotic effects [137]. Similarly, thanks to other studies
in vivo, it has been found that NAC can be otoprotective
when it is administered up to 4 hours after cisplatin [138].
It was also found that the best route of administration of
NAC, in order to improve protection against the renal damage
caused by cisplatin, is the intra-arterial (compared to the oral,
intravenous, and intraperitoneal routes) [212]. According to
these trials, it appears that both the timing and the route of
administration of the antioxidantmay be important factors to
provide some nutritional recommendations associated with
cancer treatment. In addition to NAC, other antioxidants
have been evaluated to reduce the toxicity of cisplatin, such as
lycopene, which has demonstrated its capability of reducing
the renal toxicity induced by this drug [139].

The effect of NAC has also been evaluated in patients
treated with combinations of chemotherapy agents plus
radiotherapy. A clinical trial, in which 40 children with acute
lymphoblastic leukemia (ALL) took part, was intended to
assess whether the intake of NAC and vitamin E (400 IU/day)

orally would counteract the high toxicity from chemotherapy
(vincristine, doxorubicin, cytosine arabinoside, cyclophos-
phamide, and 6-mercaptopurine) and the prophylactic cra-
nial irradiation during the first two months of treatment.
After analyzing blood levels of GPx, malondialdehyde
(MDA), tumor necrosis factor-𝛼 (TNF-𝛼), and liver enzymes,
the results indicated that children who received antioxidants
showed lower incidence of toxic hepatitis and less probabili-
ties of requirement of blood and platelet transfusions during
treatment [121].

As mentioned earlier, melatonin has a great antioxidant
capacity through different mechanisms of action. Therefore,
we have referred to its role as adjuvant in chemotherapy
to treat various cancers. In a clinical trial conducted by
Lissoni, the effect of administration of 20mg/day of oral
melatonin was evaluated in patients with NSCLC treated
with cisplatin plus etoposide or cisplatin plus gemcitabine,
or gastrointestinal cancer treated with oxaliplatin and 5-FU.
In both cases, patients who received melatonin had a higher
rate of tumor regression and a greater two-year survival rate
[122]. And more recently, Sookprasert et al. revealed the
results of the MIRCIT trial, which concluded that advanced
NSCLC patients receiving melatonin in combination with
chemotherapy did not get better levels of survival, though
the side effects were fewer [123]. It would be necessary to
continue further studies to clarify the role of melatonin
and to be able to compare these two clinical trials. This
would allow us to establish the similarities and differences
between the advanced and nonadvanced NSCLC patient,
their appropriate treatment, and their basal serum levels of
antioxidants, in order to compare the results of both studies.

8. Conclusions and Future Perspectives

Considering all the results exposed above, we conclude that
antioxidant intake seems to influence the effectiveness of
antitumor therapy and its adverse effects.However, we believe
that at the moment it cannot be possible to give a general
recommendation on whether or not to take antioxidants
during treatment. This is because the final effect will depend
on the type of cancer, the mechanism of action of the drug or
drugs used in the treatment, and the type of antioxidants.

More studies are needed to clarify the results of the clini-
cal trials, which sometimes are contradictory to each other. It
is necessary to define the most appropriate patient profiles to
adopt a nutritional regimen that could contribute to a better
result of antitumor therapy. Aspects such as disease stage,
treatment resistance, and previous cycles of chemotherapy
and/or radiotherapy may be important factors in this regard.

The variable influence of antioxidants on antitumor ther-
apy can be clearly illustrated considering lung cancer patients,
for whom the intake of supplements with high doses of 𝛽-
carotene is harmful, especially in smokers, and it has been
correlated with a worse prognosis. However, mineral antiox-
idants seem to produce a beneficial effect on prostate cancer.
Thus, the intake of selenium togetherwith vitaminE, at physi-
ologic doses and for a long period of time, appears to decrease
the incidence of the disease. Similarly, zinc appears to inhibit
the proliferation of prostate tumor cells. Paradoxically, zinc
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must be ingested through the diet or as a supplement at
physiologic doses (below 100mg/day), because higher doses
can produce the opposite effect. Furthermore, the admin-
istration of different antioxidants with the same antitumor
drug can also produce very diverse effects. Thus, the intake
of vitamin C supplements during the doxorubicin treatment
has been associated with an acceleration of the malignant
process, whereas if some polyphenols are administered, such
as tannins, the systemic toxic effects of the drug could be
reduced, without interfering with the efficacy of doxorubicin.

Some clinical studies have shown that certain antioxi-
dants could have synergy with some drugs, enhancing its
activity. In this regard, NAC, melatonin, and some flavonoids
appear to be the most promising antioxidant candidates for
cancer therapies. Since the antioxidant environment has been
associated with a reduction of the activity of some drugs, it
would be very interesting to conduct new trials, in which
one of these antioxidants is administered to patients under
nutritional restriction of antioxidants. The antioxidant status
of cells has been correlated with the resistance against drugs
that exert their antitumor effects through the induction of
oxidative stress. Therefore, it would be interesting to evaluate
the basal antioxidant status of the patients, by determining
serum levels of antioxidants. This study could serve in the
future to adjust the doses of exogenous antioxidants. The
moment of administration of the exogenous antioxidants
seems to be another important factor. In fact, and according
to the results of the studies reviewed in this paper, it could
be possible that dietary recommendations to patients should
not be needed to be followed long time after receiving the
drug dose. This is due to the fact that the interaction of
antioxidant and drugs seems to disappear a few hours after
their administration. Similarly, other important topics are the
route of administration and the dosage of antioxidants, since
they may affect the effectiveness of the treatment.

It is also important to deepen the understanding of
the biochemistry of endogenous antioxidants which are
responsible for the failure of some treatments, as in the
case of Prdx proteins, which reduce the therapeutic efficacy
of doxorubicin. This study would allow the discovery and
development of specific inhibitors of such proteins and
therefore improve the treatments. In fact, there are already
specific inhibitors of SOD and other endogenous enzymes,
such asDDT (sodiumdiethyldithiocarbamate) or ellagic acid,
which are being studied to be used to enhance the effect of
different cytotoxic agents.

Although it is possible to find in the literature numerous
articles that discuss the interaction between cancer and
antioxidant therapy, there are many drugs for which this
kind of studies has not been performed yet. Future research
would be helpful to establish concrete recommendations
for patients, in order to improve the response to cancer
treatment. In our opinion, it is necessary to define specific
guidelines for each type of patient, which have to take
into account the following: type of cancer; molecular
subtype; stage of the disease; therapy, considering the type of
drugs, their mechanisms of action, and the cycles; previous
treatment; basal antioxidant status; the type of antioxidants
that appear to produce a better response with the selected

treatment; route of administration; dosage; and the diet of
the patient and habits, with the purpose of correcting the
antioxidant intake if some restriction or supplementation is
necessary. The main problems related to antioxidants clinical
trials may be to define homogeneous groups of patients
regarding the histopathological and molecular classification
and treatment and to control the pool of serum antioxidant
that results from the intake of supplements and habits (diet,
alcohol, smoking, etc.). Therefore, these clinical trials should
be addressed by multidisciplinary teams comprising at least
oncologists and nutritionists.

We believe that nutritional recommendations about
exogenous antioxidant supplementation or restriction, as
appropriate, carried out in parallel to cancer treatment, could
contribute to improving its efficiency.
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Lipoxin A
4
(LXA

4
), an endogenous arachidonic acid metabolite, was previously considered an anti-inflammatory lipid mediator.

But it also has the potential to inhibit cancer progression. To explore the therapeutic effect of LXA
4
in pancreatic cancer, we

used Panc-1 cells to investigate the mechanism by which LXA
4
can attenuate pancreatic cancer cell invasion. Our data showed

that LXA
4
significantly inhibited both cell invasion and the expression of matrix metalloproteinase- (MMP-) 9 and MMP-2.

Further experiments implied that LXA
4
decreased the levels of intracellular reactive oxygen species (ROS) and the activity

of the extracellular signal regulated kinases (ERK) pathway to achieve similar outcome to ROS scavenger N-acetyl-l-cysteine
(NAC). However, a decreased level of intracellular ROS was not observed in cells treated with the specific ERK pathway inhibitor
FR180204.The blocking of either intracellular ROS or ERK pathway caused the downregulation ofMMP-9 andMMP-2 expression.
Furthermore, tests revealed that LXA

4
inhibited MMP-9 and MMP-2 at the mRNA, protein, and functional levels. Finally, LXA

4

dramatically limited the invasion of CoCl
2
-mimic hypoxic cells and abrogated intracellular ROS levels, ERK activity, and MMPs

expression. These results suggest that LXA
4
attenuates cell invasion in pancreatic cancer by suppressing the ROS/ERK/MMPs

pathway, which may be beneficial for preventing the invasion of pancreatic cancer.

1. Introduction

Pancreatic cancer is the fourth-leading cause of cancer-
related death in the United States [1]. Although biochemical
and clinical studies have led to significant advances, the five-
year survival rate remains less than 7% [1]. High invasive
and metastatic tendencies are important characteristics of
pancreatic cancer, which partially result in rapid progression
and poor prognosis. However, the mechanisms that lead to
invasion and metastasis in pancreatic cancer are still poorly
understood.

Lipoxin A
4
(LXA

4
) is a type of metabolite that is derived

from endogenous arachidonic acid (AA). Lipoxygenases
(LOX), especially 5-LOX, 15-LOX, and 12-LOX, are key
enzymes that contribute to LXA

4
biosynthesis [2]. Interest-

ingly, aspirin tends to acetylate cyclooxygenase-2 (COX-2),

which changes its product from prostaglandin to an analogue
of LXA

4
or aspirin-triggered lipoxin (ATL) [2]. Previously,

LXA
4
was regarded as an anti-inflammatory, proresolution

lipid that plays important roles in the programmed switch
from inflammation to resolution [3, 4]. However, its various
anticancer effects have been investigated in recent years.
On the one hand, with its anti-inflammatory function,
LXA
4
may block carcinogenesis through the attenuation of

chronic inflammation, which usually presents as premalig-
nant lesions; on the other hand, cancer cell proliferation,
apoptosis, migration [5], and angiogenesis [6] can also be
influenced by LXA

4
independent of its function in the

resolution of inflammation.
Endogenous reactive oxygen species (ROS), including

hydroxyl radical, superoxide anion, and hydrogen peroxide,
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are mainly produced on the mitochondrial inner membrane
during the process of oxidative phosphorylation via the
electron transport chain. Generally, ROS can be scavenged
by antioxidant systems. However, in cancer cells, excessive
ROS overwhelms the capacity of antioxidant systems, which
leads to oxidative stress; this in turn has been demonstrated
to promote cell migration, invasion, and metastasis [7, 8].

Matrix metalloproteinases (MMPs) are zinc-dependent
endopeptidases that degrade extracellular matrix compo-
nents. Specifically, MMP-9 and MMP-2 are thought to facil-
itate cancer invasion and metastasis. In pancreatic cancer,
these two proteins are secreted by both pancreatic cancer
cells and pancreatic stellate cells [9]. Our previous study
demonstrated that miR-106a and miR-221/222 induced the
overexpression of MMPs, which can significantly promote
cell invasion [10, 11]. Additionally, the expression of MMPs is
downregulated when the ROS/extracellular signal regulated
kinases (ERK) pathway is blocked in breast [12] and prostate
[13] cancers.

In this study, we demonstrate that LXA
4
can effectively

attenuate cell invasion and MMP-9/MMP-2 expression in
pancreatic cancer by inhibition of intracellular ROS accu-
mulation and ROS-induced ERK activation. Furthermore,
LXA
4
also reverses CoCl

2
mimetic hypoxia-induced MMP-

9/MMP-2 overexpression as well as cell invasion.

2. Materials and Methods

2.1. Materials. The reagents used in this study include 5(S),
6(R)-Lipoxin A

4
(Cayman Chemical, Ann Arbor, MI, USA),

N-acetyl-l-cysteine (NAC) (Sigma-Aldrich, MO, USA), and
FR180204 (Sigma-Aldrich). The following antibodies were
purchased from Bioworld (St. Louis Park, MN, USA): anti-
MMP-9, anti-MMP-2, anti-ERK1/2, anti-phospho-ERK1/2;
an anti-𝛽-actin antibody was obtained from Sigma-Aldrich.

2.2. Cell Culture. The Panc-1 human pancreatic cancer-
derived cell line was purchased from the Cell Bank of the
Chinese Academy of Sciences (Shanghai, China). The cells
were cultured at 37∘C in 5% CO

2
in Dulbecco’s Modified

Eagle’s Medium (DMEM) (high glucose) (Gibco, Grand
Island, NY, USA) supplemented with 10% heat-inactivated
fetal bovine serum (FBS) (ExCell, South America) plus
100U/mL penicillin and 100 𝜇g/mL streptomycin (Gibco).

2.3. Western Blot Analysis. Panc-1 cells cultured under
each experimental condition were lysed in RIPA lysis
buffer (50mM Tris-HCl, pH 7.5, 150mM NaCl, 1% Tri-
ton X-100, 2mM EDTA, 1mM sodium orthovanadate,
1mM phenylmethanesulfonyl-fluoride, 10𝜇g/mL aprotinin,
and 10 𝜇g/mL leupeptin), proteinase inhibitors (Roche,
Mannheim, Germany), and phosphatase inhibitors (Roche)
on ice for 30min.The extracts were centrifuged at 12,000 rpm
for 20min at 4∘C. Total protein (100 𝜇g) was electrophoresed
in a 10% SDS-PAGE gel and then transferred to PVDF
membranes (Roche), which were then blocked with 10%
nonfat dry milk in TBST (10mM Tris-HCl, pH 8.0, 150mM
NaCl, and 0.05% Tween-20).Themembranes were incubated

with primary antibodies overnight at 4∘C. After five washes
of 10min each in TBST, the membranes were incubated
with HRP-conjugated secondary antibodies for 2 hours at
20∘C and then washed again. The peroxidase reaction was
performed using an enhanced chemiluminescence detection
system to visualize the immunoreactive bands.

2.4. Cell Invasion Assay. A chamber-based cell invasion
assay (Millipore, Billerica, USA) was performed to evaluate
pancreatic cancer cell invasion. Briefly, the upper surface of
the membrane was coated with Matrigel (BD Biosciences,
Franklin Lakes, USA). Panc-1 cells (1 × 105) were suspended
in the upper chamber in FBS-free media and allowed to
migrate down a serum gradient (10%) in the lower chamber.
The medium was aspirated from the inside of the insert and
the noninvasive cells on the upper side were removed by
scraping with a cotton swab. The membrane was fixed in 4%
paraformaldehyde and was stained with crystal violet. The
number of invasive cells was counted in 10 random fields
on eachmembrane and photographed at 200xmagnification.
The values reported here are averages of triplicate experi-
ments.

2.5. Quantitative Real-Time RCR Assay (qRT-PCR).
Total RNA was extracted from Panc-1 cells with the
Fastgen200 RNA isolation system (Fastgen, Shanghai,
China), and reverse transcription was performed with
a PrimeScript RT reagent Kit (TaKaRa, Dalian, China)
according to the manufactures’ instructions. Real-time
PCR was conducted as previously reported [14]. The PCR
primer sequences for MMP-9, MMP-2, and 𝛽-actin are
shown in Supplemental Table 1 (in Supplementary Material
available online at http://dx.doi.org/10.1155/2016/6815727). To
quantitate the expression of each target gene, the expression
was normalized to 𝛽-actin, and the comparative Ct method
was used [15].

2.6. Assay of Intracellular ROS. The presence of intracellular
ROS was tested as in a previous study. Panc-1 cells were
incubated with 5𝜇g/mL 2-7-dichlorofluorescein diacetate
(DCF-DA) for 20min. After washes with PBS, the cells were
lysed in 1mL RIPA buffer and were analyzed immediately by
fluorimetric analysis at 510 nm. The data were normalized to
the total protein content.

2.7. Enzyme-Linked Immunosorbent Assay (ELISA). The cells
were conditioned in serum-freemedium for 24 h.The culture
supernatants were collected and centrifuged at 1,500 rpm for
5min to remove particles; the supernatants were frozen at
−80∘C until use.TheMMP-9 andMMP-2 levels in the super-
natants of Panc-1 cells were assessed using a commercially
available ELISA kit (R&D Systems, USA) according to the
manufacturer’s recommendations.

2.8. Statistical Analysis. The data are presented as the mean ±
the standard deviation (SD). The differences were evaluated
by Student’s 𝑡-test with SPSS 13.0. 𝑃 values below 0.05
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Figure 1: LXA
4
inhibited cell invasion and decreased expression of MMP-9 and MMP-2. (a) Effect of LXA

4
on cell invasion in Panc-1 cells.

Cells were treated with either vehicle (methanol) or LXA
4
(400 nM) and incubated for 24 hours. Then 1 × 105 cells were transferred into

transwell chambers covered with Matrigel. Cultured for 48 hours, cells were stained with 0.1% crystal violet and finally observed and counted
under microscope. (b)The quantified results of (a). (c) Representative western blot analysis of MMP-9 andMMP-2 in cells treated like above.
∗
𝑃 < 0.05 versus vehicle control.

were considered statistically significant. All experiments were
repeated independently at least three times.

3. Results

3.1. LXA4 Inhibits Cell Invasion and Decreases Expression
of MMP-9 and MMP-2. To test the influence of LXA

4
on

pancreatic cancer in vitro, we chose the pancreatic cell line
Panc-1, which was treated with either the vehicle control
(methanol) or 400 nM LXA

4
for 24 hours. Then, to test

the invasive capability of the treated cells, a transwell assay
was performed, which showed that 130.6 ± 9.7 cells in the
vehicle control group passed through the Matrigel, whereas
80.2 ± 8.5 cells in the LXA

4
group passed through the

Matrigel (Figures 1(a) and 1(b)). This suggests that LXA
4

could significantly suppress cell invasion. MMP-9 andMMP-
2 are two widely accepted proteinases that facilitate cell
invasion and metastasis. We also observed that compared

with the vehicle control lower levels of MMP-9 and MMP-
2 were expressed in Panc-1 cells after they were treated with
LXA
4
(Figure 1(c)).

3.2. LXA4 Attenuates Cell Invasion by Inhibiting ROSPathway.
It has been reported that elevated intracellular ROS tends
to enhance cell invasion [16], whereas LXA

4
can decrease

intracellular ROS [17–19]. We treated Panc-1 cells with vehi-
cle, LXA

4
, and ROS scavenger NAC at 20mM. Then, we

performed cell invasion assay, which demonstrated that fewer
cells passed through the Matrigel after they were treated
with LXA

4
and NAC compared with cells that were treated

with vehicle (Figures 2(a) and 2(b)). This demonstrated that
ROS might be involved in the regulation of cell invasion.
At the same time, based on the intracellular ROS levels that
were detected in Panc-1 cells that were treated with vehicle,
LXA
4
, and NAC, the data suggest that LXA

4
, similar to NAC,

decreased the amount of intracellular ROS compared with
the vehicle control (Figure 2(c)). These data supported the
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Figure 2: LXA
4
attenuated cell invasion via inhibiting ROS pathway. (a) Cell invasion tested by transwell chamber in Panc-1 cells treated with

vehicle (methanol), LXA
4
(400 nM), or ROS scavenger NAC (20mM). (b) The quantified results of (a). (c) Intracellular ROS determined in

cells treated in (a). Cells incubated with DCF-DA for 20min were washed with PBS three times and then lysed by RIPA lysis buffer and tested
by fluorimetry at 510 nm. It was normalized by total protein. ∗𝑃 < 0.05 versus vehicle control.

concept that the suppression of ROS pathway by LXA
4
was

responsible for attenuated cell invasion.

3.3. LXA4 Negatively Regulates Cell Invasion by Inhibiting
ROS/ERK Pathway. TheERK pathway, which is overactive in
pancreatic cancer, is widely accepted to affect cell invasion
[20]. When exposed to the specific ERK pathway inhibitor
FR180204 (10 𝜇M), cells present less aggressive invasion as
LXA
4
and NAC (Figures 3(a) and 3(b)), which suggests that

ERK might mediate LXA
4
attenuated cell invasion. Because

ERK is reported to be a downstream pathway of ROS [12,
13], we detected ERK activity and showed phospho-ERK
accounted for a lower proportion of total ERK when the cells
were treated with LXA

4
and NAC (Figure 3(c)). However,

cells that were exposed to FR180204 failed to show a decrease
in intracellular ROS (Figure 3(d)). Our data confirmed that
ROS could induce ERK activation, which suggests that LXA

4

could inactivate the ERK pathway via decreasing intracellular
ROS. This in turn further downregulates cell invasion.

3.4. LXA4 DownregulatedMMP-9/MMP-2 on Transcriptional
Level rather than Translation or Secretion. Our previous data
demonstrated that LXA

4
could inhibit cell invasion via the

downregulation of MMP-9/MMP-2 and the suppression of
ROS/ERK pathway. However, it still needed to investigate

how LXA
4
influenced the expression of MMPs. Thus we

performed ELISA assay to test secretedMMPs, which showed
fewer amounts MMP-9 and MMP-2 were secreted by cells
treated with LXA

4
(Figure 4(a)). At the protein level, as pre-

vious data (Figure 4(b)) have shown, MMPs were expressed
to a lesser extent in the LXA

4
-treated group. Eventually, RT-

qPCR demonstrated that LXA
4
could downregulate MMP-9

and MMP-2 at the transcriptional level (Figure 4(c)).

3.5. LXA4 Reverses CoCl2-Induced Cell Invasion through the
ROS/ERK/MMP Pathway. According to our previous study
[21, 22], pancreatic cancer is a type of malignancy that
demonstrates poor perfusion, and consequently a hypoxic
microenvironment can dramatically increase intracellular
ROS which may promote cell invasion and epithelial-
mesenchymal transition (EMT). To test whether hypoxia
could increase MMP-9 andMMP-2 levels and whether LXA

4

could reverse this overexpression, we added 0.15mM CoCl
2

to mimic the cellular hypoxic state. In cell invasion assay,
after a comparison with cells that were treated with vehicle
control, we found that cells treated with CoCl

2
became more

aggressive in nature. However, when they were treated with
CoCl
2
+ LXA

4
, the number of cells that passed through

the Matrigel decreased (Figures 5(a) and 5(b)), which sug-
gested LXA

4
reversed CoCl

2
-induced cell invasion. Next, the
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Figure 3: LXA
4
negatively regulated cell invasion by inhibiting ROS/ERK pathway. (a) Influence of LXA

4
on cell invasion in Panc-1 cells.

Cells were treated with vehicle (methanol), LXA
4
(400 nM), ROS scavenger NAC (20mM), or ERK specific inhibitor FR180204 (10𝜇M) for 24

hours.Then 1 × 105 cells were transferred into transwell chambers covered with Matrigel. After forty-eight hours, cells were stained with 0.1%
crystal violet, observed, and counted under microscope. (b)The quantified results of (a). (c) Representative western blot analysis of activated
p-ERK and total ERK in cells treated as in (a). (d) Intracellular ROS determined in cells treated in (a). Cells incubated with DCF-DA for
20min were washed with PBS three times and then lysed by RIPA lysis buffer and tested by fluorimetry at 510 nm. It was normalized by total
protein. ∗𝑃 < 0.05 versus vehicle control.

expression of MMP was measured. Cells that were treated
with CoCl

2
overexpressed MMP-9 and MMP-2, which was

reversed by CoCl
2
+ LXA

4
(Figure 5(c)). This demonstrates

that LXA
4
could reverse the CoCl

2
-induced overexpression

of MMPs. Furthermore, an assay to determine intracellular
ROS assay showed that CoCl

2
upregulated intracellular ROS

while LXA
4
could attenuate that effect (Figure 5(d)). In

addition, the cellular ERK pathway was activated when the
cells were culturedwithCoCl

2
, but it was inactivated by LXA

4

(Figure 5(e)). These data implied that inactivation of the
ROS/ERK/MMP pathway might be involved in the reversal
of CoCl

2
-induced cell invasion.
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Figure 4: LXA
4
downregulated MMP-9 and MMP-2 mRNA transcription. (a) Secretion of MMP-9 and MMP-2 influenced by LXA

4
, NAC,

or FR180204. Cells were cultured with FBS-free medium for 24 hours and then MMP-9 and MMP-2 secreted into mediums normalized by
cell number were tested by ELISA. (b) Western blot analysis of MMP-9 and MMP-2 in Panc-1 cells treated like above. (c) Transcription of
MMP-9 and MMP-2 tested by RT-qPCR. ∗𝑃 < 0.05 versus vehicle control.

4. Discussion

Pancreatic cancer is characterized by early invasion and
metastasis, which partially account for a compromised ther-
apeutic effect and poor outcome [23]. Therefore, it is neces-
sary to establish new methods to control cell invasion and
metastasis. In the present study, we show that LXA

4
tends to

attenuate cell invasion in vitro.
LXA
4
has been described as an anti-inflammatory and

proresolution small lipid mediator. Over the last few decades,
several studies have reported that LXA

4
might exert powerful

anticancer effects. Here, our results demonstrate that LXA
4

downregulates intracellular ROS to inhibit cell invasion,
which is in agreementwith data of previous studies on inflam-
mation [18, 19] and endothelial cells [17]. Some studies have
revealed that the LXA

4
analog ATL acts as a nicotinamide

adenine dinucleotide phosphate (NADPH) oxidase inhibitor,

and thus it can block the production of intracellular ROS
[17, 19]. In addition, LXA

4
can also block neutrophil-platelet

interactions; this reduces neutrophil-derived ROS, which is
a characteristic of inflammation [18]. However, the results
of another study contradict the aforementioned results. That
study showed that LXA

4
activates rather than blocksNADPH

oxidase and COX-2 to elevate ROS production in rat aortic
cells [24], which indicates that LXA

4
may have different

functions in different tissues.
ROS were originally regarded as promoters of cancer

because of their role in tumor initiation, promotion, pro-
gression, and tissue destruction [25]. However, accumulating
evidence indicates that ROS may play dual roles in cancer
in a dose-dependent manner [7, 8]. On the one hand, mild
intracellular ROS orchestrates various cell signals to promote
cancer advancement, and therefore the suppression of ROS
can attenuate cancer progression, including invasion. Our
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Figure 5: LXA
4
reverses CoCl

2
-induced cell invasion through ROS/ERK/MMP pathway. (a) Effect of LXA

4
on CoCl

2
-induced cell invasion.

Panc-1 cells were treated with vehicle (methanol), LXA
4
, CoCl

2
(0.15mM), or CoCl

2
+ LXA

4
. Cell invasion assay was performed when cells

had been transferred into transwell chamber for 48 hours. (b) The quantified data of (a). (c) Western blot analysis of cells treated as above.
(d) Intracellular ROS determined in cells treated in (a). Cells incubated with DCF-DA for 20min were washed with PBS three times and then
lysed by RIPA lysis buffer and tested by fluorimetry at 510 nm. The absorbance was normalized by total protein. (e) Expression of activated
p-ERK and total ERK detected by western blot. ∗𝑃 < 0.05 versus corresponding control.

data show that the intracellular ROS inhibited by LXA
4
or

NAC reduce cell invasion and thus support this perspective,
as in our previous study, where we illustrated that the
depletion of H

2
O
2
by catalase limits pancreatic cell invasion

[22]. On the other hand, extremely high levels of ROS, which
are usually induced by radiation therapy or chemotherapeutic
agents, destroy almost all cellular components, which then
triggers cell death. The present study is not concerned

with radiation and other therapeutic agents, and thus the
intracellular ROS level is not so high as to limit cancer
progression; hence, the scavenging of ROS by LXA

4
induces

anticancer effects.
Invasion is widely accepted as a hallmark of cancer

[26], especially in pancreatic cancer. Studies have been
conducted in this field for several decades, but invasion
is still responsible for the poor outcome of patients with
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pancreatic cancer. In recent years, studies that have focused
on the tumor microenvironment revealed that a remodeled
tumor extracellular matrix (ECM), which is affected by
cancer cells and stroma, facilitates cancer cell invasion [25,
27, 28]. MMPs secreted by cancer cells play a key role in
the degradation of the ECM, which weakens the natural
barrier and inhibits cell invasion [29]. However, MMPs are
regulated by different cellular signals. Several studies have
demonstrated thatmitogen-activated protein kinase (MAPK)
pathways, especially ERK, regulate MMP expression [12, 13,
30–32]. In fact, most patients with pancreatic cancer carry
mutational activation of the KRAS oncogene [23] which
partially accounts for a dramatically activated ERK pathway,
overexpression ofMMPs, and obvious invasive potential [20].
Additionally, an overactivated ERK pathway in cancer may
also be regulated by ROS [33]. In our study, through a
comparison of intracellular ROS and ERK activation between
the NAC- and the FR180204-treated groups, we can conclude
that ROS acts upstream of ERK. This result is in accordance
with that of other studies discussed above. Furthermore,
our data also elucidate that the inhibition of the ROS/ERK
pathway by LXA

4
efficiently downregulates the expression of

MMP-9 and MMP-2, which attenuates cell invasion. Finally,
we confirmed that the inhibitory effect of LXA

4
on the

expression of MMPs is implemented at the transcriptional
level.

Poor perfusion is another characteristic of pancreatic can-
cer [23], which typically is associatedwith a hypoxicmicroen-
vironment. Hypoxia promotes pancreatic cancer progression
through various means including the enhancement of cell
invasion [21, 34]. In the last part of our study, we treated
the cells with CoCl

2
to mimic a hypoxic environment. Our

results show that ROS production dramatically increases with
hypoxia and that consequent ERKpathway activation leads to
the overexpression of MMP-9 and MMP-2, which promotes
cell invasion. Encouragingly, the protective effect of LXA

4

exists even in this hypoxic model, which indicates that LXA
4

is more likely to be effective against pancreatic cancer in vivo.
In summary, our present study showed that the endoge-

nous AA metabolite LXA
4
could attenuate pancreatic cancer

cell invasion via the inhibition of the ROS/ERK/MMP path-
way. Our data also revealed that in a CoCl

2
-induced hypoxic

model cancer cells tended to upregulate the ROS/ERK/MMP
pathway to obtain aggressive, invasive behavior and that this
effect could be reversed by LXA

4
.This implies that LXA

4
may

be a novel agent that targets the ROS/ERK/MMP pathway to
prevent or control cancer cell invasion.

5. Conclusion

Our work demonstrates that LXA
4
attenuates cell invasion in

pancreatic cancer by suppression of the ROS/ERK pathway
and consequent MMP-9/MMP-2 transcription not only in a
pancreatic cancer cell line but also in a CoCl

2
-inducedmodel

of hypoxia.This suggests that LXA
4
may be a novel agent that

targets the ROS/ERK/MMP pathway to prevent or control
cancer cell invasion.
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Genome instability and impaired DNA repair are hallmarks of carcinogenesis.The study was aimed at evaluating the DNA damage
response in H

2
O
2
-treated lymphocytes using the alkaline comet assay in bladder cancer (BC) patients as compared to clinically

healthy controls, elderly persons, and individuals with chronic inflammations. Polymorphism in DNA repair genes involved in
nucleotide excision repair (NER) and base excision repair (BER) was studied using the PCR-RFLP method in the Belarusian
population to elucidate the possible association of their variations with both bladder cancer risk and clinicopathological features of
tumors.The increased level of H

2
O
2
-induced DNA damage and a higher proportion of individuals sensitive to oxidative stress were

found among BC patients as compared to other groups under study. Heterozygosity in the XPD gene (codon 751) increased cancer
risk: OR (95% CI) = 1.36 (1.03–1.81), 𝑝 = 0.031. The frequency of the XPD 312Asn allele was significantly higher in T ≥ 2 high grade
than in T ≥ 2 low grade tumors (𝑝 = 0.036); the ERCC6 1097Val/Val genotype was strongly associated withmuscle-invasive tumors.
Combinations of homozygous wild type alleles occurred with the increased frequency in patients with non-muscle-invasive tumors
suggesting that the maintenance of normal DNA repair activity may prevent cancer progression.

1. Introduction

Oxidized DNA base lesions induced by environmental pol-
lutants and endogenous metabolites lead to a variety of
mutations and consequently to genetic instability, which is
a hallmark of cancer [1, 2]. As shown in European pop-
ulations, increased frequencies of chromosome aberrations
and micronuclei are closely associated with cancer risk [3,
4]. When monitoring genomic alterations in the urothe-
lial carcinomas in individual patients for a long time, the
increased level of the mitotic recombination was found at
the early carcinogenesis stage, and extensive genetic damage
was accumulated during the evolution of the tumors [5].
When studying the cellular response to DNA damage in
different types of cancer, activation of the ATM–Chk2–p53
signal pathway was observed in early human tumorigenesis

[6] indirectly indicating accumulation of DNA lesions that,
in turn,might be considered as the primary trait of upcoming
genome instability and cell malignancy. Thus, the oxidatively
induced DNA damage initiating genome instability is one of
the principal factors of carcinogenesis, whereas the other one
seems to be DNA repair deficiency or impairment.

The oxidatively damaged bases are predominantly
removed via the BER pathway initiated with their excision
by DNA glycosylases [7]. Among them, 8-oxo-guanine DNA
glycosylase 1 (OGG1) is responsible for elimination of the
highly mutagenic DNA lesion, 8-oxo-7,8-dihydroguanine
(8-oxoGua). Another functionally important protein, X-ray
repair cross-complementing protein 1 (XRCC1), interacts
with DNA glycosylases, AP endonuclease-1 (APE-1), DNA
polymerase 𝛽 (POL𝛽), DNA ligase III (Lig III), poly (ADP-
ribose) polymerase 1 (PARP-1), and polynucleotide kinase
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(PNK) at the damaged site, by modulating their activities
and coordinating the subsequent enzymatic BER steps
[8, 9]. The reduced BER activity has been newly discussed
to trigger the development of sporadic cancers [10]. The
performed proteomic analysis of BER deficient human cells
has demonstrated that BER deficiency, leading to genome
instability, results in dramatic changes in gene expression,
resembling changes found in many cancers. These findings
suggest that genetically unstable BER deficient cells may be a
source of precancerous cells [10].

The majority of chemically induced DNA adducts are
removed by the NER pathway that operates globally through-
out the genome (global genome, GG NER) or during tran-
scription (transcription coupled, TC NER); both subsets
differ only in their initial recognition of the helix-distorting
DNA damage [11, 12]. In this multistep repair process, DNA
helicases unwind the double helix, thus opening access to the
lesion site for other repair enzymes [13]. The XPD helicase,
mutated in the cancer-prone xeroderma pigmentosum (XP),
is part of the TFIIH complex that is essential for signaling
events triggering transcription, cell cycle checkpoints, and
DNA repair [14]. TC NER requires specific factors, including
Cockayne syndrome (CS) protein B (CSB).The latter belongs
to both the helicase superfamily 2 and to the SWI/SNF com-
plexmaintaining and remodeling chromatin structure [15, 16]
and it acts at the crossroads of transcriptional networks [17,
18]. In the context of the present study, the recently reported
data confirming involvement of NER-initiating proteins in
the elimination of oxidatively generatedDNAdamage [19, 20]
take on special significance.

We attempted to estimate the cellular response to oxida-
tively induced DNA damage and polymorphism in some
DNA repair genes in bladder cancer.The frequencies ofOGG1
Ser326Cys (rs1052133), XRCC1 Arg399Gln (rs25487), XPD
Asp312Asn (rs1799793), and ERCC6Met1097Val (rs2228526)
polymorphisms have been recently determined in the bladder
cancer (BC) patients as compared with clinically healthy
residents of Belarus [21]. Our results indicated the associ-
ation of the XPD 312Asp/Asn heterozygous genotype with
an increased risk of bladder cancer, whereas the OGG1
326Ser/Cys heterozygous genotype has exhibited the pro-
tective effect. Here, genome integrity and stability was ana-
lyzed in peripheral blood lymphocytes using the comet
assay. Besides, isolated DNA samples were genotyped for
polymorphism of DNA repair genes involved in BER and
NER to elucidate both the possible impact of some other
genetic variations (XPD Lys751Gln and ERCC6 Gly399Asp)
on bladder cancer susceptibility and the association of all
six polymorphisms with clinicopathological parameters of
tumors for evaluating their prognostic relevance.

2. Materials and Methods

2.1. Study Populations. The study included two independent
experimental sets. In the first experimental set, the control
group comprised 35 clinically healthy volunteers aged 22–63
years old who had no chronic and acute diseases and con-
tacts with occupational hazards. They were recruited among
residents of regions that were not affected by the Chernobyl

fallout. Forty individuals with histologically verified bladder
cancer (BC) were randomly selected among patients of the
Department of Urology of N.N. Alexandrov National Cancer
Centre of Belarus in 2011. The average age of BC patients
was about 70 years; males and smokers amounted to 85%
and 89% of the sample, respectively. Besides, the group of
elderly people was represented by fifteen clinically healthy
persons over 60 years; among them, 73% were males. Fifteen
individuals comprised the group of chronic inflammatory
diseases including chronic obstructive pulmonary disease
(9 cases), chronic pyelonephritis (4 cases), and rheumatic
disease and polyarthritis (2 cases); all of them were beyond
the exacerbation phase.Their average age was about 50 years,
and males amounted to 53% of the sample. The cellular
response to oxidatively induced DNA damage was compared
in these four groups using the comet assay.

In the second experimental set, the case group comprised
418 BC patients who were treated at the Department of
Urology of N.N. Alexandrov National Cancer Centre of
Belarus over 2011–2014. All urothelial carcinoma diagnoses
were verified histologically after transurethral resection of
tumors.TheT stages were determined using the international
Tumor-Node-Metastases (TNM) classification, and the grade
of tumor tissue differentiation was established according to
WHO classifications of 1973 and 2004 [22, 23]. Blood samples
(3–5mL) were collected by venal puncture by the qualified
medical personnel in accordance with the Declaration of
Helsinki (1964) [24]. The blood samples were accompanied
with a demographic profile of patients and the clinicopatho-
logical description of tumors (Table 1).

370 individuals were randomly recruited as controls
among healthy volunteers involved in blood donation at the
Republic Research and Production Center for Transfusiology
and Medical Biotechnologies (Minsk) and elderly people
who were observed at the Department of Gerontology and
Geriatrics at the Belarusian Medical Academy of Postgrad-
uate Education. Individuals from both control subgroups
had no positive cancer history or acute diseases and should
be considered the population-based controls. The control
populationwas predominantly represented bymales (68.7%).
Like the BC patients, noncancer individuals were between 31
and 94 years old, with the average age of 64.5 ± 13.5 years as
opposed to 66.7 ± 10.9 years in the case group. The controls
were matched to the cases by the recruitment period, the
ethnic origin (both were predominantly Belarusians or other
Eastern Slavs), and age. However, they differed from each
other in the smoking status, since smokers amounted to 31%
among controls and to 68% among patients. It should be
mentioned that the same control population was used in the
previous work in order to study the possible impact of OGG1
Ser326Cys (rs1052133), XRCC1 Arg399Gln (rs25487), XPD
Asp312Asn (rs1799793), and ERCC6Met1097Val (rs2228526)
polymorphisms on susceptibility to bladder cancer [21].
Herein, the control population was used for the similar
purpose concerning XPD Lys751Gln (rs13181) and ERCC6
Gly399Asp (rs2228528) polymorphisms, while the next steps
of the study were carried out using the enlarged case group
stratified into several categories depending on tumor stages
and grades.
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Table 1:The demographic features of BC patients and clinicopatho-
logical parameters of tumors.

Features Patients
𝑛 Frequency %

Gender
Males 344 82.3
Females 74 17.7

Age (years)
Min 31
Max 93
Mean ± SD 66.7 ± 10.9
Median 67

Smoking
Smokers 283 67.7
Nonsmokers 117 28.0
Not specified 18 4.3

Tumor stages
TIS 1 0.2
Ta 91 21.8
T1 198 47.4
T2 72 17.2
T3 27 6.5
T4 27 6.5
Not specified 2 0.4

Tumor grades
1973
CIS 1 0.2
G1 139 33.3
G2 186 44.5
G3 86 20.6
Not specified 6 1.4

2004
PUNLMP 11 2.6
CIS 1 0.2
Low 241 57.7
High 156 37.3
Not specified 9 2.2

Recurrence
No 268 64.1
Yes 150 35.9

Informed consent was obtained from each participant
included in the study before the collection of blood samples.
All participants were interviewed to complete a questionnaire
covering medical, residential, and occupational history as
well as age, gender, and the tobacco smoking status. The
smoking status was summarized as “smokers” (combining
current smokers and ex-smokers) or “nonsmokers” (includ-
ing never smoking persons).

2.2. Estimation of Genome Integrity in Freshly Isolated Lym-
phocytes Using the Comet Assay. The approach for evaluation
of genome integrity in order to diagnose genome instability in
isolated lymphocytes was earlier described in detail [25–27].

In this investigation, 2-3mL peripheral blood was collected
into the heparinized Vacutainer tubes and kept at 4∘C for
no longer than 2 h. Lymphocytes were isolated from whole
blood samples by centrifugation over 2.5mL Histopaque at
1500 rpm for 30min. Then lymphocytes were washed twice
with RPMI 1640, suspended in cold PBS, and exposed to
hydrogen peroxide (100 𝜇MH

2
O
2
) at 4∘C for 1min, followed

by washing with cold PBS. Intact and treated cells were
incubated in RPMI 1640 with 10% fetal bovine serum (FBS)
during a 3-h period at 37∘C. Their viability was traditionally
evaluated with the trypan blue exclusion test and usually
varied in the range of 96–98%.

All the reagents and procedures were used according to
the admitted protocol of the alkaline comet assay (single
cell gel electrophoresis) [28]. Briefly, procedures included
slide preparation, lysis of cell membranes for DNA elution
by keeping the slides in the cold lysing solution (2.5M
NaCl, 10mM Na

2
EDTA, 10mM Tris, 1% Triton-X100, pH

10) for 1 h, DNA unwinding in fresh electrophoresis buffer
(1mMNa

2
EDTA, 300mMNaOH) for 20min, and horizontal

electrophoresis for 20min at 1 V/cm, 300mA and pH > 13.
After electrophoresis, slides were washed twice for 5minwith
0.4M Tris buffer (pH 7.5) for neutralization and fixed in
ice-cold 96% ethyl alcohol for 10min. After staining with
ethidium bromide, slides were analyzed with a fluorescence
microscope Olympus BX-50. Visual estimation of DNA
damage in arbitrary unites (a.u.) was carried out according to
published recommendations [29]. Two slides were prepared
for each point of analysis, and at least 100 cells were scored per
each of two replicate slides by one researcher that provided
the concordance between the results. The levels of DNA
damage were calculated as average values.

Basal DNA damage was determined after 180min incu-
bation of intact lymphocytes in RPMI 1640 with 10% FBS.
The initial level of oxidatively induced DNA damage was
estimated immediately after mutagenic treatment, and the
residual level of DNA damage was measured 180min after
exposure. To estimate DNA repair kinetics, samples of H

2
O
2
-

treated lymphocytes were collected at 0, 30, 60, and 180min
of their incubation.

2.3. Genotyping. DNA for genotyping procedures was
extracted using the traditional phenol-chloroform technique.
Single nucleotide polymorphisms (SNPs) in some DNA
repair genes were determined by the PCR-RFLP method
under conditions used in the previous work [21]. In addition
to polymorphisms OGG1 Ser326Cys, XRCC1 Arg399Gln,
XPD Asp312Asn, and ERCC6 Met1097Val, XPD Lys751Gln
(rs13181) and ERCC6 Gly399Asp (rs2228528) were analyzed
in the present study. These polymorphisms were detected at
conditions described elsewhere [30, 31]. The PCR products
were digested with restriction enzymes, electrophoresed
through 2.5% agarose gels containing ethidium bromide,
and visualized under UV light. DNA repair genes and
corresponding genotypes are shown in Table 2.

2.4. Statistical Analysis. Pearson’s 𝜒2 test (or Fisher’s exact
test when necessary) was used to verify the significance of
differences between the groups of BC patients and controls
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Table 2: Characteristics of allelic variants and some conditions for their detection.

Gene polymorphisms Primer sequences Restriction
enzyme PCR products (bp)

Nucleotide excision repair

ERCC2/XPD Asp312Asn
rs1799793

(F) 5-CTG TTG GTG GGT GCC CGT ATC TGT TGG TCT-3
(R) 5-TAA TAT CGGGGC TCA CCC TGC AGC ACT TCC T-3 StyI

Asp/Asp: 507 + 244;
Asp/Asn: 507 + 474 + 244 + 33;

Asn/Asn: 474 + 244 + 33

ERCC2/XPD Lys751Gln
rs13181

(F) 5-GCC CGC TCT GGA TTA TAC G-3
(R) 5-CTA TCA TCT CCT GGC CCC C-3 Pst I

Lys/Lys: 290 + 146;
Lys/Gln: 290 + 127 + 146;

Gln/Gln: 227 + 146

ERCC6/CSBMet1097Val
rs2228526

(F) 5-CCT GCT T CT AAC ATA TCT GT-3
(R) 5-AAT CAC TGA CAA CTC TTC TG-3 Nla III

Met/Met: 123 + 78;
Met/Val: 201 + 123 + 78;

Val/Val: 201

ERCC6/CSB Gly399Asp
rs2228528

(F) 5-TGA AGA GTC TGA GTA TTT CC-3
(R) 5-ATC TTC ATC TCC ATC ATC TC-3 RsaI

Gly/Gly: 180 + 91;
Gly/Asp: 271 + 180 + 91;

Asp/Asp: 271
Base excision repair

XRCC1
Arg399Gln
rs25487

(F) 5-GGA CTG TCA CCG CAT GCG TCG G-3
(R) 5-GGC TGG GAC CAC CTG TGT T-3 MspI

Arg/Arg: 115 + 34;
Arg/Gln: 149 + 115 + 34;

Gln/Gln: 149
OGG1
Ser326Cys
rs1052133

(F) 5-CTG TTC AGT GCC GAC CTG CGC CGA-3
(R) 5-ATC TTG TTG TGC AAA CTG AC-3 MboI

Ser/Ser: 224 + 23;
Ser/Cys: 247 + 224 + 23;

Cys/Cys: 247

Table 3: The cellular response to the oxidative stress in vitro in the case group as compared to controls.

Features under study Exposure, time of lymphocyte
incubation (min)

BC patients
(𝑛 = 40)

Controls/healthy donors
(𝑛 = 35)

Basal DNA damage Intact lymphocytes
180 11.4 ± 1.0 9.2 ± 0.8

Oxidatively induced DNA damage

Exposure to H2O2

0 117.1 ± 7.1 85.6 ± 4.4a

30 41.8 ± 3.8 31.7 ± 3.2a

60 29.9 ± 2.7 22.8 ± 2.1a

180 17.7 ± 1.6 13.3 ± 1.1a

DNA repair efficiency
30 65.2 63.0
60 74.5 73.4
180 84.3 84.4

aSignificant differences are observed between the levels of H2O2-induced DNA damage in BC patients and healthy controls (𝑝 = 0.00035, 0.045, 0.037, and
0.026 at 0, 30, 60, and 180min after mutagenic exposure according to two sided Student’s 𝑡-test, and 0.01 < 𝑝 < 0.05 according to the nonparametric Mann-
Whitney𝑈 test).

as well as between groups of different tumor stage and grade
categories in genotype/allele frequencies. Student’s 𝑡-test was
used for comparison of the groups by age and other contin-
uous variables, including the DNA damage levels. Nonpara-
metric Mann-Whitney 𝑈 test was also used in the latter case.
DNA repair efficiency (RE) was calculated as percentage of
DNA lesions eliminated at consequent time points relative to
their initial level.TheDNA repair rate in different groups was
compared by the coefficients of linear regression (𝛽) [25–27].

When genotyping the DNA samples for DNA repair gene
polymorphisms, the statistical significance for deviation from
Hardy-Weinberg equilibrium was determined using 𝜒2 test.
𝑝 ≤ 0.05 values were considered significant. The relative
risk was estimated as odds ratio (OR) with 95% confidence
intervals (CI).

3. Results

3.1. Genome Integrity In Isolated Lymphocytes after Oxidative
Stress In Vitro. To estimate adequately the cellular response
to oxidized DNA damage in bladder cancer, it was compared
among several groups and first of all between the cases and
controls (Table 3, Figure 1). The results indicated the absence
of statistically significant differences between the levels of
basal DNA damage in the control and case groups, whereas
the levels of H

2
O
2
-induced DNA damage in BC patients

exceeded those in healthy volunteers during the whole period
of observations. The greatest differences were observed
immediately after lymphocyte mutagenic exposure. Never-
theless, the slopes of repair kinetics closely resembled each
other (the insert in Figure 1), and, being compared by means
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Table 4: The cellular response to DNA damage in the groups of BC patients, elderly people, and individuals with chronic inflammatory
diseases.

Features under study BC patients
(𝑛 = 40)

Individuals older than 60 years
(𝑛 = 15)

Individuals with chronic inflammations
(𝑛 = 15)

Average age
(mean ± SE) 69.55 ± 1.57a 62.8 ± 0.74 48.87 ± 2.86

Sex ratio
females/males (% of males) 6/34 (85) 4/11 (73.33) 7/8 (53.33)

Smokers/nonsmokers
(% of smokers) 5/35 (89) 6/9 (60) 2/13 (13.33)

Basal DNA damage (a.u.) at 180min 11.38 ± 1.09 9.93 ± 2.61 6.0 ± 1.32
H2O2-induced DNA damage (a.u.) at 0min 117.13 ± 7.01b 89.33 ± 11.55 92.47 ± 7.97
Residual level of H2O2-induced DNA
damage (a.u.) at 180min 17.7 ± 1.59 18.2 ± 4.21 12.77 ± 3.03

DNA repair efficiency for 30min incubation 65.24 ± 2.08 69.91 ± 3.82 66.23 ± 4.03
DNA repair efficiency for 180 min
incubation 84.25 ± 1.33 81.27 ± 3.27 84.72 ± 3.22
aSignificant differences concerning age were revealed between BC patients and elderly persons (𝑝 = 0.0004) and between BC patients and individuals with
chronic inflammatory diseases (𝑝 = 0.0001).
bSignificant differences concerning the initial level of H2O2-induced DNA damage were observed between BC patients and elderly persons (𝑝 = 0.05) and
between those and individuals with inflammations (𝑝 = 0.027).
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Figure 1: The oxidatively induced DNA damage and DNA repair
kinetics in isolated lymphocytes from BC patients as compared to
healthy donors.The case group included 40 BC patients; the control
group comprised 35 clinically healthy donors.The insert reflects the
DNA repair kinetics on a logarithmic scale.The coefficients of linear
regression in the groups of patients (𝛽 = −0.39) and controls (𝛽 =
−0.36) are approximately equal.

of regression analysis, these data revealed no differences
between two groups with respect to the DNA repair velocity.
DNA repair efficiency was also equal in lymphocytes from
patients and controls (Table 3), suggesting that induced DNA
damage was eliminated in a similar manner in both groups.

Then the cellular response to H
2
O
2
exposure in BC

patients was compared with that in elderly persons and
individuals with chronic inflammatory diseases (Table 4).
The significant differences were found between all the groups
with respect to the initial levels of oxidatively induced DNA

damage, with the highest level in the BC patients indicating
increased cellular sensitivity to oxidative stress in bladder
cancer.

In another approach, the frequency of sensitive indi-
viduals (with an enhanced DNA damage response) was
estimated in the same groups using the earlier established
reference intervals for all the parameters under study in
the control population of 172 residents of Belarus [32]. In
brief, the normal lymphocyte response to DNA damage was
determined due to calculating 10th and 90th percentiles for
levels of basal and exogenous DNA damage as well as for
DNA repair efficiency measured at certain time points after
mutagenic exposure. The marginal values were determined
as follows: 15 a.u. for basal DNA damage, 110 a.u. for the
initial level, 25 a.u. for the residual level of H

2
O
2
-induced

DNA damage, and 70% for DNA repair efficiency by the end
of cell incubation. Subjects with the levels of DNA damage
exceeding these values as well as with DNA repair efficiency,
which is lower than the normal parameter, were attributed to
the group of “sensitive” individuals. It is seen fromTable 5 that
half of the BC patients sample manifested the increased sen-
sitivity of lymphocytes to H

2
O
2
immediately after treatment

as opposed to 14.3% in the control group and 26.7% among
elderly persons and individuals with chronic inflammations,
respectively. Both approaches have demonstrated that the
cellular responses to oxidatively induced DNA damage in
bladder cancer strongly differed from those in healthy donors
and to a lesser degree in aging and inflammations. Conse-
quently, the increased initial level of H

2
O
2
-induced DNA

damage in isolated lymphocytes might serve as a potential
biomarker of genome instability predisposing to cancer.

3.2. Association of DNA Repair Gene Polymorphisms with
Bladder Cancer Risk and Clinicopathological Characteristics
of Tumors. Polymorphism in some DNA repair genes has
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Table 5: The frequency of individuals with increased lymphocyte sensitivity to DNA damage in various study groups.

Study groups
Proportion of sensitive subjects (%) with respect to

Basal DNA damage H2O2-induced DNA damage Total
Initial level Residual level

BC patients (𝑛 = 40) 17.5 50a 10 62.5b

Individuals older than 60 years (𝑛 = 15) 20.0 26.67 26.67 46.67
Individuals with chronic inflammatory diseases (𝑛 = 15) 6.67 26.67 6.67 46.67
Controls (𝑛 = 35) 8.57 14.29 5.71 40.0
aSignificant differences were revealed between all the groups by criterion 𝜒2 (𝑝 = 0.009) and between the case group and controls (𝑝 = 0.001).
bSignificant differences were observed between BC patients and controls (𝑝 = 0.05).

Table 6: Distribution of allelic variants of some DNA repair genes in the group of BC patients as compared to controls.

Genotypes/variant alleles BC cases Controls
𝑝

𝑛 % 𝑛 %
ERCC2/XPD Lys751Gln (rs13181)

Lys/Lys 120 29.2 132 36.2a 0.039
Lys/Gln 212 51.6 160 43.8b 0.031
Gln/Gln 79 19.2 73 20.0 >0.05
Lys/Gln + Gln/Gln 291 70.8 233 63.8c 0.039
Gln 370/822 45.0 306/730 41.9 >0.05

ERCC6/CSB Gly399Asp (rs2228528)
Gly/Gly 283 68.0 259 71.0 >0.05
Gly/Asp 121 29.1 101 27.7 >0.05
Asp/Asp 12 2.9 5 1.4 >0.05
Gly/Asp + Asp/Asp 133 32.0 106 29.0 >0.05
Asp 145/832 17.4 111/730 15.2 >0.05

The genotypic distribution is in accordance with Hardy-Weinberg equilibrium in the control and case groups: 𝜒2 = 3.63 and 0.72 (𝑝 = 0.06 and 0.39) for
ERCC2/XPD Lys751Gln polymorphism; 𝜒2 = 1.95 and 0.05 (𝑝 = 0.16 and 0.83) for ERCC6/CSB Gly399Asp polymorphism.
aOR [95% CI] = 0.73 [0.54–0.98], 𝑝 = 0.039; bOR [95% CI] = 1.36 [1.03–1.81], 𝑝 = 0.031; cOR [95% CI] = 1.37 [1.02–1.86], 𝑝 = 0.039. OR values describe a
homozygous wild type genotype of the XPD gene as a protective factor, whereas the heterozygous genotype and sum of genotypes containing a variant allele
seem to be risk factors for developing bladder cancer.

been recently reported to affect susceptibility to bladder
cancer in Belarus [21]. Herein, the results of genotyping for
XPD Lys751Gln (rs13181) and ERCC6 Gly399Asp (rs2228528)
polymorphisms are added (Table 6). The ERCC6 Gly399Asp
polymorphisms were found to be neutral unlike the XPD
polymorphisms. In the latter case, cancer risk was mainly
associated with the XPD 751Lys/Gln heterozygous genotype
(OR (95% CI) = 1.36 (1.03–1.81) (𝑝 = 0.031)), which
indicated that heterozygosity in this codon predisposes to
tumorigenesis as it was earlier noticed for theXPD codon 312.

The comparison of the genotype distribution depending
on the tumor stages and tumor tissue differentiation (Table 7)
revealed lack of differences, except for theERCC6Met1097Val
polymorphism (rs2228526). The frequency of the ERCC6
1097Val/Val genotype was significantly increased in muscle-
invasive tumors as compared to non-muscle-invasive ones
(𝑝 = 0.0045), and the similar trend concerned the Val
allele frequency, which was almost doubled in patients with
T2 tumors as compared to Ta neoplasms (37.5% and 20.9%,
resp.; 𝑝 = 0.0009). These data suggested that the carriers of
the ERCC6 1097Val allele, predominantly in the homozygous
state, have a higher probability of developing advanced

cancer, what is also indicated by the odds ratio: OR (95%
CI) = 2.86 (1.36–6.05) (𝑝 = 0.0061) for the Val/Val genotype.

The distribution of genotypes/alleles for polymorphisms
of DNA repair genes did not depend on tumor grades. How-
ever, the analysis of genetic variations in papillary neoplasms
of low malignant potential (PNLMP) as compared with high
grade or poorly differentiated cancer revealed some peculiar-
ities concerning ERCC6 Met1097Val and OGG1 Ser326Cys
polymorphisms (Figure 2). The frequencies of homozygous
wild type genotype of ERCC6 gene and heterozygous geno-
type of the OGG1 gene were significantly increased in LMP
tumors, whereas the genotypes containing at least one variant
allele of the ERCC6 gene occurredmore often in patients with
G3 or high grade urothelial carcinomas. Thus, neoplasms
of low malignant potential were distinct from others with
respect to genotype distribution of both theOGG1 Ser326Cys
and the ERCC6Met1097Val polymorphisms.

When dividing tumors into four categories (Ta/T1 low,
Ta/T1 high, T ≥ 2 low, and T ≥ 2 high), evident differences
were found only in muscle-invasive carcinomas, with the
homozygous wild type genotype of the XPD gene (codon
312) being associated with low grade cancer, whereas
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Table 7: Distribution of genotypes of someDNA repair genes in non-muscle-invasive (Ta/T1) andmuscle-invasive (T ≥ 2) tumors depending
on their differentiation.

DNA repair gene polymorphisms Genotype frequency (%) depending on the tumor stages and grades
Ta/T1 T ≥ 2 G1 G2 G3 low high

OGG1 326 rs1052133 𝑛 = 288 𝑛 = 126 𝑛 = 135 𝑛 = 185 𝑛 = 86 𝑛 = 240 𝑛 = 156

Ser/Ser 67.0 69.0 71.1 65.9 67.4 67.5 69.2
Ser/Cys 28.8 27.0 24.4 30.8 27.9 28.8 26.3
Cys/Cys 4.2 4.0 4.4 3.2 4.7 3.8 4.5

XRCC1 399 rs25487 𝑛 = 288 𝑛 = 126 𝑛 = 135 𝑛 = 186 𝑛 = 86 𝑛 = 241 𝑛 = 156

Arg/Arg 39.6 44.4 41.5 38.2 46.5 39.0 44.2
Arg/Gln 49.0 44.4 48.9 48.4 43.0 48.5 44.9
Gln/Gln 11.5 11.1 9.6 13.4 10.5 12.5 10.9

XPD 312 rs1799793 𝑛 = 288 𝑛 = 126 𝑛 = 135 𝑛 = 185 𝑛 = 86 𝑛 = 240 𝑛 = 156

Asp/Asp 29.2 32.5 24.4 35.7 30.2 31.3 30.8
Asp/Asn 54.5 49.2 62.2 44.9 52.3 53.7 49.3
Asn/Asn 16.3 18.3 13.3 19.5 17.5 15.0 19.9

XPD 751 rs13181 𝑛 = 280 𝑛 = 124 𝑛 = 131 𝑛 = 181 𝑛 = 84 𝑛 = 234 𝑛 = 152

Lys/Lys 28.9 30.6 28.2 30.4 31.0 31.2 28.3
Lys/Gln 53.2 51.6 57.3 49.2 51.2 52.1 52.0
Gln/Gln 17.9 17.7 14.5 20.4 17.8 16.7 19.7

ERCC6 1097 rs2228526 𝑛 = 289 𝑛 = 126 𝑛 = 135 𝑛 = 186 𝑛 = 86 𝑛 = 241 𝑛 = 156

Met/Met 50.9 46.8 57.0 45.2 47.7 48.1 49.3
Met/Val 44.3 40.5 37.8 47.3 43.0 45.6 41.7
Val/Val 4.8 12.7a 5.2 7.5 9.3 6.2 9.0

ERCC6 399 rs2228528 𝑛 = 283 𝑛 = 126 𝑛 = 133 𝑛 = 183 𝑛 = 85 𝑛 = 236 𝑛 = 155

Gly/Gly 67.8 67.5 65.4 69.4 67.0 65.7 69.7
Gly/Asp 29.0 30.2 31.6 27.3 30.6 31.4 27.7
Asp/Asp 3.2 2.4 3.0 3.3 2.4 2.9 2.6

aSignificant differences were observed between Ta/T1 andT ≥ 2 tumors with respect to frequencies of the homozygous ERCC6 1097Val/Val genotype according
to 𝜒2 test (𝑝 = 0.0045).

the frequencies of genotypes containing a variant Asn allele
were significantly increased in high grade neoplasms (Fig-
ure 3(a)). Two other polymorphisms (XPD Lys751Gln and
ERCC6 Gly399Asp) showed similar trends, but the differ-
ences between T ≥ 2 low grade tumors and T ≥ 2 high grade
carcinomas were not statistically confirmed (Figure 3(b)).

Based on the assumption that the wild type of DNA
excision repair genes may provide elimination of mutagenic/
carcinogenic DNA lesions thus promoting both decrease in
cancer risk and inhibition of tumor expansion/malignancy,
the frequencies of combined homozygous wild type alleles
were estimated depending on T stages. The combination
involving Ser/Ser, Arg/Arg, Asp/Asp, Lys/Lys, Met/Met, and
Gly/Gly genotypes of OGG1 (codon 326), XRCC1 (codon
399), XPD (codons 312 and 751), and ERCC6 (codons
1097 and 399), respectively, was a rare event occurring
only in Ta/T1 tumors (2.1%). As shown in Figure 4(a), the
total frequency of combinations represented by any five
homozygous wild type genotypes was significantly higher
in non-muscle-invasive carcinomas (18.7%) as compared
to advanced tumors (7.9%) and together with the former
combination containing all six wild type homozygotes they
achieved 20.8% in Ta/T1 neoplasms as opposed to 7.9% in
T ≥ 2 tumors (Figure 4(b)). Accordingly, homozygosity for

the wild type alleles of the DNA repair genes under study
seemed to prevent tumor expansion. The distribution of
these combinations did not depend on tumor grades.

4. Discussion

Before discussing the data, it should be noted that evaluation
of bladder cancer risk implies a case-control study, but the
comparison of the demographic profiles of BC patients and
controls (Section 2.1 and Table 1) shows the significant dif-
ferences between groups concerning tobacco smoking status
that is likely to limit interpretation of the results. On the other
hand, the random selection of sizeable populations, which
are matched by the recruitment period, age and ethnicity,
allows a higher frequency of smokers among BC patients
to be considered as a disease-specific feature in support of
findings that bladder cancer is an age-, gender-, and smoking-
related disease [33, 34]. It should also be mentioned that the
percentage of smokers in the control population reflects the
situationwith tobacco consumption in Belarus, and the gene-
smoking relationship in bladder cancer has been previously
characterized [21, 35]. A close association of bladder cancer
with age and a tobacco smoking habit suggests that oxidative
stress contributes to its development.
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Figure 2: Distribution of some genotypes/alleles in patients with
papillary urothelial neoplasms of low malignant potential (LMP,
11 samples) as compared to high grade carcinomas (high, 156
samples). Four coupled bars correspond to ERCC6 Met1097Val
polymorphisms.The frequencies of theMet/Met genotype are 81.8%
and 49.4% in LMN and high grade tumors, whereas the frequencies
of the Met/Val + Val/Val genotypes are 18.2% and 50.6% in the
same types of urothelial carcinomas, respectively. The last coupled
bars reflect the frequencies of the OGG1 (codon 326) heterozygous
genotype, which are 54.5% in LMP neoplasms and 26.3% in high
grade tumors.

The comet assay used in the first experimental set remains
a widespread and efficient tool in biomonitoring studies
[36, 37]. Our approach resembles a challenge assay, which is
based on detecting chromosome breakage and has developed
for revealing exposure-induced DNA repair deficiency as
a functional biomarker of cancer risk [38]. In our studies,
basal and exogenous DNA lesions were identified as potential
biomarkers of genome destabilization, and their levels as well
as DNA repair kinetics after oxidative stress in vitro were
measured as average group values and individually. Using
this approach, we diagnosed and specified genome instability
in lymphocytes of patients with some genetic disorders and
occupationally exposed subjects [25–27]. Taking into account
conflicting data on the relationship between age and the
yield of DNA damage in the comet assay [36, 39], the age
differences, in particular between groups of BC patients and
individuals with chronic inflammations (Table 4), might be
a limitation of the present study. However, lack of such
correlation for basal and H

2
O
2
-induced DNA damage [27]

confirms the reliability of our observations.
Herein, the significantly increased levels of H

2
O
2
-

induced DNA damage were found in lymphocytes of BC
patients as compared to controls with the pronounced effect
immediately after mutagenic treatment due to dysfunction
of antioxidant defense and disturbance of redox homeostasis
[40, 41] rather than a reduced DNA repair rate or efficiency
(Figure 1 and Table 3). However, reactive oxygen species
(ROS) are known to contribute to inflammations [42, 43],

aging, and related diseases [44, 45], whereas inflammations,
resulting from and triggering ROS production, forego and
accompany carcinogenesis [46–48].Therefore, it was reason-
able for comparing the cellular response to oxidative stress
in different conditions. The initial levels of H

2
O
2
-induced

DNA damage as well as the proportion of individuals with
increased cellular sensitivity to hydrogen peroxide in the
group of BC patients exceeded those among elderly persons
and subjects with chronic inflammatory diseases (Tables 4
and 5).The results seemed to demonstrate an essential role of
the abnormal cellular response to oxidatively generated DNA
damage in bladder cancer.

Among various underlying mechanisms, mutations or
polymorphisms in genes responsible for antioxidant defense,
redox regulation, and oxidatively damaged base repair are
currently studied. Our second experimental set was focused
on the latter mechanism, and it would be interesting to
discuss involvement of DNA helicases in removing oxidized
DNA lesions. An inability to repair oxidatively generated
damage accumulating in the brain was hypothesized to cause
the neurological degeneration in xeroderma pigmentosum
[49]. As recently reported, the neurodegeneration in Cock-
ayne syndrome is associated with ROS-induced damage
in the mitochondria, independent of nuclear transcription
coupled repair [50].Moreover, CSB protein appears to behave
as an electron scavenger in the mitochondria whose absence
leads to increased levels of ROS in CSB-mutated cells [50].
The CSA and CSB proteins, in addition to their basic role in
TC NER, can participate in BER directly by interaction with
BER proteins and indirectly by modulating gene expression
[51]. Using high performance liquid chromatography coupled
to electrochemical detection (HPLC-EC) to measure the
genomic 8-oxoGua levels in mouse NER- or BER-deficient
embryo fibroblasts [20] as well as the immunofluorescence
method to detect binding of CSB and XPC to oxidative
lesions in different nuclear compartments in fibroblast cell
lines derived from patients [19], the experimental evidence
for a direct involvement of some XP and CS gene products in
repair of oxidatively induced damage has been provided. In
spite of the fact that the OGG1 DNA glycosylase dominates
in 8-oxoGua repair, NER (XPC and XPA) and transcription-
coupled repair proteins (CSB and CSA) are similar but are
minor contributors [19].

In our studies, theOGG1 (codon 326) heterozygous geno-
type decreased bladder cancer risk, especially in smokerswith
OR = 0.55 (0.34–0.89) (𝑝 = 0.014) [21] and prevented high
grade tumors as compared to neoplasms of low malignant
potential (Figure 2). Our findings, at least with respect to
cancer predisposition, are in line with some other data
[52, 53]. The ERCC6/CSB 1097Val/Val genotype enhanced
susceptibility to advanced (T ≥ 2) urothelial carcinoma
(Table 7), and the ERCC2/XPD 312Asn allele seemed to
promote tumormalignancy, since its frequencywas increased
in patients with T ≥ 2 high grade tumors as compared to T ≥
2 low grade neoplasms (Figure 3(a)). The effects associated
with impaired activity of CSB and XPD proteins might be
mediated by accumulation of ROS, which act as the second
messengers in intracellular signaling cascades inducing and
maintaining the oncogenic phenotype of cancer cells [54, 55].
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Figure 3: Distribution of some genotypes/alleles of DNA repair genes in non-muscle-invasive and muscle-invasive tumors depending on
their grades. (a) The frequencies of XPD Asp312Asn polymorphisms in Ta/T1 low grade tumors (227 samples) as compared to Ta/T1 high
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Figure 4: Distribution of wild type homozygous combinations in non-muscle-invasive and muscle-invasive urothelial carcinomas. 6 hmz
correspond to combination of all six wild type homozygotes; 5 hmz correspond to total combinations containing any five wild type
homozygotes. The Ta/T1 group was represented by 289 samples, whereas the T ≥ 2 group consisted of 120 samples.

It is generally accepted that the “driver” mutations in
a few key genes trigger certain (sometimes alternative)
pathways of cancer pathogenesis. In bladder cancer, themuta-
tions in FGFR3 gene are strongly associated with superficial
tumors, whereas mutations in TP53 gene lead to muscle-
invasive cancer [56]. However, the molecular analysis of
tumor tissue samples from the same Belarusian patients has
shown that about 30% among them are of the wild type

genotype with respect to both genes suggesting multiple
genetic origins of urothelial carcinomas [57]. The current
molecular-genetic analysis of bladder cancer includes the
whole genome sequencing, detection of genome-wide gene
expression profiles, studies of DNA repair and replication
processes, the immune and inflammatory responses, and
other common hallmarks of human cancers [58–62]. These
investigations are aimed at revealing novelmolecularmarkers
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with high predictive and prognostic relevance. In the context
of our study, the results concerning a set of mutations, which
were not earlier recognized as significant events for bladder
cancer, are of great interest. Specifically, among 32 identified
genes, there was the NER ERCC2/XPD gene, and its fifteen
of sixteen genetic variations were represented by deleterious
missense mutations with dominant negative effects [63].

In spite of the fact that genetic variations in excision repair
genes are not attributed to driver mutations in bladder cancer
[62], they may modulate susceptibility to cancer initiation
and cancer progression. For example, genome-wide asso-
ciation studies (GWAS) have identified more than 300
validated associations between genetic variants and risk of
approximately 70 common diseases [64]. The functions of
genes identified as relevant for bladder cancer focus on
detoxification of carcinogens, maintenance of DNA integrity,
control of the cell cycle, and apoptosis. Our data indicate both
the accumulation of oxidatively induced DNA damage and
impact ofmodifiedXPDandCSBproteins on risk and clinical
course of bladder cancer. It is typical that all known SNPs
are associated with bladder cancer with odds ratios lower
than 1.5; however, when interacting, they may collectively
result in a substantial cancer risk [64]. Combinations of the
homozygous wild type alleles are expected to exert a reverse
effect. Indeed, the combined wild type homozygotes for some
DNA repair genes reduced susceptibility to bladder cancer
[35] and even prevented tumor expansion (Figure 4(b)).

The impact of excision repair gene polymorphisms on
susceptibility to different cancers, including urothelial carci-
noma, has been widely discussed in literature [21, 35]. Their
associations with clinicopathological parameters of tumors
are still poorly understood, although there are intriguing
findings indicating the dual effects of DNA repair gene poly-
morphisms with respect to bladder cancer risk/recurrences/
progression and clinical outcomes. Improved overall and
disease-specific survivalas well as decreased mortality risk
of BC patients after chemotherapy and radiotherapy was
observed in carriers of variant allelesof theXPC gene [65] and
the XPD 751Gln allele combined with the XPC 939Gln allele
[66]. The clinical outcomes were also affected by a series of
XRCC1 polymorphisms [67] and by the OGG1 326Cys/Cys
genotype [68]. Hence, so-called “risky” genotypes/alleles
of some DNA repair genes decreased tumor resistance to
radiation or chemical treatment, thereby improving clinical
outcomes. At the same time, the “risky” ERCC6 1097Val allele
increased the frequency of urothelial carcinoma recurrences
[69] and the XRCC1 399A/A (Gln/Gln) genotype greatly
reduced recurrence free survival of BCG treated patients
[70]. The higher frequency of muscle-invasive tumors was
observed in carriers of XRCC1 194 bT+TT genotypes as
compared to the wild type CC genotype [70] and in carriers
of the mutatedAPE1 148Glu allele [71]. Our results indicating
the association of some polymorphic variants of ERCC6/CSB
and ERCC2/XPD genes with advanced bladder cancer (T ≥ 2
as compared to Ta/T1 tumors or T ≥ 2 high as opposed to
T ≥ 2 low grade carcinomas) fit into an overall picture, but
the problem needs to be further explored to confirm some
regularities arising from our own and literature data.

5. Conclusion

Using the alkaline comet assay, the increased level of H
2
O
2
-

induced DNA damage was found in isolated lymphocytes of
BC patients as compared to healthy controls, elderly people,
and individuals with chronic inflammatory diseases. The
proportion of individualswith the enhanced cellular response
to oxidative stress was also significantly higher among BC
patients than among healthy subjects. These results showed
that accumulation of oxidatively inducedDNAdamagemight
serve as a potential biomarker of genome instability predis-
posing to cancer.

Some excision repair gene polymorphisms modified the
susceptibility to bladder cancer and were associated with
clinicopathological parameters of tumors. Polymorphisms in
XPD gene (codons 312 and 751) increased cancer risk, and at
the same time the variant XPD 312Asn allele was significantly
associatedwithmuscle-invasive high grade tumors. Polymor-
phisms in ERCC6 gene (codon 1097), especially the Val/Val
homozygous genotype, occurredwith the higher frequency in
muscle-invasive tumors as compared to non-muscle-invasive
ones, and polymorphic variants in the XPD (codon 751) and
ERCC6 (codon 399) genes manifested the trends resembling
effects of theXPDAsp312Asn polymorphisms with respect to
T ≥ 2 high grade tumors as compared to T ≥ 2 low grade car-
cinomas. Interestingly, the combinations of homozygous wild
type genotypes were associated with non-muscle-invasive
tumors and their frequency was more than twice lower in
T ≥ 2 carcinomas suggesting that the maintenance of normal
DNA repair activity, specifically of some XP and CS gene
products, seems to inhibit cancer initiation and/or cancer
progression. Based on the literature data, one can assume that
their positive effects, at least in part, are mediated through
elimination of mutagenic/carcinogenic oxidatively induced
DNA damage.
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Cancer onset and progression have been linked to oxidative stress by increasing DNA mutations or inducing DNA damage,
genome instability, and cell proliferation and therefore antioxidant agents could interfere with carcinogenesis. It is well known
that conventional radio-/chemotherapies influence tumour outcome through ROSmodulation. Since these antitumour treatments
have important side effects, the challenge is to develop new anticancer therapeutic strategies more effective and less toxic for
patients. To this purpose, many natural polyphenols have emerged as very promising anticancer bioactive compounds. Beside
their well-known antioxidant activities, several polyphenols target epigenetic processes involved in cancer development through
the modulation of oxidative stress. An alternative strategy to the cytotoxic treatment is an approach leading to cytostasis through
the induction of therapy-induced senescence. Many anticancer polyphenols cause cellular growth arrest through the induction
of a ROS-dependent premature senescence and are considered promising antitumour therapeutic tools. Furthermore, one of the
most innovative and interesting topics is the evaluation of efficacy of prooxidant therapies on cancer stem cells (CSCs). Several
ROS inducers-polyphenols can impact CSCs metabolisms and self-renewal related pathways. Natural polyphenol roles, mainly in
chemoprevention and cancer therapies, are described and discussed in the light of the current literature data.

1. Introduction

Many epidemiological studies suggest that diet particularly
rich in fruits and vegetables have cancer preventive properties
[1–3]. The beneficial effects of diet are attributable, at least in
part, to polyphenols which have antitumour activities both in
animal models and in humans [4, 5].

During the past few decades the growing interest in
natural polyphenols has contributed to understanding these
compounds in terms of their chemical and biological func-
tions and beneficial effects on human health [6, 7]. With
the advent of cellular, molecular experimental systems,
and transgenic/knockout mice models, relevant advances
in understanding the mechanisms involved in the action
of polyphenols have been achieved. Most of the beneficial
effects of natural polyphenols are considered to reflect their
ability to scavenge-free radicals endogenously generated [8]
or formed by radiation and xenobiotics [9]. However, some

data in literature, suggest that the antioxidant properties of
the phenolic compounds may not fully account for their
chemopreventive effects [10]. Emerging evidence indicates
that these polyphenols may also behave as prooxidants to
initiate a reactive oxygen species mediated cellular DNA
breakage and consequent cell death [11]. It has been reported
that such a prooxidant mechanism is a result of redox-active
microenvironment in cancer cells due to elevated levels in
copper [12]. Copper is an important redox-active metal ion
present in chromatin, closely associated with DNA bases
and can be mobilized by metal chelating agents. Several
studies have established that serum, tissue, and cellular
copper levels in cancer patients are significantly elevated.
Given that aberrant redox system is frequently observed in
many tumour cells [13], it was hypothesized that polyphenols
may selectively affect tumour cells behaviour based on their
differential redox status [12].
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The protective mechanisms that block the initiation of
carcinogenesis can be defined as chemoprevention, a concept
that was originally introduced by Wattenberg [14]. Interest-
ingly, natural polyphenols could induce apoptotic cell death
in preneoplastic or neoplastic cells through various growth
inhibitory mechanisms as the activation of cytochrome c
and caspases, the arrest of cell cycle, and the modulation of
signalling pathways (NF-𝜅B, JAK/STAT) which result in the
inhibition of tumour progression [15, 16].

Research on the anticancer activities of dietary polyphe-
nols, identified new antitumour molecules that can be used
in cancer prevention and treatment, both alone and in
combination with current chemotherapy/radiotherapy [17–
19].

Cellular senescence is a physiological process of irre-
versible cell-cycle arrest that contributes to various physio-
logical and pathological processes of aging [20]. Replicative
senescence (RS) is associated with telomere erosion after
repeated cell divisions, whereas stress-induced premature
senescence (SIPS) is a telomere-independent process and
occurs in response to aberrant oncogenic signalling, oxidative
stress, and DNA damage. Although senescent cells have
irreversibly lost their capacity for cell division, they are viable
and remain metabolically active [21, 22].

Induction of cellular senescence can be considered a
relevant mechanism of tumour suppression. The concept of
prosenescence therapy has emerged over the past few years
as a novel therapeutic approach to treat cancers. Emerging
evidence has demonstrated that therapy-induced senescence
(TIS) is a critical mechanism through whichmany anticancer
drugs inhibit tumour progression [23]. TIS may be viewed
either as an independent approach to treat cancer cells or as a
combined strategy with conventional chemo-/radiotherapy.
In a neoadjuvant setting, prosenescence therapy could be
used with traditional treatments in order to reduce tumour
mass before surgery. Furthermore, the engagement of prose-
nescence as an adjuvant therapy could be helpful in reducing
the statistical risk of cancer relapse.

Epigenetic alterations, such as DNAmethylation, histone
acetylation level, and gene expression miRNA-regulated can-
cer stem cells biology, and induction of premature senescence
in tumour cells have been identified as relevant anticancer
features of many dietary polyphenolic compounds [24–
28]. Increasing data from both cancer epidemiology and
experimental attempts support the bright future of polyphe-
nols as epigenetic modulators, prosenescence inducers, and
cancer stem cells metabolism regulators in new anticancer
approaches.

In this review, we will discuss the current progress in
the study of polyphenols as very promising tools for the
management of cancer prevention and treatment.

2. Oxidative Stress and Cancer

2.1. Cellular Transformation Mechanisms Mediated by ROS.
Cancer is currently one of the most deadly diseases world-
wide. According to a report by the World Health Organi-
zation (WHO) (http://who.int/cancer/en) 8.2 million people
died of cancer in 2012; however 30% of cancer can be

prevented and some of the most common cancers such as
breast, colorectal, and cervical cancer are curable if treated
promptly. Among many factors that cause cancer, oxidative
stress is one of the most important and well-studied event
that gives rise to the conditions leading to tumour onset and
progression [29].

It has been demonstrated that continuous inflammation
may lead to a preneoplastic situation [30–32]. In chronically
inflamed cells, the secretion of a large amount of reactive
oxygen/nitrogen species (ROS/RNS) recruits more activated
immune cells, which leads to the amplification of dysregu-
lated processes and eventually to a preneoplastic condition. If
the amount of cellular ROS/RNS produced is high enough to
overcome endogenous antioxidant response, an irreversible
oxidative damage to nucleic acids, lipids, and proteins may
cause genetic and/or epigenetic alterations leading to the
dysregulation of oncogenes and tumour suppressor genes.
Hence, the oxidative stress and chronic inflammation pro-
cesses are tightly coupled and the failure to block these
processes could result in genetic/epigenetic changes that
drive the initiation of carcinogenesis [33]. Furthermore,
several studies have shown that oxidative stress affects several
signalling pathways associated with cell proliferation [34].
Among them, the epidermal growth factor receptor signalling
pathway (EGFR) can be mentioned and key signalling pro-
teins, such as the nuclear factor erythroid 2-related factor
2 (NRF2), Ras/Raf, the mitogen activated protein kinases
(MAPKs) ERK1/2, and MEK, phosphatidyl inositol 3-kinase
(PI3K), phospholipase C, and protein kinase C are affected by
oxidative stress [35–37]. Moreover, ROS alter the expression
of the p53 suppressor gene that is a key factor in apoptosis.
Thus, oxidative stress causes changes in gene expression, cell
proliferation, and apoptosis and plays a significant role in
tumour initiation and progression [37–40].

Intriguingly, it is believed that, on the one hand, ROS
contribute to the carcinogenesis, but, on the other hand,
excessive amounts of ROSmay act as cellular toxicants which
lead to cancer cell growth arrest, apoptosis, or necrosis [41]
(Figure 1). It is speculated that the malignant cells which
are under increased level of oxidative stress would be more
vulnerable to further ROS attack [42].

The evaluation of tissue redox status has great diagnostic
potential in oncology. There are studies showing that low
antioxidant status and increased oxidative stress levels are
detected in cancer patients, even before oncology treatment
starts [43]. Moreover, the redox status has a prognostic rel-
evance for cancer therapy and could significantly contribute
to the planning of an appropriate patient treatment regime.
The conventional therapeutic strategy is based on drugs that
increase ROS generation and induce apoptotic damage in
cancer cells. However, this therapeutic approach has a serious
disadvantage such as the development of various toxic side
effects in normal tissues.

It has been reported [44] that normal cells compared to
cancer cells show a low steady-state level of ROS and constant
level of reducing equivalents. The different redox status of
normal and cancer cells allows the use of this parameter for
the design of new promising therapeutic strategies based on
the regulation of redox signalling.
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Figure 1: Dual prooxidant role of ROS level in cancer cells.
Prooxidant mechanisms associated with different cellular ROS
levels: high levels could induce DNA damage and cell death whereas
low levels could induce epigenetic alterations and senescence-like
growth arrest. In the figure the classical role of ROS scavengers as
antioxidants is also reported.

There is preliminary evidence suggesting that certain
antioxidant supplements may reduce adverse cancer thera-
peutic reactions including neurotoxicity, asthenia, stomati-
tis/mucositis, and weight loss [45]. Significant reductions in
toxicity may alleviate dose-limiting side effects so that more
patients are able to complete prescribed chemo-/radiotherapy
regimens successfully, suggesting an improved therapeutic
index.

Furthermore, from a chemopreventive point of view,
antioxidants have been shown to play an important role.
Many epidemiological studies concluded that people who eat
more vegetables, fruits, and other types of food rich in phe-
nolic antioxidants may have a lower risk of developing some
types of cancer. It is well established that the Mediterranean
dietary pattern has beneficial effects on the prevention of
cancer incidence and mortality. The Mediterranean diet is
characterized by high antioxidant content capable of affecting
inflammatory progress, cell cycle, proliferation and apoptosis
process, and gene expression modulation [3, 46].

2.2. Oxidative Stress: Role of Epigenetic Alterations in Cancer.
Since 1940, epigenetics has been defined as heritable changes
in gene expression without changes in the DNA sequence
and described the interactions between the genome and the
environment that leads to the formation of the phenotype [47,
48]. Traditional epigenetic changes such as DNAmethylation
and histone modifications are able to affect gene expression
mostly by interfering with the accessibility of transcription
factors with DNA or may lead to structural rearrangement
of chromatin thus promoting the expression of particular
genes. Recent evidence has shown the association of altered
expression of noncoding RNAs in general and microRNAs
(miRNAs) in particular with epigenetic modifications [25].
miRNAs are small RNA molecules, ∼22 long nucleotides,
that can negatively control their target gene expression at

a posttranscriptional level. miRNAs bind to their target
mRNAs and downregulate their stabilities and/or transla-
tion. Accumulating evidences have shown that epigenetic
alterations can largely contribute to the carcinogenesis [49]
and are considered a hallmark of cancer [50]. The onset
and progression of cancer are driven not only by acquired
genetic alterations but also epigenetic modifications of gene
expression [51, 52]. In cancer cells, hypermethylation on
certain promoter regions of tumour suppressor genes causes
gene silencing, thereby blocking the expression of these
pivot genes [53]. Oxidative stress and inflammatory damage
play an important role in epigenetic reprogramming of
expression of cytokines, oncogenes, and tumour suppressor
genes, thereby setting up a ground for chronic inflammatory
diseases and carcinogenesis [30, 31]. On the other hand,
global hypomethylation of DNA causes global chromosome
instability leading to various mutations and, eventually, to
cancer progression [54]. Since epigenetic aberrations occur in
early stages of cancer, interventional approaches targeting the
epigenome have been proposed as preventive and therapeutic
strategies. Unlike genetic defects, epigenetic modifications
are reversible and represent a promising avenue for thera-
peutic intervention [55]. Current epigenetic therapies aim
to reverse cancer-associated epigenetic changes and restore
normal gene expression. In this regard, two groups of drugs
are approved for treatment by the Food and Drug Admin-
istration (FDA) [56, 57]: DNA methyl transferase (DNMT)
and histone deacetylase (HDAC) inhibitors. Although some
of them have even shown promising results in clinical trials
[58], epigenomic therapies have several challenges ahead. To
this purpose, it is relevant to note that various new DNMT
as well as HDAC inhibitors are under development [59].
A synergistic combination of epigenetic modifying agents,
including miRNAs, may provide a clinically important rever-
sal of epigenomic cancer states.

3. Advances and Novelty in Cancer
Chemoprevention and Treatment:
Role of Polyphenols

3.1. Epigenetic and Antioxidant Treatment in Cancer. In addi-
tion to the standard anticancer treatment options such as
surgery and chemo-/radiotherapy, several natural polyphe-
nols have been identified as having potential for cancer
prevention [60] and treatment [61] (Table 1).

Within the last few years most of the studies reporting
on polyphenols have focused on their antioxidant properties
[62]. In addition to their antioxidant ability to prevent dam-
age caused by oxidative stress, polyphenols exert someof their
biological effects via chromatin remodelling and other epige-
netic modifications [63].The beneficial effects of polyphenols
in cancer treatment can be linked to their ability to modulate,
in a reversible manner, epigenetic mechanisms involved in
tumorigenesis leading to gene expression activation or silenc-
ing [64]. Many polyphenols are reported to regulate nuclear
factor kappa B (NF-𝜅B) expression and chromatin remod-
elling through either activation or inhibition of epigenetic-
related enzymes such as HDACs, histone acetyltransferases
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(HATs), and DNMTs [65]. In particular some polyphenols
with antitumoural activity, such as genistein, phenethyl isoth-
iocyanate, curcumin, sulforaphane, and resveratrol, act on the
inhibition of deacetylation of histone proteins whereas other
polyphenols, including epigallocatechin-3-gallate (ECGC),
genistein, and curcumin, act on the inhibition of acetylation
of histone proteins during epigenetic modifications [66].
Furthermore, dietary polyphenols, such as EGCG, genistein,
lycopene, curcumin, and resveratrol, inhibit DNA methyla-
tion process by affecting DNA methyltransferase activity.

Cancer cells are distinguished by several distinct char-
acteristics due to cumulative epigenetic changes of multiple
genes and associated cell signalling pathways, some of which
are linked to inflammation. Immune cells infiltrate tumours
and are engaged in a cross talk with neoplastic cells; thus,
inflammation might affect responses to cancer therapy [67].
Studies on a wide spectrum of various bioactive polyphenols
that regulate multiple cancer-inflammation pathways and
epigenetic cofactors exhibit low toxicity and are readily
available [68]. The anti-inflammatory properties of many
reported polyphenols are associated with their ability to
induce HDAC activity [69].

Since several polyphenols can modulate both HDAC
and HAT, there may be a common underlying mechanism.
For instance, curcumin, a known antioxidant as well as a
free radical, may regulate both acetylation and deacetylation
through themodulation of oxidative stress. Rahman et al. [70]
have shown that oxidative stress can induce NF-𝜅B pathway
through the activation of intrinsic HAT activity, resulting in
the expression of proinflammatory mediators, but it can also
inhibit HDAC function.

The role of polyphenols in regulation of epigenetic
pathways including sirtuin 1 (SIRT1) modulation has been
investigated [71]. Sirtuins are a subclass of HDACs that have
been shown to modify metabolism, inflammation, aging,
or cellular apoptosis in many pathological processes. The
epigenetic effect of SIRT1 is due to its ability to deacetylate
many transcriptional factors such as p53, NF-𝜅B, forkhead
box class O (FOX), and histone proteins [72].

Sulforaphane (SFN) is a bioactive polyphenol present
in cruciferous vegetables such as broccoli, cabbage, and
kale [73]. It has been previously shown that SFN induces
the expression of phase-II detoxification enzymes [74] and
expression of glutathione transferase in murine hepatocytes
[75]. Furthermore SFN stimulates phase-II detoxification
through activation of nuclear factor E-related factor 2 (NRF2)
localized in the cytoplasm [76]. In response to oxidative
stress, NRF2 translocates to the nucleus and binds to the
antioxidant responsive element (ARE) promoting expression
of antioxidant enzymes [77]. In a xenograft murine model,
oral administration of SFN significantly reduces tumour size
and increases apoptosis. These results indicated that SFN
anticancer effects are exerted via inhibition of oxidative stress
induced by NRF2-mediated pathways [77, 78]. In addition,
SFN promotes anticancer effects through the inhibition of
HDACactivity. For instance, inHCT116 colon cancer cell line,
SFN inhibits HDAC activity in a dose-dependent manner
[79]. A ten-week diet supplementation with SFN induces
acetylation of histones in the ileum, colon, and prostate

C57BL/6J mice tissues [80]. Moreover, sulforaphane-N-ace-
tylcysteine (SFN-NAC) and sulforaphane-cysteine (SFN-
Cys), two metabolites of SFN generated via the mercapturic
acid pathway, may mediate the inhibitory effects on HDAC
activity [80].

Isothiocyanate, such as phenethyl isothiocyanate (PEITC),
has been shown to inhibit carcinogenic process by growth
arrest of many types of cancer cells through induction of
apoptotic pathway [81]. Treatment of human prostate cancer
cell lines, with PEITC modulated histone acetylation and
methylation pathways, in particular restored GSTP1 expres-
sion through demethylation of specific gene promoter and
inhibited the activity of HDACs [82].

Curcumin, a polyphenol extracted from themost popular
Indian turmeric spice (Curcuma longa), has antioxidant and
anti-inflammatory properties which have been associated
with multiple health benefits including cancer prevention
[83]. In liver of lymphoma bearing mice long term effect of
curcumin leads to prevention of cancer, by inducing phase-
II antioxidant enzymes via activation of NRF2 signalling,
restoration of tumour suppressor p53, and modulation of
inflammatorymediators like TGF-𝛽 and COX2.These results
suggest antioxidant and anti-inflammatory properties of
curcumin [83].

Curcumin is a potential modulator of histones affecting
both the HAT and HDAC enzyme activities [84]. Several
in vitro studies, performed on cancer cell lines derived
from various tissues, have demonstrated that curcumin has
the potential to specifically downregulate p300/CBP HAT
activity. In particular, such inhibition suppresses histone
acetylation as well as acetylation of nonhistone protein like
p53 [85]. Furthermore, curcumin exposure led to a significant
reduction of histone acetylation via inhibition ofHATactivity
without changing HDAC levels in hepatoma cultured cells
[84]. In hematopoietic cell lines, curcumin repressed the
HAT activity of p300/CBP as well as the activity of various
classes of HDACs, which in turn limits the proliferative
capacity of cells and induces apoptosis [86]. Antitumour
activity of curcumin has been also linked to its ability to
modulate miRNA expression level in cancer cells. To this
purpose, curcumin has shown to reduce the expression of the
antiapoptotic protein Bcl-2 in a breast cancer cell line, MCF7,
by upregulating miR-15a and miR-16 [87].

Green tea polyphenols are known to have high antioxi-
dant properties and consequent beneficial functions, includ-
ing anti-inflammation and cancer prevention. On the other
hand, some studies have demonstrated their gastrointestinal
toxicity when used at high doses, presumably due to their
prooxidant properties [88]. Among green tea polyphenols,
ECGC has been extensively studied. A treatment of high
doses of this catechin may aggravate colon carcinogenesis
in mice and induce hepatotoxicity in experimental animals
and in humans as reported by epidemiological observations
[88]. Importantly, it has been reported that EGCG can
reduce cisplatin-mediated side effects treatment, in particular
nephrotoxicity. Cisplatin, a cancer chemotherapeutic drug,
induces kidney specific mitochondrial oxidative stress and
impaired antioxidant defense enzyme activity. Treating mice
with EGCG reduces cisplatin induced mitochondrial oxida-
tive stress leading to an improved renal function compared
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to the counterparts. EGCGmay be a potential and promising
adjuvant agent for cisplatin cancer therapy [89]. Additionally
these bioactive compounds are extensively studied from an
epigenetically point of view. It has been shown that treatment
on a human prostate cancer cell line alteredDNAmethylation
levels and chromatin modelling and reduced the activity of
Class IHDACs [90]. EGCG remarkably inhibitsHAT activity,
whereas other polyphenols derivatives, such as catechin,
epicatechin, and epigallocatechin, exhibited low anti-HAT
effects. EGCGacted as aHAT inhibitor and reduced the bind-
ing of p300/CBP to the promoter region of interleukin-6 gene
with an increased recruitment of HDAC3, which highlights
the importance of the balance between HATs and histone
deacetylases in the NF-𝜅B-mediated inflammatory signalling
pathway [91]. Nandakumar and colleagues [92] demonstrated
that EGCG-treatment of skin cancer cells modulated the
levels of DNA methylation and histone modifications. These
findings resulted in reexpression of tumour suppressor genes
p16INK4a and p21CIP/WAF1.

A combination of green tea polyphenols, a dietary DNA
methyltransferase inhibitor and sulforaphane, a dietary his-
tone deacetylase inhibitor leads to the epigenetic reactivation
of silenced tumour suppressor genes such as p21CIP/WAF1

and KLOTHO through active chromatin modifications in
breast cancer cell lines [93]. These findings are relevant
for understanding the potential of synergistical activity of
polyphenol therapeutic combinations.

Treatment of various human cancer cell lines with
EGCG caused a concentration and time-dependent reversal
of hypermethylation of p16INK4a, p15, RAR𝛽, MGMT, and
hMLH1 genes [94, 95]. Furthermore, EGCGpartially reversed
the hypermethylation status of tumour suppressor gene
RECK and enhanced the expression of RECK mRNA, which
correlated with reduced expression of matrix metallopro-
teinases MMP-2 and MMP-9 involved in the invasive ability
of cancer cells [96].

Aberrant promoter methylation ofWnt inhibitory factor-
1 (WIF-1) is a fundamentalmechanism of epigenetic silencing
in human cancers. EGCG has been reported to directly
reactivate theWIF-1, through the promoter demethylation in
lung cancer cell lines [97].

EGCG modulated miRNAs in lung cancer and hepato-
cellular carcinoma where the expression of several miRNAs
was changed [98, 99]. One of the upregulated miRNAs,
miR16, specifically targets antiapoptotic protein Bcl-2 [99].
Altogether these pieces of data indicate that EGCG may
be effective in different cancer cell types through different
epigenetic pathways.

Coffee and tea polyphenols are also demethylating agents
in human breast cancer cell lines where caffeic acid or chloro-
genic acid inhibited DNMT1 activity, in a concentration-
dependent manner [100].

Resveratrol (RV), a natural polyphenol found in blue-
berries, cranberries, nuts, red grapes, and wine, exerts anti-
inflammatory and anticancer effects [101]. It has the ability
to modulate signalling pathways that control cell growth,
apoptosis, angiogenesis, and tumour metastasis processes
[102]. Furthermore, RV is gaining attention for its antioxidant
capabilities and influence on glucose metabolism. Oxidative

stress and high glycolytic flux are common characteristics
of cancer cells. It has been demonstrated that RV inhibits
intracellular ROS level and suppresses cancer cell glycolytic
metabolism [103].

Since anticancer biological activities are already demon-
strated for RV and curcumin, to investigate the combined
chemopreventive potential of these two polyphenols has
been of great interest. It has been shown by Malhotra and
colleagues [104] that curcumin and RV when supplemented
in combination regulate drug-metabolizing enzymes and
antioxidant enzymes, during lung carcinogenesis in mice.

RV activates the protein deacetylase SIRT1 leading to the
formation of inactive chromatin and changes in gene tran-
scription [103]. On the other hand, RV activates p300/CBP
HAT that participates in the formation of an active chromatin
structure [105]. Furthermore, Tili and his group [106] have
shown that RV also inhibits oncogenic miRNAs while induc-
ing tumour suppressor miRNAs. These multiple epigenetic
alterations byRVexposure can partially explain the activation
of some tumour suppressor genes.

In breast cancer, the tumour suppressor gene BRCA1 is
associated with lower levels of SIRTs expression. It has been
reported that in in vitro and in vivo experimental models RV
can increase the expression of BRCA1 by inhibiting Survivin
expression and activating SIRT1. These findings suggest
that resveratrol treatment serves as a potential strategy for
targeted therapy for BRCA1-associated breast cancer [107].
Furthermore, RV in combination with black tea polyphenols
suppresses growth and development of skin cancer inmice by
inhibiting the MAPK and p53 pathways [108].

Isoflavones are compounds found in soy beans and
act like estrogens. Among them, genistein and daidzein
have gained the most research attention. Many studies have
reported that genistein can be used as a chemopreventive
agent in several types of cancers, especially for hormone-
dependent breast cancer [109]. Genistein has been shown to
bind both the estrogen receptor alpha (ER𝛼) and the estrogen
receptor beta (ER𝛽). The ER𝛼/ER𝛽 ratio is a prognostic
marker for breast tumours, and ER𝛼 expression could indi-
cate the presence of malignant tumours. It has been reported
that in human breast cancer cell lines genistein effects
depend on ER𝛼/ER𝛽 ratio for oxidative stress regulation,
mitochondrial functionality, and modulation of antioxidant
enzymes, and sirtuins [110]. Genistein is also involved in
the regulation of gene transcription by modification of
epigenetic events including DNA methylation and histone
modifications. Genistein has been shown to cause rever-
sal of DNA hypermethylation and reactivated methylation-
silenced genes, including tumour suppressor gene p16INK4a
in human esophageal squamous carcinoma cell line [111].
In renal carcinoma, the cell tumour suppressor gene BTG3
is transcriptionally downregulated. This inhibition is due to
promoter CpG island methylation.The methylation-silenced
BTG3 gene can be reactivated by genistein treatment that
causes CpG demethylation, inhibition of DNMT activity, and
induction of active histone modifications [112].

Moreover, genistein treatment has shown the ability to
modulate miRNAs expression level. For instance, in prostate
cancer cells, genistein caused an increase of miRNA-1296
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and accumulation of cells in the S phase of the cell cycle
along with a significant downregulation of minichromosome
maintenance gene (MCM-2), target of miRNA-1296 [113].

Quercetin, a dietary polyphenol present primarily in
buckwheat and citrus and onions [114], is known to reduce
intracellular ROS levels in various cell types by modulat-
ing detoxifying enzymes, such as superoxide dismutase 1
(SOD1) and catalase (CAT). Low concentration of quercetin
attenuates the therapeutic effects of cisplatin and other
antineoplastic drugs in ovarian cancer cells, by reducing ROS
damage.The study concluded that quercetin supplementation
during ovarian cancer treatment may detrimentally affect
therapeutic response [115].

Quercetin activates SIRT1 deacetylase, through inhibition
of HDAC andDNMT1, and has been shown to inhibit the cell
cycle and induce apoptosis, thus suppressing tumour growth
and angiogenesis [116].

Artichoke polyphenolic extracts had cytotoxic and apop-
totic effects on colorectal cancer cells. It has been found
that the proapoptotic BAX gene expression and a cell cycle
inhibitor p21CIP/WAF1 were induced in the presence of arti-
choke polyphenols [117]. Polyphenolic extracts from the
edible part of artichoke (AEs) exhibited cancer cytotoxic
activity on a humanhepatoma cell line [118] aswell as on other
cell lines derived from various human tissues. It triggered
apoptosis in a dose-dependent manner on a human breast
cancer cell line without any effects on normal breast epithelial
cell line. Furthermore, cell motility and invasion capabilities
were remarkably inhibited by AEs treatment [119]. Further-
more AEs induce DNA hypomethylation and increase lysine
acetylation levels in total proteins [28]. Importantly, the
authors have shown that AEs have a prooxidant activity in
breast cancer cells [28] and an antioxidant effect on normal
hepatocytes [118].

From another point of view, chemopreventive polyphe-
nolsmay indirectlymodulate chromatin dynamics and epige-
netic effects upon interferencewith global cancermetabolism
[68]. To this purpose, the important role of sirtuins as
principal intracellular mediators of the beneficial effect of the
Mediterranean diet has been recently highlighted [46].

3.2. Therapy-Induced Senescence (TIS). Cancer therapy has
traditionally relied on cytotoxic treatment. This approach
may produce complete cell death within neoplastic tis-
sues; however such cancers often develop therapy-resistance
and recur or progress to advanced primary and metastatic
tumours. An alternative strategy to the cytotoxic treatment
is the induction of cytostasis which disables the proliferation
capacity of cells without inducing cancer cell death [120, 121]
(Figure 1).This therapeutic approach could give an equivalent
or prolonged survival with fewer or no side effects related
to treatment toxicity in patients and may provide a more
realistic goal for the chronic management of some cancers.
To this purpose, a promising tool for generation of cytostasis
is therapy-induced senescence (TIS) which promotes the
induction of a permanent growth-arrest cellular phenotype
with distinct morphological and biochemical characteristics
[23]. The main features include development of a flattened

and enlarged morphology in vitro and increased senescence-
associated 𝛽-galactosidase activity in both cultured cells and
tissues [122]. Unlike cells undergoing apoptosis in response
to conventional cytotoxic drugs, senescent cells may persist
almost indefinitely [121]. Several crucial genes, including
tumour suppressors p53 andRb, have a well described growth
inhibitory role [21, 123]. Cells with functional Rb and p53
appear more sensitive to stress and oncogene activities that
stimulate senescence [124]. However, it is noteworthy from a
therapeutic point of view that cancer cells lacking functional
Rb, p53, and other tumour suppressor proteins display TIS
responsiveness. Notably, in cancer cell lines lacking Rb and
p53, doxorubicin induced senescence in more than 50% of
cells without the direct involvement of these classic tumour
suppressor genes [125].

Importantly, the combined activity of p53 and pRb could
determine whether cells enter senescence or cell death path-
ways [126, 127]. However, the active role of these tumour
suppressor proteins in senescence process is complex and
actually not completely understood. Beside Rb and p53, sev-
eral cell cycle involved genes including the cyclin-dependent
kinase inhibitors (CDKIs) p16INK4a, p21CIP/WAF1, and p27 [128]
are active during senescence and promote senescent state
when overexpressed in cancer cell lines. Overexpression of
p21CIP/WAF1 can induce a senescence-like cell-cycle arrest,
whereas depletion of p21CIP/WAF1 can delay senescence-
associated arrest. Moreover, p16INK4a acts in Rb pathway by
inhibiting the activation of CDK4 and CDK6 which is the
initial step of Rb phosphorylation [129]. The function of
p16INK4a is to keepRb in its active, hypophosphorylated form,
which blocks the expression of genes regulated by E2F tran-
scription factors leading to a G1 cell-cycle arrest. Numerous
studies have provided important insights into the p53/p21
and Rb/p16 pathways that promote cellular senescence: the
first one is primarily responsible for senescence induced by
telomere shortening or DNA damage; the second one is
involved in mediated stress-induced premature senescence
(SIPS).

The combination of prosenescence induction with
already established treatment protocols in order to take into
account the prosenescence approaches in the development
of novel cancer therapies has been considered of interest.
For instance, both neoadjuvant and adjuvant therapies have
a more and more relevant role in the treatment of some
neoplasias, including breast, prostate, and colon cancer,
where such approaches significantly increase the disease-free
survival and the overall survival of patients. In a neoadjuvant
protocol, a prosenescence approach could be combined
with traditional treatments in order to reduce tumour mass
before surgery. Furthermore, senescence-inducingmolecules
such as natural compounds may be used in combination
with radiotherapy in cancer patients who are not suitable
for surgery because of their age or advanced stage of
disease [130, 131]. Such a treatment may be expected to have
two potentially positive outcomes. First, the induction of
senescence itself may reduce tumour growth and trigger the
immune system to clear senescence cells, contributing to
reduction of the tumourmass. Second, since both senescence
and apoptosis responses share key effector molecules (such
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as p53), the combination of prosenescence approaches with
traditional chemo-/radiotherapeutic protocols may have the
added effect of address cancer cells, which are en route to
becoming senescent, toward apoptotic death.

A number of promising prosenescence agents are cur-
rently under consideration for cancer clinical management
[132]. To this purpose, natural compounds targeting the
epigenetic control of senescence are under investigations to
develop additional prosenescence cancer therapeutic strate-
gies [133, 134].

Several anticancer polyphenolic compounds from fruit
and vegetables induce cellular growth arrest largely through
the induction of a ROS-dependent premature senescence.
Among them, 20(S)-ginsenoside Rg3 [135], a compound
extracted from ginseng, at a subapoptotic concentration,
caused senescence-like growth arrest and increased ROS
production in chronically treated human glioma cells [135].
Furthermore, bisdemethoxycurcumin, a natural derivative of
curcumin, suppresses human breast cancer cell proliferation
by inducing oxidative stress senescence. A relevant role of
ROSwas also demonstrated for the phenethyl isothiocyanate-
induction of apoptosis and senescence in tumours [136].

Polyphenolic extracts from the edible part of artichoke
(AEs) have been shown to be potential chemopreventive
and anticancer dietary compounds. High doses of AEs
induce apoptosis and decrease the invasive potential of the
human breast cancer cell line, MDA-MB231 [119]. Chronic
and low doses of AEs treatment at sublethal concentrations
suppress human breast cancer cell growth via the induction of
premature senescence through epigenetic and ROS-mediated
mechanisms [28]. In addition to the widely accepted antioxi-
dant properties of the artichoke polyphenols [118], it has been
demonstrated that one causative stimulus for senescence
induction by chronic treatment of AEs is an increased level
of reactive oxygen species.These results show a crucial role of
ROS as effectors of polyphenol-induced prooxidant damage
in cancer cells. To confirm this important contribution of
ROS, the antioxidant NAC attenuates the effect of AEs on
MDA-MB231. Importantly, the authors have shown that AEs
have a prooxidant activity in breast cancer cells [28] and an
antioxidant effect on normal hepatocytes [118]. Given that
aberrant redox system is frequently observed inmany tumour
cells, the authors hypothesized that AEs may selectively
inhibit the growth of tumour cells with little or no toxicity
on normal cells based on their differential redox status.

Low doses treatment of RV exerts its anticancer and
chemopreventive effects through the induction of premature
senescence in lung cancer cells. This event correlates with
increased DNA double strands breaks and ROS production
through the upregulation of NAPDH oxidase-5 expression
[137].

Furthermore, low doses of RV treatment arrested gastric
cancer cells in the G1 phase and led to senescence instead of
apoptosiswhich is initiated by high doses treatment [138].The
inhibitory effect of resveratrol on gastric cells was also verified
in vivo using a nude mice xenograft model. RV exerted
inhibitory activities on gastric development and significantly
decreased the fraction of Ki67-positive cells in the nude mice
tumour specimens. After the RV treatment, the induction of

senescence and the changes in the expression of the regulators
involved in the cell cycle and senescence pathways were
similar to what was observed in vitro.

The propensity of tumour cells to undergo senescence in
response to low and chronic exposure of RV treatment and
to apoptosis with high doses of RV was confirmed in C6
rat glioma cells and further investigated in cooperation with
quercetin. Chronically administered, RV and quercetin in
subapoptotic doses can induce senescence-like growth arrest.
These results suggested that the combination of these agents
could be a good candidate treatment for glioma tumours
[139].

4. Cancer Stem Cells: Potential Targets
for Polyphenols

In the few last years, many studies have highlighted the exis-
tence of CSCs in most solid and nonsolid tumours, including
brain, head and neck, breast, colon, and leukaemia among
others [140–143]. These cells are considered responsible for
tumour relapse and resistance to therapy [144–147]; thus
novel therapeutic approaches, targeting the cancer stem cells
pool, are under investigation [148]. Despite differentiated
cancer cells, CSCs exhibit low ROS levels due to high
expression of scavengermolecules,more efficientDNA repair
responses, and promotion of glycolysis and autophagy [149,
150].

Recently, many strategies targeting cancer stem cells
have been proposed, namely, (a) inhibiting their self-renewal
ability and chemoresistance related pathways, (b) inducing
their differentiation [151, 152], (c) targeting some of their
cell-surface molecular markers [153], (d) impacting their
energetic metabolism via inhibition of glycolysis [154] and/or
by targeting mitochondria [155], and (e) designing miRNA-
based strategies to block cancer stemness [156]. Theoretically
in all tumours, cancer stem cells might reside within specific
microenvironments distinguished by the presence of hypoxia
[157], oxidative stress [158], chronic inflammation [159], and a
peritumoural acidic pH [160]. Thus, many investigators have
suggested that cancer can be overcome either by inhibiting
theCSCsmetabolisms or by targeting the surrounding cancer
environment [161].

Novel anticancer strategies should be designed to selec-
tively target cancer stem cells and to this purpose natural
compounds might have a relevant role. We provide a revision
of the most recent literature addressing the CSCs-regulation
role of some of the most investigated polyphenols.

(a) Role of Polyphenols in the Regulation/Inhibition of Cancer
Stem Cells Self-Renewal. It has been shown that polyphenols
can impact cancer stem cells self-renewal related pathways,
such as Wnt/𝛽-catenin, Hedgehog, and notch [162]. In par-
ticular isothiocyanates (ITCs) have been described to have
positive effects in the prevention of human tumours [163].
Beside several mechanisms of action, including activation
of carcinogen-detoxifying enzymes, modulation of apop-
totic pathway, cell-cycle arrest of cellular proliferation, and
modulation of epithelial-mesenchymal transition (EMT),
CSCs self-renewal suppression was reported, thus inhibiting
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oncogenic signalling pathways such as NF-𝜅B and STAT3
[164].

Between cruciferous family natural compounds, SFN has
been demonstrated to be capable of targeting cancer stem
cells in different types of cancer, by regulating pathways such
as NF-𝜅B, Hedgehog, and Wnt/𝛽-catenin also contributing
to the induction of epithelial-mesenchymal transition. For
these properties, SFN has been proposed as an adjuvant of
chemotherapy in several preclinical studies [165]. Previous
reports have demonstrated that SFN reduced the cancer
stem cells population in human breast cancer cells as shown
by decrease of aldehyde dehydrogenase (ALDH) + cells
and reduction of primary mammospheres in vitro [166].
Furthermore, the antiproliferative property of SFN has been
reported on pancreatic CSCs in vitro and in vivo models;
such effect strongly depends on the activation of Hedgehog
pathway for cancer stem cells self-renewal activity [167, 168].

Pancreatic CSCs studies carried out in vitro models,
showed that quercetin, a polyphenol present in many fruit
and vegetables [169], decreased ALDH1 activity, induced
apoptosis, and decreased the expression of EMT-proteins.
Whereas, in in vivo experiments, quercetin inhibited cancer
stem cells-derived xenografts, reducing the expression of
proliferation, stemness, and angiogenesis related genes [169].

Remarkably, quercetin effects were amplified in the pres-
ence of SFN, suggesting the importance to combine different
polyphenols for designing synergistic anticancer strategies
[169, 170].

The use of soy foods has been shown to be beneficial for
the reduction of mammary tumour risk. The intake of these
natural compounds was demonstrated to be beneficial for
the modulation of body weight and adiposity associated with
breast cancer both in humans and in animalmodels [171–174].
Moreover, human MCF-7 breast cancer cells cultured in a
genistein-treated adipocytes conditioned medium generated
a lower number of mammospheres [172].

(b) Polyphenols Affecting Cancer Stem Cells Metabolism. Can-
cer stem cells, like physiological stem cells, are characterized
by a hyperglycolitic metabolism [175] and, in parallel, by
a lowered mitochondrial respiration, compared to more
differentiated cells within the tumour bulk [154, 176]. Thus a
possible strategy to counteract CSCs could be to impair their
metabolism either by inhibiting glycolysis or by forcing can-
cer stem cells into mitochondrial metabolism and oxidative
phosphorylation [177]. To this purpose, many polyphenols
have been shown to play a role in the regulation of cancer
metabolism. Some plant derived polyphenols in relation to
cancer cell metabolism are described. Genistein was shown
to affect the pentose phosphate pathway (PPP), without
modulating the synthesis of fatty acids in pancreatic adeno-
carcinoma cells [178]. Moreover, the green tea polyphenol,
EGCG, is known to activate AMP-activated protein kinase
(AMPK) in human breast cancer cells [179]. Activation of
AMPK, a key actor in the control cellular energy status,
cell cycle, protein synthesis, and cell viability, led to cell
proliferation inhibition, upregulation of the CDK inhibitor
p21CIP/WAF1, downregulation of the mammalian target of
rapamycin pathway, and suppression of the cancer stem cells

population [179]. Moreover, polyphenols naturally present in
extra olive oil have been shown to have anticancer effects by
suppressing the expression of genes involved in both aerobic
glycolysis (Warburg effect) and CSCs self-renewal [180].

Hyperglycolytic cancer stem cells have an increased basal
level of ROS, although they result as being more vulnerable
than physiological cells to a further increase in oxidative
damage elicited by prooxidant polyphenol action [181]. One
of these compounds is curcumin which, promoting ROS pro-
duction, reducing the mitochondrial membrane potential,
and inducing apoptotic pathways, leads to cell death in many
cancer models [182, 183].

Cancer stem cells are localized within specific niches,
normally characterized by the presence of lower oxygen
tension (hypoxia), inflammation, oxidative stress, and a
lower pH. Polyphenols can be exploited to regulate the CSC
niche, by targeting signalling pathways that are implicated
in the maintenance of tumour microenvironmental features.
Among the polyphenols targeting hypoxia, pterostilbene, a
stilbene isolated from blueberries, has been recently reported
to have anticancer properties.

Breast cancer cell lines such as MCF-7 and MDA-MB231
were cocultured with tumour-associated macrophages,
known to enhance malignancy promoting metastasis.
In these experimental conditions, a large subpopulation
of cancer stem cells, characterized by an increased level
of HIF1𝛼, 𝛽-catenin, Twist1, and NF-𝜅B and by a high
ability to produce mammospheres, was present. By adding
pterostilbene to the cell medium, the percentage of cancer
stem cells was significantly reduced. The effects of such
a polyphenol were confirmed in vivo experiments where
tumorigenesis and metastasis were inhibited [184].

(c) Polyphenols Targeting Proinflammation Signalling Path-
ways. The presence of chronic inflammation could be a
characteristic of the neoplastic niche [159]. Some polyphe-
nols have been suggested to be potential therapeutic
molecules to counteract chronic inflammatory status that
eventually leads to several diseases including cancer [185].
Flavonoids, present in fruit and vegetables, are demonstrated
to be suppressors of NF-𝜅B pathway, which is involved in
inflammation, cellular transformation, tumour cell prolif-
eration, invasion/metastasis, and angiogenesis [186]. More-
over, some carotenoids have been demonstrated to inhibit
NF-𝜅B signalling and thus have anti-inflammatory and
anticancer properties [187]. Recently, on a murine model
of inflammation-triggered colon carcinogenesis, remarkable
anti-inflammatory and antitumoural properties of glucosino-
lates, extracted from Brassicaceae, have been shown [188].

(d) Polyphenols Regulating the Peritumoural Acidic pH. Can-
cer stem cells extracellular microenvironment is often char-
acterizated by an acidic status caused by CSCs metabolic
dependence on aerobic glycolysis. Buffering the acidic cancer
pH with the use of sodium bicarbonate inhibited tumour
growth and cancer cell invasion in a preclinical animal model
[189, 190]. To this purpose, high potassium intake coming
from a diet rich in vegetables and fruits and a lowered
consumption of animal proteins could be a natural strategy
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Figure 2: Targets of polyphenol anticancer therapies. Epigenetic
pathways, cellular redox status, and cancer stem cells as therapeutic
targets of polyphenol anticancer therapies as extensively discussed
in the text. Depending on acute or chronic treatment a prooxidant
activitymay induce, respectively, highROS-mediated cytotoxicity or
low ROS-mediated cytostasis. According to the figure, several nat-
ural compounds as resveratrol, artichoke polyphenols, ginsenoside
Rg-3, and quercetin induce a prooxidant apoptotic mechanism at
high concentrationswhereas low doses and chronic exposure trigger
a ROS-epigenetic mediated cellular senescence.

to neutralize cancer acidosis. An intriguing chemopreventive
and therapeutic approach to raise pH could be the use of
polyphenols such as genistein, EGCG, and RV in order to
impair the cancer stem cells metabolism either by inhibiting
aerobic glycolysis or by forcing them into oxidative phospho-
rylation, as previously described in this review.

Furthermore, several plant compounds have been shown
to increase pH values by inhibiting proton pump activity and
consequently elicited apoptosis in cancer [190]. This might
represent another valid approach to counteract cancer cell
growth.

5. Conclusions

Compared to normal cells, cancer cells have an increased rate
of ROS production and have aberrant regulationmechanisms
to deal with their particular redox status. ROS have a well-
defined role in promoting and maintaining tumorigenicity
indicating that dietary antioxidants have an active role in
preventing or reducing tumorigenesis. On the other hand,
high levels of ROS can also be toxic to neoplastic cells and can
potentially induce cell death. Accumulating evidence shows
that ROS levels in tumour cells are crucial for designing
advanced therapies and future challenge in anticancer treat-
ments. To this purpose, increasing knowledge from epidemi-
ological and experimental data supports the bright future of
natural polyphenols as anticancer tools [191–194] (Figure 2).
The complex balance among cell proliferation, apoptosis,
and senescence induced by polyphenols could be exploited
therapeutically to improve the efficacy of conventional cancer
treatment and to develop new antitumour strategies (Table 1).

Much attention is currently focused on the role of natural
polyphenols on modulating intracellular ROS levels leading

to epigenetic modifications of pivotal genes in tumorige-
nesis. It is important to stress that DNA methylation and
posttranslational histone modifications are crucial actors
in epigenomic landscape playing a relevant role in the
structure and function of chromatin. Several polyphenols
were demonstrated to interfere with enzymes driving the
epigenetic alterations which modulate inflammation process
that might hesitate in cancer. As such, it will be a challenge
for future anti-inflammatory therapies to deeply evaluate
the anticancer role of polyphenols as epigenetic modulators.
However, there are some concerns that anticancer therapies
with polyphenol regulators of DNMT and HAT/HDAC
may suffer from a lack of specificity. To overcome this
limitation, an alternative strategy may be to synergistically
combine nonselective epigenetic treatments with low doses
of conventional targeted therapies which lead to less toxicity
comparing to a high dose standard treatments. Furthermore,
microRNAs molecules are promising actors in the epigenetic
combination therapies, as their target specificity may bridge
the gap between genetic and epigenetic changes. To this
purpose, natural polyphenols may indirectly modulate the
epigenome by affecting levels of microRNAs which target
specific epigenetic modifier enzymes.

6. Future Perspectives

The future of polyphenol-epigenomic therapy has several
challenges ahead and it is a promising field for clinical cancer
interventions.

In developing novel anticancer strategies, prosenescence
has a relevant role. The current knowledge of senescence,
as a major mechanism of tumour suppression as well as a
determinant of the outcome of cancer treatment, leads to
the concept of prosenescence therapy, which could be an
important alternative or addition to conventional chemo-
/radiotherapy. To this aim, prosenescence-polyphenols treat-
ment may minimize toxicity and side effects of conventional
therapies in cancer patients. On the other hand, some
investigators suggest caution in the clinical management of
this therapy because the induction of senescence might give
rise to quiescent tumour cells, mainly cancer stem cells,
which represent a potential niche for cancer recurrence.
Thus, deeper understanding of the biological mechanisms
responsible for cellular senescence is required in order to
better characterize the role of polyphenols in prosenescence
therapy for more efficient management of cancer treatment
in the future.

The association of cancer stem cells and the resistance
to chemo-/radiotherapy stimulate a critical consideration
regarding the efficiency of prooxidant therapy on CSCs. Most
conventional anticancer therapies are ineffective in killing
this cell population. It is for this reason that there has
been a growing interest to develop new strategies based on
identifying agents able to directly target quiescent cancer
stem cells. Since low ROS levels has been suggested to be
critical formaintaining cellular stemness, an increase of these
reactive species polyphenol-mediated might sensitize cancer
stem cells to therapy. However, evaluating novel treatment



Oxidative Medicine and Cellular Longevity 11

approaches also require the development of assays or iden-
tification of biomarkers able to identify CSCs population in
order to select and assess cancer patients.
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DNA oxidative lesions are widely considered as a potential risk factor for colorectal cancer development. The aim of this work was
to determine the role of the efficiency of base excision repair, both in lymphocytes and in epithelial tissue, in patients with CRC
and healthy subjects. SNPs were identified within genes responsible for steps following glycosylase action in BER, and patients and
healthy subjects were genotyped. A radioisotopic BER assay was used for assessing repair efficiency and TaqMan for genotyping.
Decreased BER activity was observed in lymphocyte extract from CRC patients and in cancer tissue extract, compared to healthy
subjects. In addition, polymorphisms of EXO1, LIG3, and PolBmay modulate the risk of colorectal cancer by decreasing (PolB) or
increasing (LIG3 and EXO1) the chance of malignant transformation.

1. Introduction

Colorectal cancer (CRC) is a common neoplasia in both men
and women and is ranked as the second most common type
of cancer. The causes of colorectal cancer have not yet been
established and its incidence is known to be increasing, with
approximately 1.4 million new cases diagnosed each year [1].
CRC occurs mainly in three specific forms: sporadic form,
which accounts for about 80% of all cases, a familial form,
which represents about 15%, and inherited forms, observed
in 5% of all cases, which include familial adenomatous poly-
posis (FAP), and hereditary nonpolyposis colorectal cancer
(HNPCC) [2]. Despite the cause of most colorectal cancers
being environmental factors, studies show that individual
predispositions for developing this cancer may depend on
mutations of certain genes, including those involved in the
process of DNA repair. Several DNA repair mechanisms have
evolved to protect the genome from DNA damage caused by
endogenous or environmental factors, which if unrepaired
could lead to the initiation of carcinogenesis. The efficiency

of DNA repair varies between individuals, and the reasons
for this should be sought in polymorphisms within the DNA
repair genes. An increasing number of DNA repair gene
polymorphisms are being correlated with increased risk of
cancer occurrence. Although an irrefutable link has already
been established between colorectal cancer and the presence
of mutations in mismatch repair (MMR) genes [3], other
polymorphisms of DNA repair genes (BER and NER) are
undergoing investigation for a potential influence on CRC.

Base excision repair (BER) is DNA repair system that
operates on small lesions such as oxidized or reduced bases.
A single damaged base is removed by base-specific DNA
glycosylases. The abasic site is then rebuilt by endonuclease
action, removal of the sugar residue, DNA synthesis using the
other strand as a template, and then ligation. The molecules
involved with the process include Exonuclease 1, which
cleaves the nucleotides from the end of DNA strand, DNA
polymerase beta, which is involved in gap filling, and DNA
ligase 3, which seals interruptions in the phosphodiester
backbone of duplex DNA [4]. Polymorphisms in the genes
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encoding these proteins are suspected to influence the effi-
ciency of the whole BER process and thus modulate the risk
of CRC.

The present study has two major aims. The first is to
evaluate the influence of the presence of polymorphisms
within the tested genes with an elevated risk of colorectal
cancer. The second is to make an in vitro assessment of the
efficiency of restoring DNA continuity via the BER pathway.
As all protein products of the genes chosen for SNP screening
are involved in the BER stages directly following glycosylase
action, the BER assay was adjusted to measure only the gap-
filling step, when PolB, EXO3, and LIG3 play crucial roles.

2. Materials and Methods

DNA for genotyping was isolated from lymphocytes of
the peripheral blood. The blood samples were taken from
235 unrelated patients hospitalized in the Military Medical
Academy University Teaching Hospital-Central Veterans’
Hospital in Lodz. Each patient had histopathologically con-
firmed colorectal cancer. The studied group included 137
men and 98 women (average age 61 years ± 8 years). The
stage of the tumors was established according to TNM scale.
The control group included 240 individuals not diagnosed
with cancer and with ages corresponding to the age of the
studied group (𝑝 < 0.05). Permission to conduct researchwas
granted by the bioethics committee of theMedical University
of Lodz.

DNA isolation was carried out with a commercial
kit QIAamp DNA Blood Mini Kit for isolation of high-
molecular-weight DNA (Qiagen).

The occurrence of polymorphic variants of 242Pro/Arg
of PolB gene, 780Arg/His of LIG3 gene, and 589Glu/Lis of
EXO1 genewas studiedwith TaqMan technique. Briefly, 25 𝜇L
of reaction mixture was used for analysis, containing 1 𝜇L of
genomic DNA solution, 1 𝜇L of probes designed specifically
for each polymorphism, 13 𝜇L of premix with polymerase,
and 10 𝜇L of water. The PCR reaction was performed in a
Stratagene Mx3005P Real Time PCR Thermocycler. The RS
numbers for polymorphisms and thermal conditions of reac-
tion are shown in Table 1. For 10% of the randomly selected
samples, genotyping was repeated to confirm reproducibility.
Cases and controls were genotyped randomly and researchers
were blinded to the case/control status during genotyping.

BER efficiency was evaluated according to Matsumoto
et al. [5] with some minor modifications to improve the
preparation of synthetic lesion site. A plasmid construct with
radioactively labeled single-strand breaks was incubated with
protein extract isolated from peripheral blood lymphocytes
and slices of cancerous tissue removed during surgical proce-
dures. Repair capability was assessed by densitometric anal-
ysis of DNA fragments which had been electrophoretically
separated and depicted on X-ray film: these fragments vary
with regard to length and can identify repaired or unrepaired
fractions. The course of procedure is outlined in Figure 1.

The blood donors were a 79-year-old man with
histopathologically confirmed adenocarcinoma and a
cancer-free woman of the same age. A colorectal cancer
tumor had been removed from the 86-year-old female with

Table 1: The refSNP and thermal conditions used in the PCR
reaction.

Gene PolB LIG3 EXO1
Polymorphism 242Pro/Arg 780Arg/His 589Lys/Glu
refSNP 3136797 3136025 1047840

Thermal
conditions

(1) 95∘C—10min
(2) 92∘C—15 sec
(3) 60∘C—1min
(4) Step 2 and 3—45x

Dyes ROX, HEX, and FAM
Ref. dye ROX

cecum carcinoma. Control tissue samples of the colon were
taken from patients with primary inguinal incarcerate hernia
from the macroscopically unchanged tissue during the
operation. All individuals enrolled in this experiment were
hospitalized in the Military Medical Academy University
Teaching Hospital-Central Veterans’ Hospital, Lodz.

2.1. Details of the BER Assay Procedure

2.1.1. Preparation of DNA Substrate. The Vector, a pBSII
plasmid, was multiplied in E. coli DH5𝛼 and isolated by
Qiagen Maxiprep and underwent double digestion with
2.5U of XbaI and 2.5U XhoII fast digest enzymes for 1
hour (Fast digest, ThermoScientific, Rochester, USA). SAP
(ThermoScientific, Rochester, USA) enzyme was applied to
avoid self-ligation. Insert 5-TCGAGAATUCGATATCAT-3
was labeled in kinase reaction 2U T4 kinase polynucleotide
(thermo) with 2𝜇L of [𝛾-32P] ATP (6000𝜇Ci) whereas
the second oligo (5-CTTAAGCTATAGTAGGATC-3) was
incubated under the same conditions butwith unlabeledATP.
Equal amounts of the two oligonucleotides were mixed and
annealed through heating to 95∘C before being left to slowly
cool down. A 1 : 5 vector : insert molar ratio (established
previously) was applied to allow ligation with 1U of T4 ligase
(ThermoScientific, Rochester, USA) overnight.The construct
was purified by elution (GenJet Maxi prep kit, ThermoScien-
tific) from 1% agarose gel.

Preparation of whole-cell protein extract is as follows:
Minute Total Protein Extraction Kit (Invent) was used to
isolate proteins from peripheral blood lymphocytes or tissue
slices. All protein samples were adjusted to 2𝜇g/mL.

2.1.2. Repair Assay. A 100 ng/reaction of unaltered native
pBSII (load control) was mixed with prelabeled plasmid
(1000 cpm/sample) carrying an AP site generated by diges-
tion with 1U of UDG glycosylase (ThermoScientific) for 4 h.
This mixture was made up to a total volume of 15 𝜇L by
adding the reagents 0.4𝜇L of 1MHEPES-KOH, pH7.5, 0.2 𝜇L
of 1MMgCl

2
, 0.5 𝜇L of 3MKCl, 0.2 𝜇L of 0.1MDTT, 1 𝜇L

of 0.1MATP, and 0.4 𝜇L of 1mMdNTP and adjusted to a
final volume with H

2
O.The reaction was launched by adding

5 𝜇L (10 𝜇g) protein extract. Repair incubation was carried
out in a thermocycler (Bio-Rad) and took 90min at 25∘C.
The reaction was stopped by adding of 6 𝜇L of 2% SDS to
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Figure 1: (I) A uracil-containing oligonucleotide was subjected to action of polynucleotide kinase to attach a radioactive phosphate group
from [𝛾-32P] ATP. It was hybridized with a second oligonucleotide whose sequence was adjusted to obtain sticky ends referring to XhoI and
XbaI digestion site. (II) The short DNA fragment prepared in stage I was cloned into a pBluescriptII plasmid. (III) Uracil-DNA glycosylase
was utilized to remove uracil and, as consequence, create a single gap in DNA to act as a synthetic lesion. (IV) A plasmid with single AP site
constituted a substrate for the protein extract in 90-minute repair incubation. (V) Two SacI recognition sites of the pBluescriptII plasmid were
used to excise 450 pb-long fragment covering the lesion site and radioactive label for analysis on 8% urea/acrylamide gel. (VI) Interpretation
of outcomes was based on detection of two bands.The full-length 450 pb fragment reflects restored DNA fraction, whereas presence of short
180 pb fraction indicates the amount of unrepaired DNA. ∗U: uracil; ∗∗AP: apurinic/apyrimidinic.

each tube.Thereupon, 2 𝜇L of 1mg/mL proteinase K and 2 𝜇L
of 0.2mg/mL carrier tRNA were added to each tube and
incubated at 37∘C for 30min, and then treated with 150 𝜇L
stop solution (10mM Tris-HCl, pH 7.5, 300mM sodium
acetate, 10mMEDTApH8.0, 0.5% SDS). DNAwas recovered
by phenol/chloroform extraction (1 : 1) and overnight ethanol
precipitation. A 450 pb length DNA fragment was excised
from plasmid by 1U of SacI enzyme (ThermoScientific,
Rochester, USA) incubated at 37∘C for 1 h. To allow the
repaired and unrepaired fractions to be differentiated, the

remaining unrepaired AP site was treated with 1U of AP-
recognizing endonuclease IV for 1 h. All samples were run on
8% urea-containing polyacrylamide gel for 3 h in 120V. The
accurate electrophoresiswas preceded by 1 h preelectrophore-
sis with loading buffer.

2.1.3. Visualization. The bands were detected by autoradio-
graphy. The gels were dried and stored at −20∘C with X-ray
film for 2 h, 6 h, or overnight exposure. Bromidium ethidium
staining was used to visualize load control. Optical density
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Table 2: The distribution of genotypes, allele frequencies, and the analysis of the odds ratio (OR) for 589Lys/Glu polymorphism of EXO1
gene in patients with colorectal cancer (CRC) and the control group.

Genotype/allele Patients 𝑛 = 309 Controls 𝑛 = 304∗ OR (95% CI) 𝑝

Lys/Lys 57 69 1 (ref.) —
Lys/Glu 203 147 1.672 (1.109–2.519) 0.014
Glu/Glu 49 88 0.674 (0.411–1.106) 0.118
Lys 317 285 1 (ref.) —
Glu 301 323 0.838 (0.670–1.048) 0.121
∗Genotype distribution in Hardy-Weinberg equilibrium; 𝜒2 = 0.612.

Table 3:The distribution of genotypes, allele frequencies, and the analysis of the odds ratio (OR) for 242Pro/Arg polymorphism of PolB gene
in patients with colorectal cancer (CRC) and the control group.

Genotype/allele Patients 𝑛 = 303 Controls 𝑛 = 302∗ OR (95% CI) 𝑝

Pro/Pro 147 121 1 (ref.) —
Pro/Arg 123 142 0.713 (0.507–1.003) 0.052
Arg/Arg 33 39 0.697 (0.413–1.174) 0.174
Pro 417 384 1 (ref.) —
Arg 189 220 0.772 (0.601–0.994) 0.044
∗Genotype distribution in Hardy-Weinberg equilibrium; 𝜒2 = 0.791.

Table 4:The distribution of genotypes, allele frequencies, and the analysis of the odds ratio (OR) for 780Arg/His polymorphism of LIG3 gene
in patients with colorectal cancer (CRC) and the control group.

Genotype/allele Patients 𝑛 = 310 Controls 𝑛 = 305∗ OR (95% CI) 𝑝

Arg/Arg 101 121 1 (ref.) —
Arg/His 173 132 1.570 (1.109–2.224) 0.011
His/His 36 52 0.829 (0.503–1.368) 0.462
Arg 375 374 1 (ref.) —
His 245 236 1.035 (0.823–1.302) 0.764
∗Genotype distribution in Hardy-Weinberg equilibrium; 𝜒2 = 0.125.

quantification of bends was performed with GeneTools soft-
ware (Invitrogen).

3. Results

The genotyping results indicate that the Lys/Glu genotype of
the EXO1 gene (Table 2) may increase the risk of colorectal
cancer (OR = 1.672 (1.109–2.519), 𝑝 = 0.014).The investigated
PolB gene polymorphismwas not found to increase the risk of
CRC; however, our analysis suggests that occurrence of Arg
allele may have a protective effect, since it decreases the risk
of colorectal cancer (OR = 0.772 (0.601–0.994), 𝑝 = 0.044) as
shown in Table 3.The 780Arg/His polymorphism of the LIG3
genewas found to contribute to an increase in the risk of CRC
(OR = 1.570 (1.109–2.224), 𝑝 = 0.011) (Table 4).

In order to investigate the interaction of the polymor-
phisms of the studied genes and to evaluate their mutual
influence on the risk of colorectal cancer, gene-gene inter-
actions were analyzed. The simultaneous occurrence of the
Lys/Glu genotype of the EXO1 gene and the Pro/Pro genotype
of the PolB gene was found to possibly increase the risk of col-
orectal cancer (OR= 2.265 (1.193–4.301),𝑝 = 0.011) (Table 5).

In case of gene-gene interactions between 589Lys/Glu EXO1
SNP and 780Arg/His LIG3 SNP, the simultaneous occurrence
of Lys/Glu and Arg/His genotypes may increase risk of
colorectal cancer (OR = 1.970 (1.041–3.731), 𝑝 = 0.036) while
concomitant presence of Glu/Glu and Arg/Arg genotypes
may decrease the risk (OR = 0.402 (0.178–0.906), 𝑝 = 0.026)
(Table 6). Finally, the analysis of gene-gene interactions for
242Pro/Arg PolB gene and 780Arg/His LIG3 gene indicated
that the cooccurrence of genotypes Pro/Pro and Arg/Hismay
increase the risk of CRC (OR = 2.154 (1.265–3.667), 𝑝 =
0.004) (Table 7).

In general, optical density detection of particular DNA
bands revealed higher BER repair efficiency among cancer-
free individuals than CRC patients in both lymphocytes
and colon tissue samples. The percentage ratio of repaired
to damaged fractions was found to be 89.67%/10.32% in
lymphocytes taken from healthy subjects and 70.5%/29.5%
in those of CRC patients. Examination of the ability of
tissue protein extract to performBER indicated a significantly
greater repair level in normal tissue (68.11%/31.89%) than
CRC tissue (58.36%/41.64%). The results of the BER assay
analysis are presented in Figure 2.
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Table 5: The distribution of genotypes and the analysis of the
odds ratio (OR) for gene-gene interactions: 589Lys/Glu EXO1 and
242Pro/Arg PolB in patients with colorectal cancer (CRC) and the
control group.

Genotype Patients
𝑛 = 302

Controls
𝑛 = 302

OR (95% CI) 𝑝

Lys/Lys-Pro/Pro 24 28 1 (ref.) —

Lys/Lys-Pro/Arg 20 26 0.897
(0.404–1.994) 0.791

Lys/Lys-Arg/Arg 11 15 0.856
(0.331–2.212) 0.752

Lys/Glu-Pro/Pro 99 51 2.265
(1.193–4.301) 0.011

Lys/Glu-Pro/Arg 81 72 1.313
(0.698–2.467) 0.396

Lys/Glu-Arg/Arg 19 23 0.964
(0.426–2.180) 0.920

Glu/Glu-Pro/Pro 23 42 0.639
(0.303–1.346) 0.238

Glu/Glu-Pro/Arg 22 44 0.583
(0.276–1.232) 0.156

Glu/Glu-Arg/Arg 3 1 — —

Table 6: The distribution of genotypes and the analysis of the
odds ratio (OR) for gene-gene interactions: 589Lys/Glu EXO1 and
780Arg/His LIG3 in patients with colorectal cancer (CRC) and the
control group.

Genotype Patients
𝑛 = 302

Controls
𝑛 = 302

OR (95% CI) 𝑝

Lys/Lys-Arg/Arg 21 27 1 (ref.) —

Lys/Lys-Arg/His 31 27 1.476
(0.684–3.185) 0.320

Lys/Lys-His/His 3 15 — —

Lys/Glu-Arg/Arg 64 46 1.789
(0.902–3.547) 0.094

Lys/Glu-Arg/His 118 77 1.970
(1.041–3.731) 0.036

Lys/Glu-His/His 17 23 0.950
(0.407–2.218) 0.920

Glu/Glu-Arg/Arg 15 48 0.402 (0.178–
0.906) 0.026

Glu/Glu-Arg/His 18 26 0.890
(0.389–2.038) 0.777

Glu/Glu-His/His 15 13 1.484
(0.582–3.784) 0.409

4. Discussion

All cells in the human body are permanently exposed to
the negative effects of reactive oxygen species. Virtually all
kinds of cell components, including proteins, lipids, and
nucleic acids, can be targets for attack by ROS, which may
interfere with the proper functioning of cellular biochemical
processes. Oxidative stress has been confirmed to play a role
in carcinogenesis by a number of previous studies [6]. Oxida-
tive damage to DNA has significant mutagenic potential, and

K 1 2 3 4

450pb
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uracil
construct without
Incubation with

extracts
tissue protein
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extracts
blood protein
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Figure 2: A comparison of BER activity in the lymphocytes and
tissue of CRC patients and healthy controls. Each electropherogram
shows two fractions of DNA: 450 pb repaired and 185 pb unrepaired.
Lanes 1-2 indicate lymphocyte BER efficiency while lanes 3-4 refer
to BER in tissue. Samples are presented in the following order: K:
positive control; DNA substrate did not contain uracil and so reflects
100% of repair; 1: healthy control; 2: colorectal cancer; 3: unchanged
colon tissue; 4: colorectal cancer.

Table 7: The distribution of genotypes and the analysis of the
odds ratio (OR) for gene-gene interactions: 242Pro/Arg PolB and
780Arg/His LIG3 in patients with colorectal cancer (CRC) and the
control group.

Genotype Patients
𝑛 = 302

Controls
𝑛 = 302

OR (95% CI) 𝑝

Pro/Pro-Arg/Arg 52 56 1 (ref.) —

Pro/Pro-Arg/His 82 41 2.154 (1.265–
3.667) 0.004

Pro/Pro-His/His 12 24 0.539
(0.245–1.185) 0.121

Pro/Arg-Arg/Arg 38 48 0.853
(0.483–1.506) 0.584

Pro/Arg-Arg/His 66 73 0.974
(0.589–1.611) 0.920

Pro/Arg-His/His 19 21 0.974
(0.471–2.015) 1.000

Arg/Arg-Arg/Arg 9 15 0.646
(0.261–1.603) 0.343

Arg/Arg-Arg/His 20 17 1.267
(0.599–2.679) 0.538

Arg/Arg-His/His 4 7 — —

excessive accumulation of damage toDNA leads to cell necro-
sis or apoptosis, the most abundant types of lesion being 2,6-
diamino-4-hydroxy-5-formamidopyrimidine (FapyG) and
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4,6-diamino-5-formamidopyrimidine (FapyA) and 8-oxo-
7,8-dihydroguanine (8-oxoG).

By virtue of its high stability and relative simplicity of
detection, 8-oxoG is a vital biomarker of DNA oxidative
damage [7]. Hence, colorectal cancer was extensively exam-
ined in terms of 8-oxoG presence. An analysis performed
on a Spanish population indicated a twofold higher level of
8-oxoG in colorectal tumors than in normal mucosa [8].
In other studies, immunohistochemical tests complemented
by high-performance liquid chromatography (HPLC) have
revealed considerable higher levels of 8-oxoG in colorectal
carcinoma than nontumorous colon epithelial cells [9]. Fur-
thermore, the same team reports the presence of an elevated
8-oxoG level accompanied by 8-oxoG lyase overexpression
[10]. Increased levels of 8-oxoG have been observed in CRC
patient lymphocytes [11] and plasma [12] compared to those
of healthy controls.

These high levels create a very challenging environment
for base excision repair processes, which have to operate
with high efficiency to maintain genome integrity. Omission
of oxidized forms of guanine may lead to incorrect base-
pairing, resulting in G:C to T:A transversion mutation [13,
14]. However, no evaluation of BER system activity can be
performed purely on the basis of 8-oxoG level. In addition,
the majority of previous studies tests have been based on the
total 8-oxoG content including unbound 8-oxoG and that
bound to DNA. A high level of free 8-oxoG might occur as
consequence of efficient performance of the BER initial step,
when the damaged bases are being recognized and excised
by glycosylase. Conversely, higher numbers of damaged bases
remaining in a DNA-associated form may indicate that BER
activity is insufficient to cope with repairs.

A more precise tool to evaluate the level of DNA single-
strand breaks and repair capacity is the comet assay. An
alkaline version of the comet assay used in a previous inves-
tigation indicated statistically significant differences in repair
efficiency between CRC patients and healthy subjects. After a
240-minute repair incubation, the level of single-strandDNA
breaks was significantly diminished in lymphocytes from a
cancer-free control group in comparison to CRC subjects. A
similar difference was observed in a comparative analysis of
cells from normal colonmucosa tissue and a CRC tumor [15].
In the course of a comet assay, cells are incubated intravitally
after hydrogen peroxide treatment, whereby the BER process,
consisting of the excision of the damaged base and restoration
of the DNA sequence, can be tracked holistically.

Glycosylase activity in initial stages of BER is an issue
that has been the focus of a great degree of research interest.
Thus far, eukaryotic cells have been found to possess several
glycosylases such as NEIL1-3, UNG, NTH1, MUTYH, APE1,
andOGG1 [16–19]. OGG1 is the primary BER enzyme capable
of cleaving 𝑁-glycosyl bond between the sugar component
and 8-oxoG. Studies based on amouse model withOGG1−/−
knock-out revealed this deficiency to have minor or even
marginal importance in pathogenesis and cancer frequency
[20]. MUTYH has a unique ability to remove normal
adenines misincorporated opposite to 8-oxoG. Similar to
OGG1, studies based on biallelic MUTYH mutation implied
no significant increase in sensitivity to oxidative stress [21].

Surprisingly, an additive effect has been observed in mice
with the doublemutationOGG1−/− andMUTYH−/−, where
higher tumor appearance frequencies have been noted [22].

Both OGG1 and MUTYH have numerous polymorphic
variants which are being eagerly examined in the context of
carcinogenesis. The common polymorphisms of the OGG1
gene, S326C and R46Q, have been found to slightly decrease
the activity of the enzyme [23, 24]. Regarding population
screening, definitely more attention has been paid to the
screening of S326C, especially its involvement in lung cancer
development. However, several investigations summarized
in a meta-analysis do not reveal any linkage with lung
cancer [25]. In contrast, certain variants of MUTYH, a
polymorphism-rich gene, have been shown to elevate the risk
of CRC 28-fold [26]. A great deal of current research into
genetic variation of proteins has focused on the XRCC1 gene.
XRCC1 is an important protein due to its participation in the
recruitment of the other BER proteins, making it a binder of
all stages [27]. However, several large scalemeta-analyses dis-
play contradictory conclusion about its role in carcinogenesis.
To be specific, while the Arg194Trp polymorphismwas found
to have a protective effect on tobacco smoking with regard to
cancer risk [28], it was found to have no such role for other
examined cancers [25, 29, 30].

As the literature shows no consensus on role of the
early stages of BER, the present study addresses the gap-
filling stage. The present study is so far the only one aimed
to evaluate the effectiveness of BER in CRC. Undoubtedly,
although our findings show an interesting trend, they should
be treated with great caution. As a BER deficiency can be
observed in lymphocytes from a CRC individual, it can be
inferred that the native repair system is also deficient, which
may result in a slow, gradual accumulation of damage that, at
some critical moment, may contribute to the development of
cancer.

It is important to determine whether some difficult to
exclude factors can interfere with the result. To minimize
this risk of appearance of additional undesirable damaging
agents, the primary inclusion criteria for the BER assay were
place of residence (the same city), the subject not taking
medication, including cancer therapy for CRC, and the lack
of any smoking addiction or alcohol abuse. However, it is
difficult to predict the influence of other significant factors
such as ionizing radiation, UV light, diet, or stress associated
with everyday situations. There is some risk that any of
these factors could put BER on standby, while it is forced to
repair more cellular proteins which had been produced as a
response to greater exposure [31]. In the follow-up phase of
the experiment, the tumor cell extract demonstrated a similar
reduction of BER activity in comparison to normal tissue.

However, it is unclear whether this reduced repair ability
is innate and this phenotype is maintained after tumorige-
nesis, as differences could emerge due to the presence of
mutations which were nested during malignant transforma-
tion. In addition, weak BER capacity may help exacerbate
the genotoxic effect of ROS, allowingmalignancy to progress.
Chan et al. report that the presence of hypoxia in CRC
provokes changes in BER [32]. Other reports note that some
characteristics of colon tissue factor may induce oxidative
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stress: an increased amount of free radicals may occur as
result of diet rich in red meat [33] or with low calcium
or vitamin D levels [34]. What is more, bacteria living in
the intestine can also be an important extracellular source
of ROS which promotes increased DNA damage in colonic
epithelial cells [35]. The available evidence seems to suggest
that BER has a possible impact on both the development and
progression of CRC.

A similar concept has recently been presented by
Stanczyk et al., who, by using a similar methodology to the
present study, report significantly lower BER efficiency in
lymphocytes taken from children suffering from childhood
acute lymphoblastic leukemia in comparison to healthy
controls [36]. Although CRC and leukemia are virtually
incomparable due to their totally different natures, the BER
system was found to play a crucial role in both and may also
be involved in the pathogenesis of several other diseases.

It is undeniable that polymorphisms of DNA repair sys-
tems participate in the carcinogenesis process, as mentioned
before in the first part of Section 4. Extensive studies suggest
that these polymorphisms play a role in almost all types
of cancer [37–40], including colorectal cancer [29, 41]. The
genetic polymorphisms ofMMR system appear to participate
in the pathogenesis of hereditary nonpolyposis colorectal
cancer [42, 43], and a growing body of evidence suggests
their involvement in the BER system [44, 45], but reports
concerning the NER system are inconclusive, with some
confirming the link [46] and others denying it [47].

The present paper examines the impact of polymor-
phisms of PolB, LIG3, and EXO1 of the BER repair system
on the modulation of the risk of colon cancer. The genes
were selected on the basis that the products of these three
genes do not have glycosylase activity, thus avoiding any
negative impact on the first part of the experiment. All three
proteins are involved in stages of BER directly following
the glycosylase action. Therefore, BER assay was adjusted to
measure only the gap-filling step where PolB, EXO1, and LIG3
play crucial roles. The protective effect of the Arg allele for
the 242Pro/Arg gene polymorphism of PolB demonstrated in
our work (Table 3) has been shown in previous publications
[46]. In addition, the 242Pro/Pro genotype of the PolB gene
in combination with the genotype 780Arg/His of LIG3 gene
increases the risk of CRC (Table 7), and the risk is much
higher than in case of the 780Arg/His SNP of LIG3 (OR =
2.154; 1.265–3.667, 𝑝 = 0.004 versus OR = 1.570; 1.109–2.224,
𝑝 = 0.011) (Table 4). This clearly shows the important role of
gene-gene interactions in modulating the risk of malignant
transformation, which has been confirmed in many other
publications [48, 49].

Our finding that the 589Lys/Glu SNP of EXO1 is asso-
ciated with an increased risk of CRC is contrary to those
of Akbari et al. [50]. However, it should be noted that the
previous study was performed on an Iranian population,
while our testswere carried out on a Polish population. Ethnic
group has been repeatedly demonstrated to have a significant
impact on the modulation of the risk of particular diseases
[51, 52]. Yamamoto et al. [53] suggest that the potential
impact of polymorphism 589Lys/Glu on increased risk of

carcinogenesis may depend on the presence of cigarette
smoking by the patient. Again, however, these studies con-
cern a Japanese population, which may exert an influence on
the results.

In our opinion, it is important to note interaction of poly-
morphisms 589Lys/Glu of the EXO1 gene and 780Arg/His
of the LIG3 gene (Table 6), whose coexistence increases the
risk of CRC compared to the presence of polymorphism
589Lys/Glu itself (OR = 1.970; 1.041–3.731, 𝑝 = 0.036 versus
OR= 1.570; 1.109–2.224,𝑝 = 0.011). As no extant publications
describe the influence of the 780Arg/His polymorphism of
LIG3 on the risk of CRC, our own findings in this regard
showing an elevated risk (Table 4) are significant. In addition,
attention should be once again directed to the mentioned
earlier gene-gene interaction of LIG3 with the 589Lys/Glu
polymorphism of the EXO1 gene. Furthermore, not only
does the potential protective effect of the Arg allele of the
242Pro/Arg PolB SNP and the increased CRC risk associated
with the 780Arg/His SNP of LIG3 and 589Lys/Glu SNP of
EXO1 merit attention, but also, more importantly, the mod-
ulation of risk induced by gene-gene interactions identified
in this study can significantly affect individual predisposition
to the development of cancer.

5. Conclusions

Decreased BER activity may play a crucial role in the patho-
genesis, development, and progression of colorectal cancer,
as the activity of BER is distinctly reduced in lymphocytes
and cancer tissue from CRC individuals. In addition, the
genotyping of SNPs which have so far not been thought to
be associated with CRC (LIG3, PolB, and EXO1) suggests that
potential BER dysfunction may lay not only in its first steps,
but equally or at even greater level in the gap-filling events.
We believe that our results are promising, yet further studies
are needed on this subject to establish a link between a given
polymorphism and its phenotypic effect in the modulation of
BER activity and thus its impact on carcinogenesis.
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Radiotherapy with 𝛾-radiation is widely used in cancer treatment to induce DNA damage reducing cell proliferation and to kill
tumor cells. Although RhoAGTPase overexpression/hyperactivation is observed in many malignancies, the effect of RhoA activity
modulation on cancer radiosensitivity has not been previously investigated. Here, we generated stable HeLa cell clones expressing
either the dominant negative RhoA-N19 or the constitutively active RhoA-V14 and compared the responses of these cell lines with
those of parental HeLa cells, after treatment with low doses of 𝛾-radiation. HeLa-RhoA-N19 and HeLa-RhoA-V14 clones displayed
reduced proliferation and survival compared to parental cells after radiation and became arrested at cell cycle stages correlated
with increased cellular senescence and apoptosis. Also, Chk1/Chk2 and histone H2A phosphorylation data, as well as comet assays,
suggest that the levels of DNA damage and DNA repair activation and efficiency in HeLa cell lines are correlated with active RhoA.
In agreement with these results, RhoA inhibition by C3 toxin expression drastically affected homologous recombination (HR) and
nonhomologous end joining (NHEJ). These data suggest that modulation of RhoA GTPase activity impairs DNA damage repair,
increasing HeLa cell radiosensitivity.

1. Introduction

Radiotherapy is widely used in the clinic to inhibit cancer
progression and can be administered as a monotherapy or
combined with chemotherapy, surgery, and other alterna-
tives. During 𝛾-radiation radiotherapy, the ionizing radiation
applied to tumors is absorbed directly by DNA, inducing
DNA damage (including single- and double-strand breaks)
[1], which leads to tumor cell death or decreases the effect of
tumor cells on adjacent tissues.

In the human cervical carcinoma cell line HeLa, treat-
ment with the bacterial toxin HdCDT induces DNA double-
strand breaks similar to those resulting from 𝛾-radiation
[2]. In this system, induction of DNA double-strand breaks
activates the small GTPase RhoA, which regulates a variety
of cellular activities involving cytoskeletal reorganization
(including cell motility and actin stress fiber formation), as

well as cell cycle progression [3]. RhoA overexpression has
been reported in breast, colon, lung, and gastric tumors,
and it facilitates cancer progression by inducing increased
tumor cell motility, proliferation, and survival, as well as
a loss of cell polarity [4]. Rho family enzymes interchange
between an active form (Rho-GTP) and an inactive form
(Rho-GDP). GTPase activation by GTP binding is aided by
guanine nucleotide exchange factors (GEFs), which catalyze
the exchange of GDP by GTP in the active site. The intrinsic
activity of GTP hydrolysis of Rho enzymes (including RhoA)
is then activated by GAPs (GTPase activating proteins),
leading to conversion of GTP into GDP and Rho inactivation
[5].

In HeLa cells, RhoA activation by HdCDT treatment
increases HeLa cell survival, and this effect depends on
the activity of the ataxia telangiectasia mutated (ATM)
serine/threonine protein kinase [2], a DNA damage repair
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protein activated as a response to DNA double-strand breaks
(such as those induced by ionizing radiation) [6]. Although
these data suggest the existence of a “cross talk” between
RhoA and DNA repair pathways, the effect of RhoA activity
modulation on the sensitivity of cancer cells to radiotherapy
has not been examined to date.

In this study, we analyzed the effect of modulation of
RhoA activity in the response to 𝛾-radiation (0.5, 5, and
15Gy) treatment, inHeLa cells.We generated stable HeLa cell
lines that express a constitutively active RhoA (HeLa-RhoA-
V14) or a dominant negative RhoA (HeLa-RhoA-N19). These
mutants are analogous to the Ras-V12 (constitutively active)
and Ras-N17 (dominant negative) mutants found in ∼25% of
all human cancers, in marked contrast to RhoA mutations,
which are rarely found [7, 8]. Our results show that cells
expressing either the constitutively active or the dominant
negative RhoA mutants are less resistant to the effects of 𝛾-
radiation than parental HeLa cells and have reduced ability to
proliferate and survive after treatment. These data correlated
with the reduced activation of DNA damage response and
repair pathways and efficiency of DNA damage repair, in cells
with reduced RhoA activity.

2. Materials and Methods

2.1. Cell Lines. The human cervical carcinoma cell line HeLa
(CCL-2; ATCC,Manassas, VA, USA) wasmaintained in Dul-
becco’s Modified Eagle Medium (DMEM; Invitrogen, Wal-
tham, MA, USA) supplemented with 10% fetal bovine serum
(FBS; Cultilab, Campinas, SP, Brazil), at 37∘C and 5% CO

2
, in

a humidified incubator.

2.2. Cell Treatments by 𝛾-Radiation. HeLa cells and clones
were treated with three different doses (0.5, 2, 5, and 15Gy) of
gamma (𝛾) ionizing radiation (Co60-Gammacell 220,Atomic
Energy of Canada Limited (AECL), Ontario, Canada) at the
Nuclear and Energy Research Institute (IPEN, SP, Brazil). But
for some experiments dose-response curves were performed,
while for others only one dose was used, according to the cell
viability (unpublished results, not shown) and the duration of
the experiment.

2.3. Generation of Sublines of RhoA-N19 and RhoA-V14
Mutants from HeLa Cells. To produce HeLa cell sublines
stably expressing RhoA mutants, constructs containing the
recombinant retroviral pCM vector and cDNA sequences for
the constitutively active RhoA-V14 (Ala to Val substitution
at position 14) or the dominant negative RhoA-N19 (Thr to
Asp substitution at position 19) were packaged into recom-
binant retrovirus particles using the Phoenix system (𝜙NX-
cells, kindly donated by Gary P. Nolan, Stanford University,
CA, USA). Subconfluent HeLa cells seeded in 10 cm dishes
(in DMEM/10% FBS) were infected with the recombinant
retrovirus particles in the presence of 8𝜇g/mL of polybrene
[9]. After infection, cells were selected for approximately
30 days with 500 𝜇g/mL of G418, and isolated colonies,
representing clones of HeLa-RhoA-N19 and HeLa-RhoA-
V14, were collected and maintained in DMEM/10% FBS with
100 𝜇g/mL of G418 until freezing or further use.

2.4. Active RhoA Pull-Down Assay. To measure RhoA activ-
ity, we used a RhoA-GTP pull-down protocol adapted from
Ren et al., 1999 [10]. HeLa cells were lysed in RIPA buffer
(50mmol/L Tris-HCl, pH 7.2, containing 1% Triton X-100,
0.5% sodium deoxycholate, 0.1% SDS, 500mmol/L NaCl,
10mmol/L MgCl

2
, 1 mM Na

3
Vo
4
, 1 mM NaF, 2 𝜇g/mL leu-

peptin, pepstatin, aprotinin, and 1mmol/L phenylmethyl-
sulfonyl fluoride, or PMSF) (all from Sigma-Aldrich, Saint
Louis, MO, USA), and cell lysates were incubated with
Glutathione-Sepharose beads (GE, Healthcare, Cleveland,
OH, USA) bound to the RBD-GST fusion protein (RhoA
binding domain of the Rhotekin protein, kindly donated by
Gary M. Bokoch, The Scripps Research Institute, La Jolla,
CA, USA) for 90min at 4∘C. Then, beads were recovered by
centrifugation (3000 rpm, for 3min at 4∘C) and washed 3
times with buffer B (50mmol/L Tris-HCl, pH 7.2, contain-
ing 1% Triton X-100, 150mmol/L NaCl, 10mmol/L MgCl

2
,

1 mM Na
3
Vo
4
, 1 mM NaF, 10 𝜇g/mL leupeptin, aprotinin,

and 0.1mmol/L PMSF). RhoA-GTP bound to RBD-GST-
Sepharose beads was resolved on 13% SDS-PAGE gels, trans-
ferred to nitrocellulose membranes and analyzed using a
monoclonal anti-RhoA antibody (26C4, from Santa Cruz
Biotechnology, Santa Cruz, CA, USA), as described below
(see Section 2.11).

2.5. Growth Curves. For population growth analysis, HeLa
cells were seeded in 35mm dishes (3.5 × 104 cells/dish) and
allowed to adhere at 37∘C (with 5% CO

2
), for 24 h. Then cells

were exposed to 0.5 or 5Gy of 𝛾-radiation and reincubated at
37∘C. Cell samples were collected in duplicate every 24 h after
𝛾-radiation, for five consecutive days, and cells were counted
manually in a Fuchs-Rosenthal chamber.

2.6. Clonogenic Assays. For clonogenic assays, HeLa cells
were seeded in 60-mm dishes (2 × 103 cells/dish) and allowed
to adhere at 37∘C (with 5% CO

2
) for 24 h. Then, cells were

exposed to 0.5, 5, or 15Gy of 𝛾-radiation and reincubated
at 37∘C for 10–12 days. Colony foci were fixed in 10%
formaldehyde in PBS for 10min, stained with 0.5% crystal
violet in PBS for 5min (both at room temperature), and
counted manually.

2.7. Cell Cycle Analysis. For cell cycle analysis,HeLa cells were
plated in 35-mm dishes (3.5 × 105 cells/dish) and allowed to
adhere at 37∘C (with 5%CO

2
) for 24 h. After 𝛾-radiation, cells

were harvested by trypsinization, washed in PBS, and fixed in
80% ethanol in PBS. Then, cells were stained with 10𝜇g/mL
propidium iodide (PI) and stored at 4∘C. Samples were run in
a Beckman Coulter FC500 MPL cytometer (Brea, CA, USA),
and flow cytometry data were analyzed using WinMDI 2.8
software (Purdue University Cytometry Laboratories, West
Lafayette, IN, USA).

2.8. Apoptosis Assay. To estimate apoptosis, HeLa cells were
plated in 35-mm dishes (1.5 × 105 cells/dish), for 24 h, and
treated with 5Gy or 15Gy of 𝛾-radiation, or with 60 J/m2
ultraviolet C (UVC; positive control for apoptosis induc-
tion). Then, adhered and suspended cells were harvested by



Oxidative Medicine and Cellular Longevity 3

successive rounds of PBS washing-trypsinization-centrif-
ugation, 48 h or 72 h after 𝛾-radiation. Harvested cells were
resuspended in Annexin-V binding buffer (50mM HEPES,
pH 7.4, containing 0.7M NaCl and 12.5mM CaCl

2
) for

a final density of 1 × 106 cells/mL, and 5 𝜇L Annexin-V-
FITC (BD Biosciences, Franklin Lakes, NJ, USA) and 1.5 𝜇L
propidium iodide (1mg/mL) were added to 100-𝜇L aliquots
of cell suspension (1 × 105 cells). Samples were incubated
for 15min at room temperature (and protected from light),
and then 400 𝜇L of Annexin-V binding buffer was added to
each sample, and cells were analyzed by flow cytometry in a
FACSVerse (BD Biosciences, Franklin Lakes, NJ, USA). Flow
cytometry data were analyzed on theKaluza 1.3 FlowAnalysis
software (Beckman Coulter, Brea, CA, USA).

2.9. Senescence-Associated 𝛽-Galactosidase Assay. Cell senes-
cence was estimated using a senescence-associated 𝛽-
galactosidase assay, as described by Dimri et al., 1995 [11].
HeLa cells (3.0 × 104 cells/dish, in 35-mm dishes) (Corn-
ing, New York, NY, USA) were allowed to adhere at 37∘C
(with 5% CO

2
) for 24 h, prior to treatment with 0.5, 5, or

15Gy of 𝛾-radiation. Then, cells were incubated for 96 h
at 37∘C, fixed in 2% formaldehyde/0.2% glutaraldehyde in
PBS for 3min, washed in PBS, and stained for 18 h at
37∘C with 2mL/dish of X-gal staining solution (30mmol/L
PBS/citric acid (pH 6) containing 5mmol/L K

3
Fe(CN)

6
,

2mmol/L MgCl
2
, 150mmol/L NaCl, 5mmol/L K

4
Fe(CN)

6
,

and 1mg/mL X-gal). Then, samples were washed twice in
PBS and kept at 4∘C prior to analysis, by direct counting of
𝛽-galactosidase-positive/negative cells (1 × 103 cells/dish, in
duplicate), in an inverted Olympus microscope (Olympus,
Tokyo, Japan).

2.10. Alkaline Comet Assay. The alkaline comet assay was
performed as described by Singh et al., 1998 [12], with
modifications. HeLa cells were seeded in 35-mm dishes (2 ×
105 cells/dish) and were allowed to adhere at 37∘C (with 5%
CO
2
) for 24 h, before 𝛾-radiation with 5Gy. After treatment,

cells were harvested by trypsinization, mixed with 0.5%
low-melting point agarose, and 100𝜇L of this mixture was
pipetted onto glass slides with 1.5% normal-melting point
agarose. Then, cells were lysed with lysis buffer (10mmol/L
Tris, pH 10, containing 2.5mmol/L NaCl, 100mmol/L EDTA,
1% Triton X-100, and 10% DMSO, all from Sigma-Aldrich,
Saint Louis, MO, USA) for 24 h at 4∘C and in the dark.
Samples were denatured in alkaline electrophoresis buffer
(300mmol/L NaOH, 1mmol/L EDTA, pH >13) for 25min,
and then electrophoresis was performed at 25V and 300mA,
for 30min. After electrophoresis, slides were washed 3 times
(5min/wash) in neutralizing buffer (0.4mmol/L Tris-HCl,
pH 7.5), DNA was stained with 2𝜇g/mL ethidium bromide,
and comets (from 50 cells/slide, in duplicate) were imaged
using a fluorescence microscope Olympus IX51 (Olympus,
Shinjuku, Tokyo, Japan). Comet assay data were analyzed
using the softwareKomet 6.0 (Andor, Technology, Belfast, BT,
UK).

2.11. Western Blotting. For Western blotting, HeLa cells
were lysed with RIPA buffer (see Section 2.4), and 50𝜇g of
protein was mixed with Laemmli sample buffer [13] and
resolved in 12% SDS-PAGE gels. Proteins were transferred
to nitrocellulose membrane (Millipore, Billerica, MA, USA),
and membranes were blocked in TBS-T with 5% milk, for
1 h at room temperature. Then, membranes were incubated
with one of the following primary antibodies diluted in
TBS-T: anti-phospho-Chk1 Ser345 (Cat. number 2341), anti-
phospho-Chk2Thr-68 (Cat. number 2661), or anti-phospho-
H2AX Ser139 (Cat. number 9718) polyclonal/monoclonal
antibodies from Cell Signaling (Danvers, MA, USA) or an
anti-𝛼-Tubulin polyclonal/monoclonal antibody (B-7, Santa
Cruz Biotechnology, Santa Cruz, CA, USA). Membranes
were incubated with appropriate species-specific IRDye
(Infrared Dye) secondary antibodies (680 or 800 nm, diluted
to 1 : 15000 in TBS-T) for 1 h and visualized and analyzed
(by band density quantification) using an Odyssey Infrared
Imaging System and the Odyssey V3.0 software (both from
Li-COR Biosciences, Lincoln, NE, USA).

2.12. Inhibition of RhoA Activity by the C3 Toxin. HeLa cells
were transiently transfected with the eukaryotic expression
vector pEF-myc (Invitrogen) containing the C3 toxin cod-
ing sequence (plasmid kindly provided by Professor Dr.
Gary Bokoch, The Scripps Research Institute, La Jolla, CA,
USA). HeLa cells were transfected using Lipofectamine 2000
(Invitrogen), according to the manufacturer’s instructions,
and then plated into 100-mm dishes (for immunoblotting
experiments) or 35-mmdishes (for comet assays) and allowed
to grow until ∼80% confluence. The cells were incubated for
24 hours, prior to RhoA activation analysis (see Section 2.4),
and after this time the cells were exposed to 5Gy of 𝛾-
radiation and analyzed according to the previously described
experiments.

2.13. Homologous Recombination (HR) and Nonhomologous
End Joining (NHEJ) Assays. The rates of HR and NHEJ were
estimated using HeLa cells stably expressing DR-GFP and
EJ-GFP, respectively, as described by Gunn and Stark with
modifications [14]. To produce HeLa-DR-GFP and HeLa-
EJ5-GFP stable cell lines, subconfluent HeLa cells grown in
60-mm dishes were transfected using 7.5𝜇g Lipofectamine
2000 (Invitrogen,Waltham,MA,USA) and 3.5 𝜇g of DR-GFP
or EJ5-GFP plasmids [14], in DMEMwith 10% FBS. Transfec-
tants were selected and isolated using 5 𝜇g/mL of puromycin
and maintained in DMEM/10% FBS supplemented with
1 𝜇g/mL of puromycin.

For HR and NHEJ assays, approximately 2 × 105 HeLa-
DR-GFP and HeLa-EJ5-GFP cells were seeded in 35-mm
dishes and allowed to adhere at 37∘C (with 5% CO

2
) for 24 h.

Then, cells were transfected with 4𝜇g of the I-SceI expression
vector or an empty vector (EV), alone or in combination
with 2𝜇g of pEF-myc-C3 (using 2 𝜇g of Lipofectamine 2000;
Invitrogen, Waltham, MA, USA). Cells were harvested 72 h
after transfection, and the percentage of GFP-positive cells
was determined by flow cytometry in a FACSVerse cytometer
(BD Biosciences, Franklin Lakes, NJ, USA).
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2.14. Statistical Analysis. Comparisons between treatments
were performed by Student’s 𝑡-test (for paired data) or by
ANOVA (for multiple groups), using the Prism 6.0 software,
and differences were considered statistically significant when
𝑃 < 0.05.

3. Results

3.1. Expression of Dominant Negative or Constitutively Active
RhoA Prevents the Increase in Active RhoA Levels by 𝛾-
Radiation. To evaluate if the activation of the small GTPase
RhoA has a role in the response to 𝛾-radiation in cancer cells,
we generated stable clones of HeLa cells expressing either
the constitutively active HeLa-RhoA-V14 or the dominant
negative HeLa-RhoA-N19 RhoA mutants. Cells from both
clones appeared to spread on the surface of culture flasks
more effectively than parentalHeLa cells (Figure 1(a)). Analy-
sis of RhoA activity by a pull-down assay for the active RhoA-
GTP form [15] showed that HeLa-RhoA-N19 and parental
HeLa cells had similar basal levels of active RhoA, while
HeLa-RhoA-V14 cells had higher levels of active RhoA, as
expected for cells expressing a constitutively active RhoA
mutant (Figure 1(b)). RhoA-GTP levels increased after 𝛾-
radiation in parental HeLa cells (Figure 1(b)). In contrast,
we detected no further RhoA activation in cells expressing
RhoA-N19 or RhoA-V14, after 𝛾-radiation (Figure 1(b)).

The RhoA GTPase is a key regulator of cell migration
via cytoskeletal reorganization [16]. Thus, we also performed
scratch assays in confluent cell monolayers, to evaluate the
effect of mutant RhoA expression on cell migration (see
Supplementary Figure S1 in SupplementaryMaterial available
online at http://dx.doi.org/10.1155/2016/6012642). For cells
grown in medium containing 10% FBS, the migration rate
of those expressing the dominant negative RhoA-N19 was
considerably reduced (43%) compared with that of parental
HeLa or HeLa-RhoA-V14 cells (100% migration). In serum-
free conditions (0% FBS), HeLa-RhoA-N19 migrated only
5%, 24 h after serum starvation, but migration rates in
10% FBS (after serum starvation) were similar to those
observed in cells that had not been serum-starved prior
to migration. However, in starving conditions, HeLa-RhoA-
V14 cells displayed reduced migration (27%) compared with
parental HeLa cells (Supplementary Figure S1). These results
suggest that the expression of either RhoA-V14 or RhoA-
N19 promotes an imbalance in the RhoA activity in HeLa
cells, despite the presence of normal to high basal levels of
active RhoA.While themigration of parental orHeLa-RhoA-
V14 cells was only significantly affected by high doses of 𝛾-
radiation (15Gy), treatments as low as 5Gy of 𝛾-radiation
reduced significantly the migration of HeLa-RhoA-N19 cells
inmediumwith 10%FBS (Supplementary Figure S2).Overall,
the scratch assay data suggest that, despite the persistent levels
of RhoA-GTP in cells expressing either dominant negative
or constitutively active RhoAmutants, these cells had altered
RhoA activity, judging from their reduced migration ability,
and this effect was particularly evident in cells expressing
the dominant negative RhoA-V14 mutant, after 𝛾-radiation
treatment. Thus, the migration data also indicate that the
HeLa-RhoA-V14 and HeLa-RhoA-N19 cell lines are valid

models for the study of RhoA activity modulation after
radiation.

3.2. Expression of RhoAMutants Alters HeLa Cell Proliferation
and Survival Rates after 𝛾-Radiation. To investigate the
effect of RhoA activity modulation on cell proliferation and
survival after exposure to low doses (0.5 and 5Gy) of 𝛾-
radiation, we performed growth curves and clonogenic assays
of HeLa cells expressingmutant RhoA proteins. HeLa-RhoA-
N19 and HeLa-RhoA-V14 displayed a reduced doubling
time compared to parental HeLa cells (∼3.1 and ∼2.6 days,
resp.). We observed a clear reduction in the proliferation
of all cell lines after exposure to 5Gy of 𝛾-radiation, and
proliferation inhibition was observed earlier (between 2 and
3 days after radiation) in HeLa-RhoA-N19 and HeLa-RhoA-
V14 cultures, comparedwith parentalHeLa cells (Figure 1(c)).
No significant reduction in cell proliferation was observed
after exposure to 0.5 Gy of 𝛾-radiation (Figure 1(c)).

In clonogenic (colony formation) assays, both HeLa-
RhoA-N19 and HeLa-RhoA-V14 displayed decreased sur-
vival, with a reduction of ∼50% in the number of colonies in
untreated cells, and this sensitivity to the effects of 0.5Gy of 𝛾-
radiation was relatively well maintained compared withHeLa
cells. When exposed to 5Gy of 𝛾-radiation, HeLa-RhoA-
V14 and HeLa-RhoA-N19 were significantly more sensitive
than parental HeLa cells, with a reduction of ∼70% and
∼80%, respectively, in the number of colonies, comparedwith
parental cells subjected to the same treatment (Figure 1(d)).
These data suggest that HeLa cells expressing either a domi-
nant negative or a constitutively active RhoAmutant aremore
sensitive to low doses of 𝛾-radiation than parental HeLa cells.

3.3. Expression of RhoA Mutants Leads to Differential Cell
Cycle Arrest with Increased Senescence and Apoptosis Induc-
tion. Cell cycle analysis (by flow cytometry using PI) of
irradiated cells suggested that, after exposure to 15Gy of 𝛾-
radiation, cells with constitutively high levels of activated
RhoA (HeLa-RhoA-V14) remain arrested in S and G2/M,
whereas HeLa cells expressing the dominant negative RhoA-
N19 remain predominantly in the G1 and S phases of the
cell cycle (Figure 1(e)). As expected, we observed a marked
arrest of HeLa cells in the G2/M phase of the cell cycle after
treatment with high (15Gy) dose of 𝛾-radiation (Figure 1(e)).

The radiation-induced arrest at different cell cycle stages
correlates with the distinct types of antiproliferative effects
observed in HeLa cell lines expressing RhoA mutants, after
radiation treatment (Figure 2). Cells expressing HeLa-RhoA-
N19, expected to be deficient in RhoA activity, display higher
senescence levels at lower doses of 0.5 and 5Gy of 𝛾-radiation,
which correlates with their preferential arrest at G1 and S
phases (Figure 2(a)).These cells also showed increased apop-
tosis 48 and 72 h after exposure to the highest (15 Gy) dose
of 𝛾-radiation (Figure 2(b)). Similarly, all doses of radiation
treatment led to increased senescence in cells expressing the
constitutively active HeLa-RhoA-V14mutant, compared with
parental HeLa cells (but not with cells expressing RhoA-N19),
although the highest senescence levels were observed only
after treatment with the highest dose (15Gy) of 𝛾-radiation
(Figure 2(a)). These results correlate with the preferential



Oxidative Medicine and Cellular Longevity 5

(a)

0 2 5 15

(Gy)
0 2 5 15

(Gy)
0 2 5 15

(Gy)

RhoA-GTP

RhoA
HeLa HeLa-RhoA-N19 HeLa-RhoA-V14

(b)

HeLa HeLa-RhoA-N19 HeLa-RhoA-V14

C
el

ls 
(×
1
0
3
/m

L)

C
el

ls 
(×
1
0
3
/m

L)

C
el

ls 
(×
1
0
3
/m

L)

0Gy
0.5Gy
5Gy

∗

∗∗∗
∗∗∗

∗∗∗ ∗∗∗∗∗

0Gy
0.5Gy
5Gy

0Gy
0.5Gy
5Gy

0
250
500
750

1000
1250
1500
1750
2000

0

250

500

750

1000

0

250

500

750

1000

1 2 3 4 50
Days

1 2 3 4 50
Days

1 2 3 4 50
Days

(c)

HeLa

HeLa-RhoA-N19

HeLa-RhoA-V14HeLa
HeLa-RhoA-N19
HeLa-RhoA-V14

∗
∗

∗∗∗
∗∗∗ ∗∗∗

∗∗∗

0.5 50
(Gy)

0.5 50
Radiation dose (Gy)

0

100

200

300

400

500

600

(C
ol

on
ie

s/
di

sh
)

(d)

∗

∗ ∗

∗

∗∗∗

∗∗

5 150
(Gy)

5 150
(Gy)

5 150
(Gy)

0
10
20
30
40
50
60
70
80

C
el

ls 
in

 G
1 

(%
)

0

20

40

60

80

C
el

ls 
in

 S
 (%

)

0
10
20
30
40
50
60
70
80

C
el

ls 
in

 G
2/

M
 (%

)

HeLa
HeLa-RhoA-N19
HeLa-RhoA-V14

HeLa
HeLa-RhoA-N19
HeLa-RhoA-V14

HeLa
HeLa-RhoA-N19
HeLa-RhoA-V14

(e)

Figure 1: Morphological Rho activity and proliferation analyses of parental and clonal HeLa cell lines expressing RhoA-N19 or RhoA-V14
mutants after 𝛾-radiation. (a) Morphology of parental and derived HeLa cell lines. (b) Immunoblotting of pull-down assays for active RhoA
(RhoA-GTP) in different cell lines. (c) and (d) Growth curves (c) and clonogenic assays (d) in cell lines under positive or negative modulation
of RhoA activity. (e) Cell cycle profiles by flow cytometry analysis (using PI staining) of HeLa cell lines after exposure to different doses of
𝛾-radiation. Graphs display mean ± SD of at least three independent experiments. ∗𝑃 < 0.05, ∗∗𝑃 < 0.005, and ∗∗∗𝑃 < 0.001 between clones
and parental HeLa cells in the same treatment conditions (by ANOVA).
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Figure 2: Cell death and DNA damage response and repair analyses in HeLa cells expressing RhoA mutants, after 𝛾-radiation treatment.
(a) Quantification of senescent cells, by a senescence-associated 𝛽-galactosidase assay, performed 96 h after radiation. (b) Quantification
of apoptotic cell death after radiation, by Annexin-V and propidium iodide staining (Annexin V+/PI+ cells were considered apoptotic). (c)
Estimation of DNA damage and repair efficiency following radiation, by the olive tail moment (OTM, in arbitrary units) measurements from
comet assays. (d) Immunoblotting analysis of phosphorylated Chk1/Chk2 and histone H2AX levels in the different HeLa cell lines, after
exposure to 15Gy of 𝛾-radiation (and using 𝛼-Tubulin as loading control). Graphs and immunoblots are representative of three independent
experiments. ∗𝑃 < 0.01, ∗∗𝑃 < 0.05, and ∗∗∗𝑃 < 0.001 between clones and parental HeLa cells and #

𝑃 < 0.005 between treated and untreated
conditions (by ANOVA).
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arrest of HeLa-RhoA-V14 at S andG2/M andwith an increase
in apoptotic cell death after exposure to 15Gy of 𝛾-radiation,
especially at the longer time-point of 72 h posttreatment
(Figure 2(b)). Taken together, the cell cycle analysis, apop-
tosis, and senescence data suggest that modulation of RhoA
activity leads to arrest at different stages of the cell cycle,
leading to the induction of different levels of senescence or
apoptosis.

3.4. Modulation of RhoA Activity in HeLa Cells Affects DNA
Damage Repair Induction and DNA Damage Response (DDR)
Protein Activation. To investigate if modulation of RhoA
activity affects DNA repair after radiation treatments, we per-
formed comet assays at different time-points after exposure
to 5Gy of 𝛾-radiation. All three HeLa cell lines exhibited a
peak of fragmented DNA (i.e., an increase in the olive tail
moment, or OTM) 0.5 h after radiation, and this peak was
∼6- and ∼8-fold higher than the basal levels (in nonirradiated
cells), for parental HeLa and RhoA mutant-expressing cells,
respectively (Figure 2(c)). Although fragmented DNA levels
decreased up to 6 h after radiation in all three HeLa cell lines,
DNA repair (i.e., a statistically significant reduction in OTM)
could be detected as early as 1 h after radiation treatment
in parental HeLa and in HeLa-RhoA-V14 cells (Figure 2(c)).
In contrast, DNA repair could be detected from 2 h after
𝛾-radiation treatment in HeLa-RhoA-N19 cells, suggesting
that DNA damage repair is delayed in this cell line, which is
expected to have reduced RhoA activity (Figure 2(c)).

To examine a possible correlation between the efficiency
of DNA repair and the phosphorylation of DNA damage
responses (DDR) proteins, we exposed parental HeLa, HeLa-
RhoA-N19, and HeLa-RhoA-V14 cells to 15Gy of 𝛾-radiation
and monitored the activation (by phosphorylation) of the
checkpoint proteins Chk1 and Chk2, as well as the appear-
ance of a marker for double-strand DNA breaks (p-Ser139
H2AX), for up to 2 h after radiation (Figure 2(d)). After
treatments, we observed a reduction in the phosphorylation
levels of both Chk1 (Ser345) and Chk2 (Thr-68) in cells
expressing the dominant negative RhoA-N19 mutant, while
cells expressing the constitutively active RhoA-V14 displayed
overactivation of Chk1/Chk2; both responses were different
from those observed in parental HeLa cells. Thus, the levels
of Chk1/Chk2 phosphorylation obtained for the three cell
lines correlate with their RhoA-GTP levels. In contrast, the
phosphorylation of H2AX (Ser139), which peaked between
5min and 1 h after radiation and returned to basal levels
2 h after treatment, was not significantly affected by the
modulation of RhoA activity (Figure 2(d)).

3.5. C3 Toxin-Mediated Downregulation of RhoA Activity
Impairs DNA Repair and Overactivates DDR Proteins. To
confirm that decreased RhoA activity reduces DNA repair
efficiency, as suggested by the comet assay data on HeLa cells
expressing dominant negative RhoA, we performed a potent
and persistent inhibition of RhoA in parental HeLa cells by
transfection with a plasmid encoding the C3 toxin. To that
we transfected HeLa cells with a plasmid driving constitutive
expression of the C3 toxin, an exoenzyme secreted by the
bacterium Clostridium botulinum and capable of selectively

inhibiting the activation of RhoA, RhoB, and RhoC GTPases
[17–19]. As expected, expression of the C3 toxin had a
strong effect on cell morphology, 24 h after transfection, and
reduced RhoA-GTP to residual levels (Figure 3(a)). Also,
comet assay results suggest that C3 toxin expression increased
HeLa cell sensitivity to DNA damage by 𝛾-radiation (5Gy)
(Figure 3(b)). After C3 toxin expression, the levels of DNA
breaks increased by∼10-fold at 0.5 h after radiation, andDNA
damage repair could be detected from 2 h after radiation,
similar to the response observed in the HeLa Rho-N19
cells (Figure 2(c)); however, DNA damage appeared more
persistent inHeLa cells expressing C3, judging from the levels
of damage remaining up to 6 h after 𝛾-radiation (Figure 3(b),
compared with HeLa, in Figure 2(c)). These results are in
agreement with the overactivation of phospho-Chk1 (Ser345)
after 𝛾-radiation (15Gy) treatment, in cells expressing the C3
toxin, which seems to reflect the persistence of high phospho-
H2AX (Ser139) levels in HeLa cells (Figure 3(c)).

To investigate the effect of C3 toxin-mediated RhoA
inhibition on the activity of specificDNA repair pathways, we
generated HeLa cell lines capable of GFP-based detection of
homologous recombination (HR, via the reporter EJ5-GFP)
or nonhomologous end joining (NHEJ, via the reporter gene
DR-GFP), after expression of the endonuclease I-SceI, which
cleaves on specific sequences in the reporter gene plasmidial
DNA [14]. Interestingly, in cells expressing both the C3 toxin
and I-SceI, the levels of double-strand break repair by either
HR or NHEJ were significantly reduced compared with those
observed in cells expressing the I-Sce-I enzyme only, reaching
similar levels to those observed in controls (empty vector, or
EV, and EV + C3) (Figures 3(d) and 3(e)). Endogenous RhoA
inhibition by C3 expression affected both repair pathways:
while HR was completely inhibited, NHEJ was partially
disrupted in cells where the endogenous repair machinery
was specifically recruited to reporter gene sequences (EJ-GFP
and DR-GFP, resp.) integrated in the genome. Altogether,
these results strongly support the involvement of RhoA in
DNA damage response and repair mechanisms.

4. Discussion

RhoA GTPase is overexpressed and overactivated in cancer
and is involved in cancer progression, directly regulating
cell proliferation, survival, and invasion [3, 4]. Our results,
using stable HeLa cell lines expressing either a constitutively
active RhoA (RhoA-V14) or a dominant negative version
of this protein (RhoA-N19), suggest that RhoA GTPase
activity also regulates cancer cell sensitivity to 𝛾-radiation,
by affecting basic DNA repair mechanisms. Despite the fact
that HeLa cells have been used as a good model for our
hypothesis and this whole work has been done solely on
it, we believe that our results do not reflect a cell line-
dependent phenomenon because unpublished results (not
shown) performed in metastatic melanoma MeWo cell line
culminate in similar cellular responses.

We observed that HeLa cells have high basal level of
RhoA GTPase in the active state (RhoA-GTP) and that
the activity of RhoA was modulated accordingly (up or
down) in both mutant clones. RhoA-GTP levels increased



8 Oxidative Medicine and Cellular Longevity

HeLa

HeLa + C3 HeLa HeLa + C3

RhoA-GTP

RhoA

(a)

HeLa + C3

∗∗ ∗∗

0
1
2
3
4
5

O
TM

 (a
.u

.)

6hHeLa 1h 2h0h 0.5h
Time postirradiation (5Gy)

(b)

HeLa +
C3

0Gy 5


10


30
 1h 2h

Time postirradiation
(15Gy)

p-Chk2 (Thr68)
Chk2
p-Chk1 (Ser345)
Chk1
p-H2AX (S139)
Tubulin

(c)

HeLa-EJ5-GFP HeLa-DR-GFP

EV

SceI

(d)

∗
∗∗∗

HeLa-DR-GFP (HR)HeLa-EJ5-GFP (NHEJ)

EV I-SceI EV +
C3

I-SceI +
C3

EV I-SceI EV +
C3

I-SceI +
C3

0.0

0.1

0.2

0.3

0.4

0.5

G
FP

+
ce

lls
 (%

)

0.0

0.1

0.2

0.3

0.4

0.5

G
FP

+
ce

lls
 (%

)

(e)

Figure 3: Inhibition of RhoA activity by C3 toxin expression strongly affects DNAdamage response, including global and specificDNA repair
mechanisms in HeLa cells, following 𝛾-radiation. (a) Dendritic morphology of HeLa cells (HeLa + C3 images) associated with decreased
RhoA-GTP levels (on the right), 24 h after transfection with a plasmid for C3 toxin expression. Images on the right are insets from those
on the left, 200x. (b) Estimates of DNA damage and repair efficiency (by olive tail moment, or OTM, measurements from comet assays) in
HeLa cell expressing the C3 toxin, following 𝛾-radiation. (c) Immunoblotting analysis of the effects of 𝛾-radiation (15Gy) on phosphorylated
Chk1/Chk2 and histone H2AX levels in HeLa cells expressing the C3 toxin (using 𝛼-Tubulin as a loading control). (d) and (e) Assays for
GFP-based detection of homologous recombination (HR, using HeLa-DR-GFP) or nonhomologous end joining (NHEJ, using HeLa-EJ5-
GFP) after DNA damage induced by I-SceI restriction enzyme expression. (d) Phase contrast (left) and green fluorescence (right) images of
cells transfected with a plasmid for I-SceI expression (I-SceI), or with an empty vector (EV), showing the appearance of GFP-positive cells
indicative of HR (HeLa-EJ5-GFP) or NHEJ (HeLa-DR-GFP), 72 h after transfection. (e) Quantification of HR and NHEJ assays, with (EV
+ C3 and I-SceI + C3 groups) or without (EV and I-SceI groups) concomitant C3 toxin expression. Graphs (with mean ± SD values) and
immunoblots are representative of three independent experiments. ∗𝑃 < 0.05, ∗∗𝑃 < 0.001, and ∗∗∗𝑃 < 0.005, between treated and untreated
conditions (by ANOVA).

in response to either 𝛾-radiation activation or serum stimuli
(not shown). The high basal levels of RhoA-GTP observed
here in cervical adenocarcinoma HeLa cells are similar to
those reported for other cancer cell lines, including the breast
cancer cell line MDA-MB-231 [20], and also in colorectal
cancer cell lines and tumor samples [21]. The RhoA GTPase
directly regulates cytoskeletal dynamics via actin polymer-
ization, mediating cell adhesion and migration [16, 22].

In glioblastoma multiforme tumors, radiation-induced acti-
vation of RhoA increases cell migration and invasive poten-
tial [23]. Our study extends these results, showing that
cells expressing the dominant negative RhoA-N19 display
decreased migration rates, both in the presence and in the
absence of FBS, and also following 𝛾-radiation. The opposite
was observed for HeLa cells expressing the constitutively
active RhoA-V14, indicating that inHeLa cells with decreased
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RhoA activity migration is inhibited by ionizing radiation,
while RhoA overactivation enables cells to migrate after
radiation treatment, in agreement with the results reported
by Ridley in 2006 [24].

When compared with those displayed by parental HeLa
cells, the proliferation and survival responses to 𝛾-radiation
of both HeLa cell lines expressing RhoA mutants are
interesting, since they suggest that “fine-tuning” of RhoA
activity impacts on DNA repair efficiency. Similar results
were reported for canine T23 MDCK cells, where down-
regulation of RhoA activity by expression of RhoA-N19
decreased cell survival after toxin-mediated DNA double-
strand break induction [2], showing that RhoA GTPase
activity is important for survival after DNA damage in
these cells. However, we observed that cells expressing the
dominant negative RhoA-N19 and those expressing the
constitutively active RhoA-V14 were equally susceptible to
decreases in proliferation and survival, following 𝛾-radiation.
Interestingly, differential modulation of RhoA activity in
HeLa cells led to population arrest at distinct stages of the
cell cycle, which correlated with changes in the levels of
cellular senescence and apoptosis observed in each cell line,
following 𝛾-radiation. These different “cell-fate” decisions
seem to depend on the levels of RhoA activity, which in turn
affect DNA damage sensing by the DDR pathway, directly
reflecting in cell cycle phase-dependent triggering of cell
proliferation inhibition followed by cell death. These data
are in agreement with studies showing that DNA damage
activates RhoA in anATM-dependentmanner and that RhoA
activation is important for cell survival andproliferation, after
treatment with low doses of 𝛾-radiation [2, 25].

The effectiveness of radiotherapy treatment of human
tumors is based (almost entirely) on the inability of cancer
cells to repair radiation-inducedDNAdamage [2]. Given that
the presence of DNA damage induces RhoA activation and
triggers DNA repair mechanisms [2, 26], it is not surprising
that DNA repair was more efficient in cells expressing
the constitutively active RhoA-V14 mutant than in those
expressing the dominant negative RhoA-N19, although DNA
repair in HeLa-RhoA-V14 was still less efficient than that
observed in parental HeLa cells. We detected increased levels
of DNA damage relative to basal conditions for both mutant
clones. We also observed increased levels of DNA damage
and slow repair after inhibition of endogenous RhoA activity
by C3 toxin expression, and RhoA inhibition drastically
reduced the activity of the DNA repair pathways HR and
NHEJ in HeLa cells. These data strongly suggest that RhoA
GTPase is involved (possibly indirectly) in the regulation
of DNA repair pathways, particularly in early repair. The
similarities between our results and those obtained with
HdCDT-induced DNA damage provide further support to
our hypothesis that cytosolic RhoA signaling modulates
nuclear genome integrity mechanisms [2, 27, 28].

Finally, our data on the effects of RhoA activity modu-
lation on classical DNA damage response pathways suggest
that RhoA is indirectly involved in the regulation of Chk1
and Chk2 activation after 𝛾-radiation, because Chk1 (Ser345)
and Chk2 (Thr-68) phosphorylation appeared attenuated

Gamma HeLa cells
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p-H2AX

RhoA-GTP

RhoA-GDP

DNA repair (HR, NHEJ) 

Cell cycle arrest

Cell proliferation/survival

ATM/ATR/DNA-PK?

RhoA-V14 cloneRhoA-N19 clone

C3 toxin 

Radioresistance

Sensitizing cancer cells to ionizing radiation 

NucleusSSBs

Figure 4: Model of the effects of RhoA activity modulation on
global and specific DNA repair mechanisms, leading to increased
cell proliferation or cell death, and reflecting in the radioresistance
levels of cancer cells.

in HeLa-RhoA-N19 cells and increased in HeLa-RhoA-V14,
after exposure to 𝛾-radiation.

Chk1/Chk2 protein kinases are activated in response to
DNA damage and are involved in DNA damage repair [29].
Pharmacological inhibition of Chk1/Chk2 induces cellular
radiosensitivity, impairingDNA repair and triggeringmitotic
catastrophe, in the human colon cancer cell line HT-29
[30]. Thus, the attenuated phosphorylations of Chk1 and
Chk2 in cells deficient in RhoA signaling may have impaired
DNA repair (by HR and NHEJ) in these cells, which would
explain the reductions in survival and proliferation, the
specific cell cycle arrest pattern, and the increased levels of
senescence and apoptosis observed in these cells. Overall,
our data support the existence of a “cross talk” between
RhoA signaling and DNA damage response and repair
pathways in cancer cells (Figure 4), which may contribute to
increased radioresistance. Importantly, these findings raise
the interesting possibility that, in the clinic, the combination
of chemotherapy using RhoA inhibitors followed by radio-
therapy may lead to positive associations, for specific stages
of cervical cancers.

5. Conclusions

Ourfindings provide strong evidence that positive or negative
modulation of RhoA activity increases HeLa cell’s sensitivity
to 𝛾-radiation treatment and therefore points to a possible
clinical association of chemotherapy, using RhoA inhibitors,
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followed by radiotherapy sections for different stages of
cervical cancers.
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Due to the development of nanotechnology graphene and graphene-based nanomaterials have attracted the most attention owing
to their unique physical, chemical, and mechanical properties. Graphene can be applied in many fields among which biomedical
applications especially diagnostics, cancer therapy, and drug delivery have been arousing a lot of interest.Therefore it is essential to
understand better the graphene-cell interactions, especially toxicity and underlying mechanisms for proper use and development.
This review presents the recent knowledge concerning graphene cytotoxicity and influence on different cancer cell lines.

1. Graphene: Properties and Applications

Novoselov et al. first described graphene in 2004 as
monocrystalline graphitic film and received Nobel Prize in
2010 for the exploration of its exceptional properties [1].
The discovery of graphene became a new driving force
in the development of nanoindustry [2, 3]. Graphene is a
single-atom-thick, two-dimensional sheet of sp2-hybridized
carbon atoms arranged in a regular hexagonal pattern like
in honeycomb structure (Figure 1) [4–9]. Graphene con-
ducts heat and electricity extremely well [2] and as one
of the carbon allotropes it is considered the thinnest and
strongest known material [10]. The ratio of thickness of
graphene sheet to the size of its surface differentiates this
material from all other known nanomaterials [10]. The
unique physicochemical properties of graphene are large
surface area (2630m2/g), extraordinary electrical (mobil-
ity of charge carriers, 200,000 cm2 V−1 s−1) and thermal
conductivity (∼5000W/m/K), extremely high mechanical
strength (Young’s modulus ∼1100Gpa), and possibility of
mass-production at low cost [4, 11–13]. The perfect electronic
transport properties and high surface-to-volume ratios are
responsible for its exceptional mechanical and rheological
properties and resistance to degradation. Graphene has two

active sides which are surfaces and edges that improve
the attachment of biological molecules to graphene and its
adhesion to the cells [11]. Graphene has higher ratio of periph-
eral to central carbon atoms than similar nanomaterials.
Consequently atoms at the edge allow better interaction with
cell membranes and interference with cell metabolism [14].
Unlike other carbon allotropes, that is, fullerenes or carbon
nanotubes, graphene exhibits unique chemical and physical
properties closely related to the possibility of its surface
functionalization which makes it more biocompatible and
less toxic [15].

Graphene and graphene-based nanomaterials are today
applied in numerous fields for purposes including nanoelec-
tronics and energy technology (supercapacitors, batteries,
composite materials, transistors, solar cells, fuel cells, matrix
for mass spectra, and hydrogen storage), energy storage,
sensors, catalysis, and biomedicine [2, 4, 11, 12]. Due to
their unique mechanical properties, such as high elasticity,
flexibility, and adaptability for tissue engineering graphene
family nanomaterials (GFNs) have been investigated in sev-
eral biomedical applications especially cancer therapy, drug
delivery, and diagnosis [5, 16, 17]. Other biomedical appli-
cations comprise gene delivery, antibacterial and antiviral
materials, tissue engineering, and biocompatible scaffolds for
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Figure 1: The graphene structure: single layer of sp2-hybridized
carbon atoms arranged in 2D crystal honeycomb lattice (adapted
from [9]).

cell cultures. Graphene-based materials are promising in the
field of biosensing and bioimaging (optical sensing, fluores-
cence imaging probes, and electrochemical sensing) [4, 5, 12,
18]. Furthermore, graphene nanomaterials have been used in
advanced therapeutic techniques such as photothermal and
photodynamic therapies [3, 16].

Graphene and its derivatives, referred to as graphene
family nanomaterials (GFNs), include graphene oxide (GO),
its reduced form (rGO) and single- or few-layer graphene,
graphene nanosheets (GNS), and graphene nanoribbons [4,
11, 19]. Graphene nanoparticles, depending on the method of
synthesis, can show different morphologies and chemical or
physical properties [20]. So far various approaches have been
developed to synthesize graphene and its derivatives such
as mechanical exfoliation, epitaxial growth, or unzipping
carbon nanotubes. The mechanical exfoliation, firstly used
by Novoselov in 2004, resulted in few-layer graphene from
highly oriented pyrolytic graphite. Graphene samples with
the lateral size up to millimeter-range were obtained after
many method modifications but still are too large and
cannot be produced on a large scale, hence the inability
to be used in most practical applications. Chemical vapor
deposition (CVD) based on dissolving carbon atoms into a
metal substrate allows producing large scale graphene films.
Graphene nanoribbons (GNRs) of precise dimensions and
100% yield can be obtained by the novel strategy based on
longitudinal unzipping carbon nanotubes. However, themost
developed method for the mass-production of graphene is
the exfoliation of graphene oxide (GO). Oxygen functional
groups on the graphene surface make GO and rGO sheets
strongly hydrophobic although the electrical conductivity is
lower than that of pristine graphene. Poor conductivity can be
bypassed in the process of liquid phase exfoliation of graphite
where high-quality monolayer graphene at significant yield
can be produced [15]. In our previous article we have
described numerous methods of graphene synthesis related
with the development of various forms of graphene which
differ in the quality, number of layers, and the amount of
the structure defects [21]. Lots of the possible applications of
graphene derivatives obtained in different conditions make it
problematic to use graphene safely in biomedicine or tissue
engineering. In this paper we have focused on the impact
of graphene family nanomaterials (GFNs) on the different

cancer cells, the possible mechanisms of graphene toxicity,
and available applications of graphene in cancer therapy or
drug delivery.

2. Graphene Family Nanomaterials (GFNs)

Among other members of graphene family nanomaterials
(GFNs) graphene oxide (GO) is one of the most important
chemical graphene derivatives. GO is a highly oxidized form
of graphene [4, 22, 23] producedmainly by chemicalmethods
through energetic oxidation of graphite using different oxi-
dant agents or known procedures as inHummersmethod [10,
12]. GO nanosheets present hydroxyl and epoxide functional
groups on their basal surface and carboxyl functional groups
on their plane edges [3]. GO has usually 1–3 layers (1-2 nm
thick), with size ranging from a few to several hundred
nanometers [12]. GO is hydrophilic and forms stable suspen-
sions in pure water but in salt and other biological solutions it
creates aggregates [24, 25]. Reactive COOH and OH groups
in GO facilitate connection with various materials, such
as polymers, biomolecules, DNA, protein, quantum dots,
or Fe

3
O
4
nanoparticles which improve the solubility and

prevent aggregation in salt-containing physiological buffers
[3, 12].

Improved properties of graphene oxide make it useful
in biological and medical applications, as a surface coating
material for implants and also as a stimulator of growth and
differentiation of the cells [12, 17, 18]. The large aromatic
surface of graphene oxide with lots of functional groups
allows adsorbing molecules with high affinity and creating
stable complexes which make GO an ideal nanocarrier for
effective drug and gene delivery [23, 26]. Different targeting
molecules such as folic acid or antibodies can be conveniently
immobilized on GO which allows precise and efficient deliv-
ery of GO into targeted cells. Solid tumor cells aremore acidic
(pH ∼ 6.8) than normal cells (pH 7.4) and are ideal candidates
for controlled release of anticancer drugs [27]. Lowered pH in
some drug molecules additionally increases their solubility
and decreases their tendency to stay adsorbed which even-
tually leads to the controlled endocytosis and the release in
lysosomes [15]. pH-responsive and integrin 𝛼v𝛽3monoclonal
antibody functionalized graphene oxide is an example of the
nanocarrier for targeted delivery and controlled release of
doxorubicin (DOX) into cancer cells [27].

Reduced graphene oxide (rGO) is the product of thermal
or chemical modification of graphene oxide (GO) with
reducing agents (e.g., hydrazine) [3, 4]. rGO possess lower
number of oxygen containing functional groups than GO
[28].The reducing conditions greatly influence the properties
of GO such as electrical conductivity, surface charge, or water
dispersibility (increase hydrophobicity) [4]. rGO possesses
high capacity for hydrophobic interactions among various
functional molecules but it leads to creation of aggregates
with weak stability under physiological conditions. Surface
modification of rGO with polymers or biopolymers has been
used to stabilize and improve the properties of rGO and use
it as a nanocarrier [29].

Graphene platelets (GPs) are produced by physical meth-
ods directly by exfoliation of graphite without the initial
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stage of oxidation. GPs are hydrophobic and form sta-
ble hydrocolloids [10]. Zero-dimensional, single-atom layer
graphene quantum dots (GQDs) have lateral dimensions
below 100 nm and size of 10 nm or less [16]. GQDs are
biocompatible due to their small size andhigh oxygen content
which improves solubility and stability in water or serum
[12, 16]. Graphene quantum dots due to their excellent
photoluminescent properties are promising agents for optical
probes in bioimaging [6]. Graphene nanoparticles, referred
to as graphene nanoribbons, are formed by the longitudinal
unzipping of multiwalled carbon nanotubes [30].

3. Graphene and Cells

The potential toxic effects of graphene materials on the
environment and on the humanhealth have recently attracted
considerable attention among researchers. Understanding
of the interactions of GFNs with living systems and their
adverse effects in vitro and in vivo is essential for further
development and safe use of graphene-based nanomaterials
[11]. Cytotoxicity studies of graphene include the influence
on the cell viability and morphology, membrane integrity,
ROS generation, DNA damage, gene expression, DNA dam-
age, and mechanism of uptake (Figure 2) [4, 10, 13]. The
interactions of graphene nanoparticles with the cells depend
on the physicochemical and electrical properties [5, 12,
40–43]. The reports indicate that morphology (size, shape,
and sharp edges), surface charge, surface functionalization,
dispersibility, state of aggregation, number of layers, purity,
and method of synthesis (e.g., CVD [21], arc-discharge [30],
and biological methods [31]) are the key factors that influence
the mechanism of uptake (passive diffusion and endosomal
uptake) and tissue response to graphene-based nanomaterials
[2, 4, 5, 20, 30]. Moreover, the toxic effect of graphene highly
depends on the conditions of the experiment, which include
the time of exposure, dose, type of the cells, and the method
used to establish the cell viability [19, 24, 30, 31, 33].

The chemical methods used in the production of
graphene nanomaterials including oxidation or reduction
of graphene oxide bring harsh conditions and toxic agents,
such as hydrazine or its derivatives, which influence the
structure of graphene and its safety. One of the approaches
used to decrease the toxicity of graphene involves aqueous
and environmentally friendly reduction strategy based on
bacterial and yeast respiration [31]. Recently used microbial
biomass for the reduction of GO including Escherichia coli
[44], Bacillus marisflavi [31], and Ganoderma extract [5] has
significantly increased biocompatibility of graphene.

The majority of GFNs have poor solubility and create
aggregates in salt-containing physiological buffers due to
electrostatic charge and nonspecific binding to proteins
[11]. Functionalization of pristine graphene via covalent or
noncovalent coatings by various materials such as poly-
mers, DNA, proteins, and nanoparticles greatly improves
the biocompatibility [3]. Surface modifications of graphene
nanomaterials also improve their solubility and significantly
reduce toxic interactions with living systems. Significant
changes in biocompatibility have been achieved by producing
graphene reinforced composite materials with polyethylene

glycol (PEG) or other biopolymers such as chitosan, hyaluro-
nan (HA), or dextran [3, 11, 13, 17, 19].

Most of the members of graphene family nanomaterials
easily enter the living cells because of the small size, sharp
edges and rough surface [11]. Additionally, negatively charged
(−30.89 eV)GOcan easily accumulate inside the cell [40].The
uptake can be also affected by the shape and the aggregation
state of GO sheets [35]. The presence of carboxyl, epoxy,
and hydroxyl groups in GO reduces its cytotoxicity [40] and
the small size (smaller than 5 nm) and the high content of
oxygen improve the solubility and increase biocompatibility
[16]. However, the mechanism of cellular uptake and the
fate of graphene inside the living cells are still not fully
understood. This process may depend on the cell type, on
the properties of graphene, or on both of these factors. Some
researchers suggest endocytosis as a basic mechanism of cel-
lular uptake for PEG-GO while others combine endocytosis
andmacropinocytosis depending on the formation of smaller
or larger aggregates of PEG-graphene nanoribbons [3].

The physical interactions of graphene with the cell mem-
branes are one of the major causes of GFNs cytotoxicity
[5, 19, 45]. Hydrophobic forms of graphene interact with the
cell membrane lipids [19] while the other forms may bond
to the cell receptors and interfere with the cell metabolism,
inhibit nutrient supply, and induce stress or cell death [10].
Moreover, graphene itself can bind the micronutrients and
amino acids from the cell culture medium which limits
their availability and inhibits cellular growth and viability
[24]. GO is smaller and less toxic than rGO because of
the high oxygen content, smoother edges, and hydrophilic
properties. Reduced graphene oxide has high affinity to the
cell membranes and the irregular and sharp edges affect their
integrity, stimulate receptors, and activate mitochondrial
pathways which may cause apoptosis [46].

Oxidative stress and generation of reactive oxygen species
(ROS) can be involved in the toxic effects of graphene-based
nanomaterials [16, 19, 45]. When the cell homeostasis is dis-
rupted and the enzymes responsible for reducingROS (super-
oxide dismutase and glutathione peroxidase) fail, the macro-
molecules, such as proteins, DNA, and lipids, can be dam-
aged, which greatly influence the cell metabolism and sig-
naling [19, 42]. The interactions of the GO with the cells can
lead to excessive ROS generation, which is the first step in the
mechanisms of carcinogenesis, ageing, andmutagenesis [22].

Except for the plasma membrane damage and oxidative
stress induction graphene can cause apoptosis and/or cell
necrosis through the direct influence on the cell DNA
or mitochondrial activity [18]. Graphene nanoparticles can
induce dissipation of the mitochondrial membrane potential
which subsequently increases the generation of intracellular
ROS and eventually triggers apoptosis by activating the
mitochondrial pathway [31]. The interactions of graphene
with cell genetic material are based on DNA-intercalation
and cleavage mechanisms [13]. Difference in the structure
of rGO and GO makes rGO more potent to penetrate cell
compartments and directly interact with the nuclear DNA
resulting in genotoxic effects [46].

Additionally, graphene can directly interact with different
genes encoding important proteins and enzymes [4, 13].
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Figure 2: Schematic toxicity mechanisms of graphene on human cancer cells. Graphene provides the formation of reactive oxygen species
(ROS) which are the cause of DNA (fragmentation and condensation) and cell membrane damage (release of LDH, lipid peroxidation, and
increase in MDA-malondialdehyde), mitochondrial disorders (reduction of mitochondrial membrane potential ΔΨ, increase in Ca2+), and
cell death.

Other indirect mechanisms of GO cytotoxicity involve DNA
damage caused by ROS [13], inhibition or activation of
specific enzymes [22], or reaction with other cell components
such as proteins and polysaccharides [13]. For better under-
standing of the mechanisms of graphene action inside the
cell further studies are required, particularly to explain the
cellular interactions of graphene materials with proteins and
cell membrane lipids on a molecular level [19].

3.1. Breast Cancer Cell. Many of the currently available meth-
ods for producing graphene are not environmentally friendly

and rGO obtained by these methods is not safe enough
to use in biological and medical applications. Therefore
researchers developed a novel and simple approach for rGO
synthesis using microorganisms which is cost-effective and
safe for the environment. Gurunathan et al. compared the
cytotoxicity of GO obtained from graphite powder using a
modified version of Hummers and Offeman’s method with
rGO synthesized by Bacillus marisflavi biomass on human
breast adenocarcinoma cells (MCF-7) using WST-8 assay.
Incubation of MCF-7 cells with both B-rGO (biogenic rGO)
and GO at concentrations ranging from 0 to 100 𝜇g/mL
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showed dose-dependent graphene cytotoxicity. In concentra-
tions higher than 60𝜇g/mL graphene markedly decreased
the cell viability and increased ROS generation and release
of LDH. Surprisingly, bacterial rGO had stronger cytotoxic
effect onMCG-7 cells compared toGO [31]. In another exper-
iment Gurunathan and colleagues used mushroom extracts
(Ganoderma) to reduce graphene oxide. They examined the
influence ofGOandGE-rGOonMDA-MB-231 humanbreast
cancer cells using WST-8 viability assay, membrane integrity
test (LDH assay), and DCFH-DA assay as a quantitative
method for oxidative stress assessment. The cytotoxicity
of graphene was dose-dependent (0–150 𝜇g/mL) especially
at the higher concentrations where elevated levels of ROS
inducedmembrane damage and LDH leakage in the presence
of GE-rGO [5]. These studies indicate that rGO synthesis
with the use of bacteria and fungi is easier, less expensive and
works better for the development of a potential therapeutic
agent that targets breast cancer cells.

In vitro anticancer activity of GO was examined in
various concentrations (10, 20, 40, and 80 𝜇g/mL) on human
breast cancer cells MCF-7 using MTT viability assay. GO
showed approximately 13% inhibition of cell viability of
MCF-7 cells and the cytotoxicity at dose-dependent man-
ner [32]. Other tests concerning cytotoxicity of GO were
carried on human adenocarcinoma breast cancer cells
(MDA-MB-231) using Cell Counting Kit-8 (CCK-8) assay.
48 h incubation with GO in concentrations ranging from
100 𝜇g/mL to 500𝜇g/mL showed increasing cytotoxicity
against MDA-MB-231 cells together with the increasing
amount of graphene in the medium. Further studies showed
that GO reacts directly with genomic DNA and inhibits cell
replicationwith complete blockage of human glyceraldehyde-
3-phosphate dehydrogenase (hGAPDH) gene at the concen-
tration of 1 𝜇g/mL. MDA-MB-231 cells treated with GO even
at low concentration (10 𝜇g/mL) after 24 h incubation showed
signs of apoptosis. Hence, scientists tested 30,000 genes to
examine the impact of GO on the gene expression at the
cellular level. The results revealed 101 genes (mainly respon-
sible for DNA-damage control, cell apoptosis, cell cycle, and
metabolism) that showed 2-fold or even greater expression
changes after GO treatment at the concentrations of 10𝜇g/mL
and 100 𝜇g/mL. Additionally, GO increased expression of
ATM and Rad51 genes (DNA repair proteins) which can
explain the influence of graphene on the cell DNA [13].

Zhou and coworkers evaluated the cytotoxicity of GO
modifiedwith polyethylene glycol (PEG) using three cell lines
derived from human breast cancers: MDA-MB-231, MDA-
MB-436, and SK-BR-3. PEG-GO had no apparent influence
on the cell viability but inhibited cancer cell migration and
invasion. PEG-GO disrupted F-actin filaments responsible
for cell migration by depleting ATP levels through downreg-
ulation of mitochondrial energy metabolism [47]. Another
research on the human breast cancer cells MDA-MB-231
with pristine graphene and graphene oxide also showed no
apparent influence on the cell viability at low concentrations
but prominent inhibition of migration and invasion [48].

Recent findings have proved that the functionalization
of the graphene surface makes it less toxic. Mullick Chowd-
hury et al. investigated the cytotoxicity of oxidized-graphene

nanoribbons coated with the amphiphilic polymer PEG-
DSPE (O-GNR-PEG-DSPE) at various concentrations (0–
400 𝜇g/mL) on Sloan Kettering breast cancer (SKBR3) cells
and Michigan Cancer Foundation-7 (MCF-7) breast cancer
cells using Alamar blue assay. Both cell lines showed the
reduction in viability by about 10%–15% at the highest con-
centrations after 24 h incubation with the copolymer. SKBR3
cells incubated with O-GNR-PEG-DSPE demonstrated slight
increase in the LDH release while MCF-7 cells did not show
any statistically significant LDH leakage. Additionally, SKBR3
andMCF-7 cells showed small or no uptake of O-GNR-PEG-
DSPE. The results indicate that graphene copolymer has no
toxic effect on the tested cells up to 10 𝜇g/mL and exhibits low
cytotoxicity even at the highest concentrations (400𝜇g/mL)
[30].

The toxicity of covalently pegylated nano-GO with un-
modified rGO was compared using MTS assay and MCF-
7 human epithelial breast cancer cells. The half maximal
inhibitory concentration (IC50) of nano-rGOwas established
at the concentration of approximately 80mg/L, while for
pegylated nano-GO it was at about 99mg/L [32]. According
to MTT assay fluorinated form of graphene oxide (FGO)
even at the concentration of 576 𝜇g/mL showed no toxicity
to human breast cancer cells (MCF-7) [49]. Waiwijit and
coworkers investigated the toxicity of graphene-carbon paste
(GCP) in four different concentrations (1, 2.5, 5, and 10wt%)
on MDA-MB-231 breast cancer cells also using MTT assay.
The cell viability decreased after longer incubation periods
(48 and 72 h) and at the presence of the highest concentration
of GCP in comparison to the cultures with CP alone.
Moreover, MDA-MB-231 cancer cells exhibited increased
ROS generation with the increasing time of incubation and
the amount of GCP in the culture medium [42]. Together,
these studies demonstrate the different impact of graphene
nanomaterials on breast cancer cells including the cell viabil-
ity and cytotoxicity connected with the generation of ROS,
loss of the membrane integrity, and DNA damage which
may have potential clinical advantage pertaining to increased
therapeutic efficacy and decreased local toxicity of the used
nanomaterial.

3.2. Cervical Cancer Cell. Remarkably durable and prolific
HeLa cells derived from cervical cancer are more sensitive
to the graphene than other cell lines. According to Zhang
et al. GO showed high cytotoxicity to HeLa cells even at
low concentrations. The biological responses induced by GO
were evaluated by series of assays, including MTT, mal-
ondialdehyde (MDA), superoxide dismutase (SOD), lactate
dehydrogenase (LDH), and reactive oxygen species (ROS).
HeLa cells were treated with different concentrations of GO
ranging from 0 to 80𝜇g/mL and cultured for 3 h and 24 h.
MTT test results showed dose-dependent GO cytotoxicity
with the cell viability at about 50% at the concentration of
80 𝜇g/mL. To evaluate the lipid peroxidation and oxidant
stress the levels of MDA and SOD enzyme activity were
measured in the cell lysates. The results showed an obvious
increase in MDA production after exposure to 80 𝜇g/mL of
GO and decreased SOD activity. Moreover, the incubation
of HeLa cells with 80 𝜇g/mL of GO for 24 h increased the
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levels of ROS 17 times. The researchers suggested that the
cytotoxicity of GO is not associated with the cell uptake [33].

Instead of the biological assaysmeasuring cell activity and
viability there are available more selective, more sensitive,
and faster electrochemical approaches to evaluate the toxicity
of graphene. Yoon et al. used cell-based electrochemical
impedance biosensing with interdigitated indium tin oxide
(ITO) electrodes to analyze toxicity of graphene nanoflakes in
HeLa cells. Researchers used two different sizes of graphene
flakes (80 nm and 30 nm) in the concentration of 400 𝜇g/mL
and monitored the cytotoxicity for 1 day. The studies showed
greater cytotoxic effect of the smaller 30 nm graphene
nanoflakes due to their higher uptake, while 80 nm graphene
nanoflakes agglomerated on cell membranes causing less
harm to the cells [34].

Liu’s group conjugated graphene oxide with dextran, a
widely used surface coating biopolymer. They cultured HeLa
cells with different concentrations (10, 50, and 200mg/L)
of GO and GO-DEX and studied in vitro toxicity for 24 h,
48 h, and 72 h.The cell counting data showed dose-dependent
decrease in the cell proliferation after incubation with GO
and notably smaller influence on the cell count afterGO-DEX
treatment. The calcein AM/propidium iodide (PI) staining
was carried out to further determine graphene toxicity. The
results revealed that GO did not induce significant cell death
even at high concentrations up to 200mg/L, while GO-DEX
showed no influence on the cell growth and viability. All the
evidence demonstrates that dextran coating may improve the
biocompatibility of GO [50].

In other studies the cytotoxicity of graphene polymer
(GQD-PEG) was evaluated on HeLa cells using WST-1 assay.
GQD-PEG did not induce apoptosis or necrosis even at
the concentration of 160 𝜇g/mL. LDH release and ROS level
measurements showed no impact of GQD-PEG on the cell
membrane integrity and oxidative stress generation probably
because of the small size of the particles (smaller than 5 nm)
and the presence of PEG polymer [16]. However, HeLa cells
showed a reduction of the cell viability by 60% after 24 h
incubation with 400𝜇g/mL O-GNR-PEG-DSPE (oxidized-
graphene nanoribbons (O-GNRs) with the amphiphilic poly-
mer). As the dose increased, the survival rate of the cells
decreased together with the release of LDH. On the images
of the cells lots of swollen intracellular vesicles were observed
together with disrupted plasma membranes which are a
characteristic feature in necrotic cells [30].

3.3. Lung Cancer Cell. The biological effect of GFNs on
lung cancer cells depends mainly on the size and con-
centration of graphene [22, 35]. Hu et al. investigated the
cellular effect of different concentrations (0 to 100𝜇g/mL)
of GO nanosheets on human alveolar adenocarcinoma cell
line (A549). MTT assay showed concentration-dependent
cytotoxicity and about 50% decrease in cell viability after
incubation with GO at the concentration of 100 𝜇g/mL. Inter-
estingly, the cell viability was greatly mitigated after addition
of 10% FBS (fetal bovine serum) into the culture medium.
TEM imaging demonstrates that precoating of GO with FBS
prevents cell membranes from the damage, the outflow of
cytoplasm, and eventually cell death. GO nanosheets possess

high adsorption capability for proteins in the medium and
therefore cytotoxic effect of GO precoated with 10% FBS was
largely reduced [36].

In other experiments scientists compared the cytotox-
icity of GO nanosheets and reduced with hydrazine rGO
nanosheets characterized by lower thickness and less surface
defects. The metabolic activity assays based on succinate
dehydrogenase activity in the mitochondria showed that GO
in the concentration of 20𝜇g/mL slightly influenced the
viability of A549 cells (20%) but in higher concentration
(85 𝜇g/mL) reduced the cell viability to 50% within 24 h.
rGO nanosheets reduced the A549 cell viability to 47%
and 15% with 20 and 85 𝜇g/mL, respectively. Therefore,
rGO nanosheets are significantly more cytotoxic than GO’s
which is because of different surface charge and functional
groups on the nanosheet surfaces. Transmission electron
microscopy (TEM) showed that graphene nanosheets could
be internalized within A549 cells via endocytosis. However,
flow cytometric analysis demonstrated no apoptosis in A549
cells treated with GO nanosheets (20 and 85𝜇g/mL for 24 h)
but cell cycle arrest in the G2 phase (mitosis metaphase).
These data suggest that the observed small decrease in the cell
viability is not because of the cell death but rather might arise
from GO-retarded cell cycle which restrains the proliferation
rate [37].

The group of scientists investigated also the cytotoxicity
of graphene oxide (GO) and highly hydrogenated graphene
(HHG) in concentrations that ranged from 3.125 𝜇g/mL
to 400𝜇g/mL. The results from MTT and WST-8 assays
indicated that HHG was more toxic to A549 cells than GO
and that the toxicity was dose-dependent. The percentage of
viable cells after 24 h treatmentwithGOandHHG in the con-
centration of 400 𝜇g/mL was 43% and 26%, respectively [24].

In contrast, Chang et al. reported that graphene oxide
(GO) is a reasonably safe material at the cellular level.
Researchers examined the toxicity of GO at the concentration
range from 0 to 200𝜇g/mL on human lung carcinoma
epithelial cell lineA549. In this comprehensive study themor-
phology, viability, apoptosis, ROSproduction, andmembrane
integrity were examined. The CCK-8 assay used to estimate
the GO toxicity showed dose- and size-dependent loss of the
viability with little influence of the culture period. However,
the level of apoptosis was not relevant to the dose or the size
of the GO samples and exposure to GO did not induce LDH
leakage. The LDH levels of GO-treated cells (for 200𝜇g/mL
was 6%) were even slightly lower than those of the control
cells (7.5%). GO induced oxidative stress in A549 cells even at
low concentrations, but with no obvious toxicity. The results
showed that the cells growon theGOfilms verywell and there
is no considerable difference in the morphology and density
of the GO-treated and control cells.There is no impact on the
ultrastructure of A549 cells and no signs of GO sheets inside
the cells. These results indicate that GO is biocompatible and
has a great potential for being the substrate for the cell growth
[35].

de Marzi et al. with the same cell line investigated the
impact of graphene oxide on the viability using MTT assay.
Graphene oxide was used at various concentrations (10, 50,
and 100 𝜇g/mL) and in two different flake sizes (1.32 𝜇m and
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130 nm). The results showed slight loss in the viability of
the A549 cells after 24 h incubation with both types of GO.
The comet assay showed size-dependent genotoxic effect
on the cells with high degree of toxicity even at the low
concentrations with 130 nm GO flakes [22]. Cytotoxicity and
distribution of GO inside the A549 cells were evaluated by Jin
and coworkers using CCK-8 assay and transmission electron
microscopy (TEM), respectively. After 4 h incubation with
GO in concentrations of 100 and 300 𝜇g/mL there was no
significant decrease in the cell viability. GO was present
inside the cells in the cytoplasm and nucleus but cellular
organelles were not affected [40].

Yuan et al. examined the cytotoxicity of graphene quan-
tum dots (GQDs) with various surface modifications (NH

2
,

COOH, and CO-N (CH
3
)
2
) in human lung carcinoma

cells (A549 cells) using MTT assay. GQDs with different
functional groups had low cytotoxicity even when the con-
centration reached 200 𝜇g/mL. Moreover, the three kinds of
GQDs did not induce cell apoptosis and/or necrosis. GQDs
(50𝜇g/mL) were localized in the cytoplasm and did not enter
into the cell nucleus. GQDs are smaller and provide less
damage to cell membranes than GO and therefore are more
biocompatible and less cytotoxic to cells even when modified
with different chemical groups [6]. Other studies showed
that pegylated graphene quantum dots (GQDs-PEG) are
practically not toxic toA549 cells at all [16].The inconsistency
of these results might come from the different methods of
preparation or synthesis of GO and distinct testing models.

3.4. Liver Cancer Cell. The increasing number of possible
applications of graphene nanomaterials triggers considerable
concerns about the impact on health and environment
though further more thorough investigations are vital. Chat-
terjee et al. investigated toxicity of various concentrations of
graphene oxide (GO) and reduced graphene oxide (rGO) on
HepG2 cells for 24 h. According to EZ-Cytox assay the cells
viability was clearly dose- and time-dependent for both nano-
materials but rGO indicated higher cytotoxicity with unclear
converse change after 16 h of exposure. EC20 and EC50 for
rGO were 8mg/L and 46mg/L, respectively, whereas they
were 10mg/L and 81mg/L for GO. The microscopic images
showed increased internal granularity of the GO-treated cells
which indicates that GO was internalized by HepG2 cells
through endocytosis. The rGO treated cells showed outsized
aggregation and accumulation of rGO on the cell membrane
due to its hydrophobic nature. Difference in the uptake
efficiency explains various modes of cytotoxicity [4].

One of the principal mechanisms underlying nanoma-
terial toxicity involves oxidative stress. In the experiments
both GO and rGO induced release of reactive oxygen species
(ROS) in HepG2 at dose-dependent manner. However,
rGO mediated ROS production was the result of physical
interaction while oxidative stress induced by GO involved
NADPH oxidase and significant increase in the antioxidative
enzyme genes (SOD1, SOD2, CAT, GSTA1, and GSTA4)
expression. The toxicity of graphene can also be caused by
direct interaction with the cell DNA. GO and rGO induced
both single and double stranded DNA damage. rGO did not
significantly influence the DNA repair gene expression and

DNA damage resulted from physical interactions rather than
biological one. Moreover, GO and rGO both caused increase
in the apoptosis rate of HepG2 cells. However, apoptosis
induced by GO was dose- and time-dependent and involved
alterations in expression of the key apoptotic genes whereas
rGO elicited apoptosis only at lower dose and early time of
exposure. The cytotoxicity of rGO is probably caused by the
strong hydrophobic interactionswith the cellmembranes and
eventual destruction by extremely sharp edges and highly
depends on their uptake by HepG2 cells [4].

The objective of the study of Lammel and his coworkers
was to evaluate the cytotoxicity and underlying mechanism
of two different graphene derivatives: graphene oxide (GO)
and carboxyl graphene (CXYG) towards human hepatoma
cell line. It was observed that cells exposed to GO and
CXYG in concentrations of 16𝜇g/mL for 24 h were com-
pletely covered with the nanomaterial and further increase
in the concentration caused unspecific cell damage due to
mechanical stress. TEM and scanning electron micrographs
demonstrated that bothGO andCXYGwere able to penetrate
the plasma membrane and cumulate in the intracellular vesi-
cles resulting in altered cell morphology and an augmented
number of apoptotic cells. Exposure of HepG2 to GO (1–
16 𝜇g/mL) and CXYG (2–32 𝜇g/mL) for 72 h caused dose-
dependent increase in the fluorescence intensity indicating an
elevated metabolic activity of the cells which suggests plasma
membrane damage. Loss of the membrane integrity was
associated with a strong physical interaction of GO with the
phospholipid bilayer and increasedmetabolismwas probably
associatedwith energy-dependent process involved in plasma
membrane repair. Elevated fluorescence intensity at the high
exposure concentrations can be also explained by oxidative
stress increase. However, the underlying ROS-generating
mechanisms were distinct after GO and CXYG treatment.
Exposure to GO and GXVG indicates mitochondrial mem-
brane depolarization and/or a decrease in the amount of
mitochondria which leads to increased intracellular ROS.
The authors concluded that plasma membrane damage and
oxidative stress are the key factors in graphene-induced
cytotoxicity of HepG2 cells [18].

Yuan et al. applied the iTRAQ-coupled 2D LC-MS/MS
approach to analyze the protein profile change of HepG2 cells
treated with graphene oxide. They observed only a moderate
variation of protein levels within the cells [45, 51]. Moreover,
MTT assay resulted in 17% loss of the cell viability in the cells
treated with GO [45].

3.5. Nerve Cell Cancer. Graphene toxicity and biocompatibil-
ity were further established by Jaworski et al. who examined
the influence of graphene platelets (GPs) on two different
human glioma cell lines (U87 and U118) with high degree of
malignancy. The GP-treated cells were more oval and denser
and in both cases graphene platelets created agglomerates
close to the cell bodies but did not enter the cells. GPs
caused cell membrane disruption higher in U87 than in
U118 cells. Exposure to graphene at the concentration of
100 𝜇g/mL for 24 h resulted in 54% and 58% decrease in the
cell viability in U87 and U118 cells, respectively. The degree
of apoptosis was higher in both glioma cell lines (68% in
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U87 and 99% in U118) together with necrosis present only in
U87 (24%). The results indicate that the high concentration
and the direct physical contact with the cells are the main
cause of graphene toxicity. Difference in the activity of genes
involved in a cell cycle regulation of the U87 and U118
cells is responsible for the susceptibility to programmed
cell death indicating the potential applicability of GP in
anticancer therapy [10]. Similar results of nano-rGO were
obtained in U87MG glioblastoma cell line using MTS assay
where half maximal inhibitory concentration (IC50) reached
85mg/L [52]. Jaworski et al. using the same glioma cells
(U87 and U118) as previously mentioned investigated cyto-
and genotoxicity of GO and rGO platelets. In vitro analysis
showed that both GO and rGO enter glioma cells and reduce
the cell viability and the proliferation with increasing doses.
However, the lower cell vitality and the higher degree of
apoptosis were observed after rGO treatment which indicates
that GO is less toxic to glioma cells than rGO [14]. The
scope of another experimental in vitro study on glioblastoma
cancer cells U87 was to determine the cell viability and DNA
fragmentation after exposure to different carbon allotropes.
All studied nanoparticles did not alter the cell morphology;
however pristine graphene (GN) and reduced graphene oxide
(rGO) led to a significant decrease in the cell viability. The
comet assay results demonstrated that DNA damage was
caused by GN, rGO, graphite, and ultradispersed detonation
diamond (UDD) and onlyGOhadno genotoxic effect onU87
cells.These findings indicate the potential use of GO as a drug
nanocarrier and GN, rGO, graphite, and UDD in the direct
elimination of glioblastoma multiforme cells because of their
higher toxicity [46].

Moore and coworkers investigated the impact of
nanographene (nGr) inU-138 glioblastoma cells. Cytotoxicity
was measured in vitro using PrestoBlue cell viability assay
after 24 h incubation. The results showed significant increase
in the number of dead cells and the decrease in cell density
after graphene treatment in the concentrations higher than
50 𝜇g/mL [17].

Yuan et al. examined the cytotoxicity of graphene quan-
tum dots (GQDs) with different surface modifications (NH

2
,

COOH, and CO-N (CH
3
)
2
) in human neural glioma cells

(C6) using MTT assay. Conversely, data analysis showed
low cytotoxicity and good biocompatibility for all tested
graphene nanomaterials even at the very high concentrations
(200𝜇g/mL) [6]. Carboxylated graphene oxide (GO-COOH)
and chlorotoxin-conjugated graphene oxide (CTX-GO) both
had negligible toxic effects on C6 cells (80% of viability
at concentrations of 3.0 𝜇g/mL, 7.5𝜇g/mL, and 15.0 𝜇g/mL)
[23]. Coating graphene with the multifunctional PLA-PEG
(poly(lactide) and poly(ethylene glycol)) reduced the toxicity
of uncoated graphene and did not show signs of dose-
dependent toxicity up to 250 𝜇g/mL [17].

Interesting results were obtained by Oh et al. Scientists
used MTT assay to examine the viability of SH-SY5Y cell
line grown on partially functionalized graphene sheets with
oxygen or fluorine. SH-SY5Y cells cultured on the oxygenated
graphene sheets showed approximately 138% viability but
only 50% viability on the fluorinated graphene compared to
pristine graphene samples. The increase in cell proliferation

can be explained by adhesion of the hydrophilic oxygenated
graphene sheets to the cell surface [8].

3.6. Other Cancer Cells. Except described cancer cell lines
where cytotoxic effect was predominant, some reports show
only slight decrease in the cell viability with improved influ-
ence of graphene on the cell proliferation and survival [22, 25,
53].The cytotoxicity of graphene depends on various possible
mechanisms including interactions with the cells or culture
medium. de Marzi et al. using graphene oxide at growing
concentrations (10, 50, and 100 𝜇g/mL) and in two different
flake sizes (1320 nm and 130 nm) investigated the cytotoxic
effect on CaCo2 human colorectal adenocarcinoma cell line.
Both micro- and nano-GO exhibited high biocompatibility
and increased CaCo2 cell proliferation slightly decreasing
with higher concentrations of nano-GO.The 24 h comet assay
showed that micro-GO flakes genotoxicity rose together with
the used concentration, while nano-GO had no significant
genotoxic effect on treated cells [22].

Beyond exerting little cytotoxic effects on the cells, Ruiz
et al. observed morphological changes, cell enlargement, and
better attachment to GO-coated slides of HT-29 mammalian
colorectal adenocarcinoma cells (control glass slides and
glass slides coated with 10 𝜇g of GO). The results indicated
promotion of mammalian cell proliferation, spreading, and
growth after graphene oxide exposure [53].

Wu et al. evaluated the cytotoxicity of graphene oxide
(GO) on human multiple myeloma cells (RPMI-8226). In-
creasing GO concentration from 10 to 100mg/L after 24 h
treatment reduced the cell viability from 95.6% to 79.6%,
respectively. Cells treated with GO were round with little cell
shrinkage but with no typical apoptotic features. Annexin V-
FITC/PI staining by flow cytometry showed no significant
differences in the cell apoptotic rate between the untreated
andGO-treated cells suggesting only slight cytotoxicity ofGO
[38].

Sun and his group examined toxicity of single-layer pegy-
lated graphene oxide sheets (NGO-PEG) soluble in buffers
and serum. Incubation of Raji cells (Burkitt’s lymphoma B
lymphocytes) in various concentrations ofNGO-PEG for 72 h
showed no obvious toxicity except a slight delay of the cell
growth at the highest concentration (150mg/L) [25].

Human prostate cancer cells (PC3) were incubated in
the presence of different concentrations (0–180 𝜇g/𝜇L) of
chemically reduced graphene oxide (CRGO) and chitosan
magnetic graphene nanoparticles (CMG) for 72 hours. The
cytotoxicity was evaluated using the WST-1 assay and the
results revealed dose-dependent increase in graphene oxide
cytotoxicity while CMG nanoparticles did not show any
toxicity at all the tested concentrations. Chitosan-coated
graphene oxide is soluble in both organic and acidic aqueous
solutions and less toxic than nonfunctionalized GO and
hence has higher therapeutic efficacy [39]. New insights into
specific cancer treatment were presented in the research
on metastasis of prostate cancer cells PC3. With the low
influence on the cell viability pristine graphene and GO
effectively inhibited migration and invasion of these cancer
cells with no apparent effect on the induction of apoptosis
[48].
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Conventional therapeutic approaches to eradicate all
cancer cells fail because of the presence of tumor-initiating
cells that are resistant to drugs, chemotherapy, and radiation.
Cancer stem cells (CSCs) constitute a minority of the overall
cancer cell population, although they are highly invasive and
tumorigenic and the inability of their efficient elimination
results in disease relapse and formation of metastases [54].
Fiorillo et al. used flakes of GO to inhibit selectively CSCs
proliferation in multiple cell lines including breast, lung,
ovarian, prostate, and pancreatic cancers. Two different
grades of GO were used, small GO (0,2–2 𝜇m) and big GO
(5–20𝜇m). Both small and big GO flakes inhibited tumor-
sphere formation in all independent cancer cells. They did
not affect the viability of non-CSCs but selectively targeted
cancer stem cells. Analysis of these targeted actions showed
thatGO inhibited a number of several key signal transduction
pathways related to cancer stem cells including antioxidant
and interferon responses [55].

4. Conclusion

Graphene was first isolated in 2004 and since then its
properties have been studied widely [2]. Graphene-based
nanomaterials have boosted the development of the inter-
disciplinary research caused by their unique properties
and possible applications in electronics and biotechnology.
Single-atom-thick, two-dimensional sheet of sp2-hybridized
carbon atoms arranged in a regular hexagonal pattern [3,
4] owns extraordinary electrical and thermal properties,
mechanical strength, and capability of biofunctionalization
[11–13]. Graphene nanoparticles have been used as drug and
gene delivery agents in multimodal imaging and could be
useful in biomedicine and cancer therapy [20]. Graphene
is a nanomaterial whose chemical, physical, or mechanical
properties and structure permit the active tissue integration
of desirable cell types and tissue components suggesting
the potential use in tissue engineering [12, 17, 18]. Besides
the research confirming graphene biocompatibility there are
reports of dose-dependent graphene toxicity against cultured
cells. However, most of these reports concentrate mainly on
graphene oxide and reduced graphene oxide (rGO) prepared
in solutions [56]. Graphene family nanomaterials include
ultrathin graphite, few-layer graphene (FLG), graphene oxide
(GO; frommonolayer to few layers), reduced graphene oxide
(rGO), and graphene nanosheets (GNS) [4]. Among the
most frequently used graphene derivatives in the cytotoxicity
study are GO, rGO and graphene quantum dots (GQD) with
various surface modifications. Mainly studied cancer cells
include lung, breast, cervical, liver, and nerve cancer cell lines
(Table 1).

Depending on the cell line and type of the nanomaterial,
graphene can increase the viability [22, 53] or cause the
cell death [33]. In the study of de Marzi et al. GO shows
a slight decrease in A549 cells viability while the same
concentration and time of exposure result in increased cell
viability in CaCo2 colorectal carcinoma cells [22]. Oxidized-
graphene nanoribbons (O-GNRs) water-solubilized with the
amphiphilic polymer PEG-DSPE (O-GNR-PEG-DSPE) show
significantly higher toxic effect on cervical cancer cells

(HeLa) than on other cancer or normal tested cells [30].
We can assume that reduced graphene oxide (rGO) is more
cytotoxic than graphene oxide (GO) to lung, liver, and breast
cancer cells [4, 31, 37]. However, the influence of rGO is
similar among U87 nerve cancer cells and MCF-7 breast
cancer cell line (IC50 = 85mg/L and 80mg/L, resp.) [52].
Graphene surface functionalization with different groups of
various biomaterials such as PEG or dextran results in better
nanomaterial biocompatibility. Pegylated graphene quantum
dots (GQDs-PEG) exhibit very low or no toxicity against
lung and cervical cancer cells even at very high concentra-
tions (200 𝜇g/mL) [6, 16]. Pegylated graphene oxide (GO-
PEG) [25, 52], dextran covered graphene oxide (GO-DEX)
[50] and fluorinated graphene oxide (FGO) [49] are more
biocompatible than other graphene derivatives such as highly
hydrogenated graphene (HHG) which after 24 h incubation
reduce the viability of lung cancer cells (A549) to 26% [24].

Therefore, each graphene derivative may have diverse
effect on the same cell type and the same graphene form
can cause different reaction depending on the cell origin.
Evaluations of the cytotoxicity and biocompatibility are an
essential step in developing of any new biomaterial for
in vivo biomedical applications. This review reveals that
the toxicity of graphene nanomaterials depends not only
on the graphene chemical structure, functionalization, size,
concentration, and time of exposure but also on various
possible mechanisms including interactions with different
types of cells or culture medium components. Moreover
the diversity of the samples and methods of the production
hinder establishing of the biological impact of graphene [21].

One of the proposed mechanisms underlying graphene
cytotoxicity involves reactive oxygen species [19, 45] while
the others include plasma membrane damage, impairment
of mitochondrial activity, DNA damage, and interaction with
biomolecules which finally lead to apoptotic and/or necrotic
cell death [19, 31, 56]. Toxicity of graphene is desirable when
used against cancer cells but not in case of surrounding
healthy ones. It would be best to use graphene as a delivery
agent for water insoluble drugs, antigens, antibodies, or
nucleic acids and unload therapeutic molecules selectively
inside the cancer cells to impair their activity [57, 58]. Use
of graphene as a drug delivery agent has been recently the
subject of numerous scientific researches [7, 12, 17, 23, 25, 27,
29, 38, 39, 41, 58–61]. However, the mechanisms of cellular
uptake and modes of action are still under investigation. In
vitro studies regarding the influence of GFNs on mammalian
cells give only a slight overview on the possible interactions
with living organisms. The inconsistency of available data
and the lack of sufficient information make it impossible to
fully assess the suitability of graphene as a biomaterial. To
understand better the impact of graphene further studies
should be performed especially in vivo on the mechanisms
of cell uptake and signaling combined with the results of long
term effects of the materials internalization. More thorough
research concerning graphene hemo- and biocompatibility
together with the impact on immunological system would
be essential to establish safe administration or implantation
of GFNs. Yet the most important thing in graphene technol-
ogy is to establish one universal and recurrent method of
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production which would allow obtaining graphene with the
same properties on large scale and in cost-effective manner.
Therefore, detailed studies are required to explain the toxicity
pathways of GFNs which would allow not only establishing
the effect of graphene on cancer cells but also facilitating their
proper use in medicine and cancer therapy.
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Chemotherapy often results in cognitive impairment, and no neuroprotective drug is now available.This study aimed to understand
underlying neurotoxicologicalmechanisms of anticancer drugs and to evaluate neuroprotective effects of PAN-811. Primary neurons
in different concentrations of antioxidants (AOs) were insulted for 3 days with methotrexate (MTX), 5-fluorouracil (5-FU), or
cisplatin (CDDP) in the absence or presence of PAN-811⋅Cl⋅H

2
O.The effect of PAN-811 on the anticancer activity of tested drugs was

also examined usingmouse and human cancer cells (BNLT3 andH460) to assess any negative interference. Cellmembrane integrity,
survival, and death and intramitochondrial reactive oxygen species (ROS) were measured. All tested anticancer drugs elicited
neurotoxicity only under low levels of AO and elicited a ROS increase. These results suggested that ROS mediates neurotoxicity of
tested anticancer drugs. PAN-811 dose-dependently suppressed increased ROS and blocked the neurotoxicity when neurons were
insulted with a tested anticancer drug. PAN-811 did not interfere with anticancer activity of anticancer drugs against BNLT3 cells.
PAN-811 did not inhibit MTX-induced death of H460 cells but, interestingly, demonstrated a synergistic effect with 5-FU or CDDP
in reducing cancer cell viability. Thus, PAN-811 can be a potent drug candidate for chemotherapy-induced cognitive impairment.

1. Introduction

One of themost common complications of chemotherapeutic
drugs is toxicity to the central nervous system (CNS), namely,
chemotherapy-induced cognitive impairment or chemo-
brain. This toxicity can present in many ways, including
encephalopathy syndromes and confusional states, seizure
activity, headache, cerebrovascular complications and stroke,
visual and hearing loss, cerebellar dysfunction, and spinal
cord damage with myelopathy [1]. Mild to moderate effects
of chemotherapy on cognitive performance occur in 15–50%
of the survivors after treatment [2, 3].The cognitive problems
can last for many years after the completion of chemotherapy
in a subset of cancer survivors. Up to 70% of patients with
cancer report that these cognitive difficulties persist well
beyond the duration of treatment [4–6]. Chemobrain can
seriously affect quality of life and life itself in cancer patients.

Among possible candidate mechanisms, oxidative stress
(OS) may play a key role in cognitive disorders caused

by broad types of anticancer drugs, such as antimetabo-
lites, mitotic inhibitors, topoisomerase inhibitors, and pacli-
taxel [7]. These chemotherapeutic agents are not known to
rely on oxidative mechanisms for their anticancer effects.
Among the antimetabolite drugs, methotrexate (MTX) and
5-fluorouracil (5-FU), widely used chemotherapeutic agents,
are most likely to cause CNS toxicity [1]. Although there
are yet no reports of 5-FU increasing CNS OS, it has been
observed to induce apoptosis in rat cardiocytes through
intracellular OS [8], to increase OS in the plasma of liver
cancer patients [9], and to decrease glutathione (GSH) in
bone marrow cells [10]. MTX can also cross the blood-
brain barrier as well [11] and result in an increase of OS
in cerebral spinal fluid and executive dysfunction in MTX-
treated patients of pediatric acute lymphoblastic leukemia
[12, 13]. It is well known that ROS, such as H

2
O
2
, can

result in neuronal cell death [14, 15]. Cisplatin (CDDP) is an
alkylating agent. Its cytotoxic effect is thought to be mediated
primarily by the generation of nuclear DNA adducts, which,

Hindawi Publishing Corporation
Oxidative Medicine and Cellular Longevity
Volume 2016, Article ID 9392404, 11 pages
http://dx.doi.org/10.1155/2016/9392404

http://dx.doi.org/10.1155/2016/9392404


2 Oxidative Medicine and Cellular Longevity

if not repaired, cause cell death as a consequence of DNA
replication and transcription blockage. However, oxidative
damage has been observed in vivo following exposure to
CDDP in several tissues including nervous tissue, suggesting
a role for OS in the pathogenesis of CDDP-induced dose-
limiting toxicities [16–18]. Cotreatment with antioxidants
(AOs) suppresses the toxic effects of CDDP on several organs
[19, 20].

Currently, there are no proven treatments for chemo-
therapy-induced cognitive impairment. Some efforts have
been focused on correcting cognitive deficits rather blocking
the neurotoxic pathway of chemotherapeutic drugs [21].
Since ROS mediates neurotoxicity in a number of neurode-
generative disorders, one strategy in disease control has been
focused on development of antioxidants as preventive and
therapeutic molecules. These include vitamin C, vitamin
E, glutathione, coenzyme Q (CoQ), carotenoids, melatonin,
and green tea extract [22, 23]. In contrast to the minimal
positive effects of these efforts, antioxidative therapy could
be a promising strategy for the treatment of neurotoxicity.
Several preclinical studies have shown that AO treatment
prevents chemotherapy-induced OS and cognitive deficits
when administered prior to and during chemotherapy [24,
25].

Our previous research has demonstrated that PAN-811
(known as 3-aminopyridine-2-carboxaldehyde thiosemicar-
bazone or Triapine), a bioavailable small molecule (MW
195) currently in phase II clinical trials for the treatment of
patients with cancer, can efficiently block neurodegeneration.
Major underlying mechanisms for the neuroprotection of
PAN-811 are blockage of both excitatory pathway andOS [22].
Hence we hypothesized that PAN-811 could protect neurons
from anticancer drugs, such as MTX, 5-FU, and CDDP.
Since PAN-811 is an anticancer drug targeting ribonucleotide
reductase, which is distinctive from intracellular targets of
MTX, 5-FU, or CDDP, coadministration of PAN-811 with any
of these may also have a synergistic effect on suppression of
cancer cell growth.

2. Materials and Methods

2.1. Neuronal Cell Culture. Mixed cortical and striatal neu-
rons from embryonic day 17male Sprague-Dawley rats (tissue
obtained from NIH) were seeded into poly-D-lysine coated
96-well plates at density of 50,000 cells/well and initially
cultured at 37∘C, 5% CO

2
, in neurobasal medium (NB)

with B27 supplement (Invitrogen) containing full strength
of AOs to obtain highly enriched (95%) neurons [26]. Since
AOs, including vitamin E, vitamin E acetate, superoxide
dismutase (SOD), catalase (CAT), and GSH, are additives to
culture medium, reduction of AO concentration in culture
medium provides an approach to determine the level of OS
involvement in a neurotoxic process. In our study, the culture
medium was replaced at a 50% ratio with NB plus B27 minus
AOs twice at days 7 and 9 to set AO concentrations as 50%
and 25%, respectively. At 16 days in vitro (d.i.v.), a fraction of
the culture medium was harvested for lactate dehydrogenase
(LDH) assay, and then AO concentration was reduced to
12.5% or 17.5%, and cultured for a further 5 hours prior to
ending the experiment.

2.2. Cancer Cell Culture. The mouse liver cancer cell line
BNLT3 (gift of Dr. Jack Wands, Brown University) and the
human lung cancer cell line H460 (ATCC) were seeded into
96-well plates at a density of 4,000 cells/well and cultured
at 37∘C, 5% CO

2
, in DMEM (11965, Gibco) supplemented

with 10% fetal bovine serum, 20mM HEPES, 1mM sodium
pyruvate, and 24 ng/mL gentamycin (all reagents came from
Gibco).

2.3. Cell Insults andTreatments. Determination of concentra-
tion for each anticancer drug in our experiments was based
on its reported concentration in human cerebral spinal fluid
(CSF) in chemotherapy, literature report of its neurotoxicity
in culture, and our preliminary in vitro experimental data. At
13 d.i.v., the neuronal cell cultures were insulted with 100𝜇M
of MTX (M9929, Sigma) [27–30], 25𝜇M of 5-FU (F6627,
Sigma) [31–33], or 3.5 𝜇M of CDDP (sc-200896, Santa Cruz)
[34, 35] for 3 days in absence or presence of PAN-811⋅Cl⋅H

2
O.

For ROS examination, the neurons were insulted with both
100 𝜇M of MTX and 25 𝜇M of 5-FU by 15 d.i.v. PAN-
811⋅Cl⋅H

2
O was added to cultures to final concentrations of

1.25, 2.5, 5, and 10 𝜇M at the same time as addition of the
anticancer drugs. For cancer cell lines, the cells were insulted
by the second day of cell seeding with the same concentration
of MTX, 5-FU, or CDDP as used in neuronal culture in the
absence or presence of 10 𝜇M PAN-811⋅Cl⋅H

2
O for another 3

days.

2.4. Quantitative Assays and Morphological Assessment. Cell
membrane integrity and mitochondrial function of either
neurons or cancer cells were measured with LDH and 3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium [MTS] analyses, respectively.
The latter has been used to quantify cell survival. For
the LDH assay, a mixture of a 35 𝜇L aliquot of culture
supernatant and 17.5 𝜇L of Mixed Substrate, Enzyme and Dye
Solutions (Sigma) was incubated at room temperature (RT)
for 30 minutes. For the MTS assay, 10 𝜇L of MTS reagent
(Promega) was added to a culture well containing neurons
in 50 𝜇L of medium. The preparations were incubated at
37∘C for 2 hours. The preparations for both assays were then
spectrophotometrically measured at 490 nm using a 96-well
plate reader (Mode 550, Bio-Rad). Neuronal cell death was
morphologically determined based on the integrity of the
cell soma and continuity of neuronal processes. The change
in number of cancer cells was judged directly by cell density.
Cells were photographed under an inverted phase contrast
microscope (IX 70, Olympus) using 10x or 20x objective.

2.5. ROS Examination. Neurons were incubated in 15 𝜇M
dihydrorhodamine 123 (DHR123, Molecular Probes) for
30min at 37∘C to determine intramitochondrial ROS levels.
Fluorescencewas photographed by using a fluorescentmicro-
scope and quantified by excitation at 485 nm and emission at
520 nm using a 96-well plate reader (Model 550, Bio-Rad).

2.6. Data Analysis. Data were generated from 4–6 replicate
wells, expressed as mean ± standard deviation (SD), and
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statistically evaluated at a significance level of 1% with one-
factor ANOVA or Student’s 𝑡-test by using software VAS-
SARSTATS (http://vassarstats.net/) followed by the Tukey
HSD test. Figure symbols are as follows: #, 𝑃 < 0.05, and
##, 𝑃 < 0.01, compared with control; ∗, 𝑃 < 0.05, and
∗∗, 𝑃 < 0.01, compared with the insulted group; §§, 𝑃 <
0.01, compared with PAN-811 treated group by Student’s
𝑡-test.

3. Results

3.1. MTX, 5-FU, or CDDP Elicited Neurotoxicity in an AOs-
Dependent Manner. By 3 days following the insults, neither
MTX at 100 𝜇M, 5-FU at 25 𝜇M, nor CDDP at 3.5 𝜇M caused
morphological changes, LDH release, or MTS reduction
when neurons were cultured in the medium containing
100% or 50% AOs (data not shown). However, MTX, 5-
FU, or CDDP at the same concentrations elicited significant
LDH increase (indicating cellmembrane leakage, Figure 1(c))
in the culture supernatant when the AO concentration
was reduced to 25%, although no cell damage was visible
(Figure 1(a)), and no change in MTS level was detectable
(data not shown) under these conditions. When the AO
concentration was reduced to 12.5% for 5 hours at 16
d.i.v., extensive neuronal cell death occurred in the cultures
insulted with 25 𝜇M 5-FU or 3.5 𝜇M CDDP, as indicated
by loss of cell bodies, together with interruption of neurite
networks on the background (Figure 1(b)). Corresponding
to the morphological cell death, the MTS readings for 5-
FU- and CDDP-insulted groups were reduced by 27% and
66%, respectively (Figure 1(d)). MTX at 100 𝜇Mdid not elicit
significant MTS reduction (Figure 1(d)) under 12.5% AO
condition.Thus, the neurotoxicities elicited withMTX, 5-FU,
or CDDP were dependent on AO reduction.

3.2. PAN-811 Dose-Dependently Suppresses MTX-, 5-FU-, or
CDDP-Induced Neurotoxicity. We then examined PAN-811
for its effect on the anticancer drug-induced neurotoxicity
at the 12.5% AO condition. MTX at 100 𝜇M did not result
in significant loss of cell number, while 5-FU at 25𝜇M
or CDDP at 3.5 𝜇M caused robust loss of neurons in
culture (Figure 2(a)). Correspondingly, MTX insult did
not significantly affect the MTS reading, while 5-FU- and
CDDP-insulted cultures showed significant reduction in
MTS readings (Figure 2(c)). PAN-811 dose-dependently
inhibited 5-FU- or CDDP-induced MTS reduction. PAN-811
at 10 𝜇M completely blocked 5-FU-induced MTS reduction
and inhibited CDDP-induced MTS reduction by 48%.
The LDH release assay demonstrated that each of MTX
at 100 𝜇M, 5-FU at 25 𝜇M, and CDDP at 3.5 𝜇M resulted
in significant increases in LDH reading (Figure 2(b)).
PAN-811 dose-dependently suppressed LDH increase caused
by each anticancer drug. PAN-811 at 5𝜇M fully blocked
LDH release in MTX-, 5-FU-, or CDDP-insulted cultures
(with no statistically significant difference from untreated
control culture by ANOVA analysis). Thus, PAN-811 was
demonstrated as a potential neuroprotective compound
for anticancer drug MTX-, 5-FU-, or CDDP-induced
neurotoxicity.

3.3. PAN-811 Suppresses Cell Membrane Leakage When MTX
and 5-FU Are Coadministered. Since MTX and 5-FU are
coadministered for cancer therapies in many cases, we were
interested to know if PAN-811 can block neurotoxicity that
is elicited with a combined insult with both MTX and 5-FU.
An insult with a combined 100 𝜇M MTX and 25 𝜇M 5-FU
resulted in a 109% increase in LDH reading by comparison
with noninsulted control group (𝑃 < 0.05 by ANOVA;
Figure 3(a)). PAN-811 showed concentration-dependent sup-
pression of LDH release within the tested range from 1.25 to
10 𝜇M. PAN-811 at 10 𝜇M fully inhibited MTX/5-FU-elicited
LDH increase.

3.4. PAN-811 Inhibits MTX- and 5-FU-Elicited OS. To under-
stand the underlying mechanism for MTX- and 5-FU-
induced neurotoxicity, a cell-permeable fluorogenic probe
DHR123 was used for the detection of intramitochondrial
ROS. Neuronal insult with coadministered 100 𝜇M MTX
and 25 𝜇M 5-FU greatly increased intensity of DHR123
fluorescence (Figure 3(b)), resulting in a 33.4% increase in
DHR123 level in comparison with noninsulted group (𝑃 <
0.05 by 𝑡-test, data not shown). PAN-811 at 10 𝜇M provided
significant suppression to the increased ROS, showing a
62.3% suppression rate (Figure 3(c)).

3.5. PAN-811 Shows No Antagonistic Effect onMTX-, 5-FU-, or
CDDP-Induced Cytotoxicity in BNLT3 Cells. To understand
whether PAN-811 could interfere with anticancer efficacy
of tested anticancer drugs, the mouse liver cancer cell
line BNLT3 was cotreated with each anticancer drug at
the concentrations used for elicitation of neurotoxicity and
10 𝜇M PAN-811, the highest concentration used for neuronal
protection in these experiments.

A 3-day insult with 100𝜇M MTX severely reduced the
cancer cell number (Figure 4(a)). In the culture treated with
10 𝜇M PAN-811 alone or cotreated with 100 𝜇M MTX and
10 𝜇M PAN-811, cell density was also much lower than
that in no-insult control. Quantitatively, MTX at 100 𝜇M
reduced MTS reading by 85% (Figure 4(d)), while PAN-811
at 10 𝜇M reduced MTS reading to the same level as MTX. A
cotreatment with both did not cause any further reduction in
MTS reading when comparing with MTX alone.

Similarly, 5-FU at 25𝜇M significantly reduced the cell
density of the cancer cells, and a cotreatmentwith both 25𝜇M
5-FU and 10 𝜇M PAN-811 significantly decreased the cell
number as well (Figure 4(b)). Quantitatively, 5-FU at 25𝜇M
reduced MTS reading by 84%, which was less efficient than
10 𝜇MPAN-811 group (Figure 4(e)). A cotreatment with both
caused a further reduction in MTS reading when comparing
with 5-FU alone. No synergistic effect between 5-FU and
PAN-811 could be detected.

An insult with 3.5 𝜇M CDDP also caused a decrease in
the cell density (Figure 4(c)), while a treatment with PAN-811
alone or a cotreatment with both 3.5 𝜇M CDDP and 10 𝜇M
PAN-811 introduced a significant reduction in the cell density.
Quantitatively, 3.5𝜇M CDDP reduced MTS reading by 44%,
while 10 𝜇MPAN-811 caused a 94% reduction inMTS reading
(Figure 4(f)). A cotreatment with both did not introduce an
extra reduction in MTS reading by comparing with PAN-811
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Figure 1: Neurotoxicity of MTX, 5-FU, or CDDP in an AO-dependent manner. (a, b) Phase contrast photographs for neurons in 25% AO
and 12.5% AO, respectively (bar = 25 𝜇m). (c) Cell membrane leakage was determined via the LDH analysis at the end of experiment for
neurons in 25% AO (𝑛 = 5). (d) Cell viability was determined with MTS analysis for neurons in 12.5% AO (𝑛 = 5). The bar in green and bars
in other colors indicate the cultures without an insult and with anticancer drug insults, respectively. LDH and MTS data are expressed as %
of noninsulted control. Figure symbol is ##, 𝑃 < 0.01, compared with noninsult control group by Student’s 𝑡-test.

alone, despite showingmuch lower reading thanCDDP alone
(𝑃 < 0.01).

In general, PAN-811 did not show any inhibition in the
effect of MTX, 5-FU, or CDDP on BNLT3 cells, neither did it
demonstrate any synergistic effect with each tested anticancer
drug on BNLT3 cell growth.

3.6. PAN-811 Shows No Antagonistic Effect on MTX-, 5-
FU-, or CDDP-Induced Cell Death of H460 Cells, While
Demonstrating a Synergistic Effect with 5-FU or CDDP on
Suppression of the Cell Growth. To understand whether there
is any negative effect of PAN-811 on the efficacy of tested

anticancer drugs in humans, the human lung cancer cell line
H460 was treated with each of these anticancer drugs at the
concentrations used for elicitation of neurotoxicity, in the
absence or presence of 10 𝜇M PAN-811.

A 3-day insult with 100 𝜇MMTX, 10 𝜇MPAN-811, or both
robustly decreased the cell density of H460 in culture (data
not shown). Quantitatively, 100𝜇M MTX and 10 𝜇M PAN-
811 reduced MTS readings by 67% and 76%, respectively. The
MTS reading for a cotreatment with both 100 𝜇M MTX and
10 𝜇M PAN-811 was about the same as 10 𝜇M PAN-811 alone
(Figure 5(b)). In membrane integrity analysis (Figure 5(e)),
100 𝜇M MTX resulted in a 95% increase in LDH reading in
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Figure 2: Dose-dependent neuroprotection of PAN-811⋅Cl⋅H
2
O against anticancer drug-induced neurotoxicity. (a) Phase contrast

photographs for neurons in 12.5% AO (bar = 25 𝜇m; PAN: PAN-811⋅Cl⋅H
2
O). (b) LDH analysis for (a) (𝑛 = 5). (c) MTS analysis for (a)

(𝑛 = 6). The bar in green and bars in other colors in the graphs indicate the cultures without an insult and with anticancer drug insults,
respectively. Data are expressed as % of noninsulted control. Figure symbols are ∗, 𝑃 < 0.05, and ∗∗, 𝑃 < 0.01, compared with insult group
alone (without PAN-811 treatment) by one-factor ANOVA followed with Tukey HSD test.
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Figure 3: Suppression of 5-FU/MTX-induced increases in LDH and DHR123 readings by PAN-811. (a) LDH release analysis for neurons
that were cultured in 17.5% AOs-containing medium and insulted with both 100 𝜇M MTX and 25 𝜇M 5-FU in the absence or presence of
PAN-811⋅Cl⋅H

2
O at different concentrations for 1 day (blue bars 𝑛 = 6); Green bar represents noninsult/untreated control. (b) Fluorescent

microscope for neurons in 17.5% AOs-containing medium insulted with both 100𝜇M MTX and 25 𝜇M 5-FU in the absence or presence of
10𝜇M PAN-811⋅Cl⋅H

2
O for 1 day and incubated with DHR123 for 30min (bar = 50 𝜇m). (c) Quantification of (b) at excitation at 485 nm

and emission at 520 nm (𝑛 = 4). Data are expressed as % suppression = [(Insulted&Untreated − Insulted&Treated)/(Insulted&Untreated
− NonInsulted&Untreated) ∗ 100%]. Figure symbols are ∗, 𝑃 < 0.05, compared with insult group alone (without PAN-811 treatment) by
Student’s 𝑡-test (one tail) and one-factor ANOVA followed by Tukey HSD test; #, 𝑃 < 0.05; ##, 𝑃 < 0.01, compared with noninsult/untreated
control group by one-factor ANOVA followed with Tukey HSD test.

the culture supernatant, while 10 𝜇M PAN-811 led to a 31%
increase in the LDH reading. A cotreatment with 100𝜇M
MTX and 10 𝜇M PAN-811 reduced LDH reading by 70%
when compared with MTX group (𝑃 < 0.01 by ANOVA),
indicating an inhibitory effect of PAN-811 on MTX-caused
membrane leakage.

Similarly, a 3-day treatment with 25𝜇M 5-FU, 10 𝜇M
PAN-811, or both robustly decreased the cell density of
H460 in culture (Figure 5(a)). Quantitatively, 25𝜇M 5-FU
and 10 𝜇M PAN-811 reduced MTS readings by 57% and 74%,
respectively (Figure 5(c)). In contrast, a cotreatment with
25 𝜇M 5-FU and 10 𝜇M PAN-811 reduced MTS readings by



Oxidative Medicine and Cellular Longevity 7

−MTX/−PAN-811 +MTX/−PAN-811

−MTX/+PAN-811 +MTX/+PAN-811

(a)

−5-FU/−PAN-811 +5-FU/−PAN-811

−5-FU/+PAN-811 +5-FU/+PAN-811

(b)

−CDDP/−PAN-811 +CDDP/−PAN-811

−CDDP/+PAN-811 +CDDP/+PAN-811

(c)

0
20
40
60
80

100
120

No insult MTX No insult MTX
Untreated Untreated PAN-811 PAN-811

M
TS

 (%
 o

f c
on

tro
l)

## ## ##

(d)

0
20
40
60
80

100
120

No insult 5-FU No insult 5-FU
Untreated Untreated PAN-811 PAN-811

######

M
TS

 (%
 o

f c
on

tro
l)

(e)

0
20
40
60
80

100
120

No insult CDDP No insult CDDP
Untreated Untreated PAN-811 PAN-811

##

## ##M
TS

 (%
 o

f c
on

tro
l)

(f)

Figure 4: No interference of PAN-811⋅Cl⋅H
2
O with anticancer drug-induced cytotoxicity to mouse cancer cell line BNLT3. (a)–(c) Phase

contrast photographs for BNLT3 cells that were treated without or with 10 𝜇MPAN-811⋅Cl⋅H
2
O and insulted with 100 𝜇MMTX, 25 𝜇M5-FU,

or 3.5 𝜇M CDDP for 3 days, respectively (bar = 50𝜇m). (d)–(f) MTS analysis corresponding to (a)–(c) (𝑛 = 6). Data are expressed as %
of noninsulted/untreated control. Figure symbol is ##, 𝑃 < 0.01, compared with noninsult/untreated control group by one-factor ANOVA
followed with Tukey HSD test.

84%, which shows a statistically significant difference from
5-FU (𝑃 < 0.01) or PAN-811 alone (𝑃 < 0.01), indicating
a synergistic effect of 5-FU and PAN-811 on suppression
of growth of human lung cancer cell H460. In membrane
integrity analysis (Figure 5(f)), 25𝜇M5-FU resulted in a 124%
increase in LDH reading in the culture supernatant, while
10 𝜇M PAN-811 led to a 30% increase in the LDH reading. A
cotreatment with 100 𝜇M5-FU and 10 𝜇MPAN-811 enhanced
LDH reading by 40%, which is much lower than that in the
group with 25 𝜇M5-FU alone. It indicates an inhibitory effect
of PAN-811 on 5-FU-caused membrane leakage.

A 3-day treatment with 3.5 𝜇M CDDP, 10 𝜇M PAN-811,
or both greatly decreased the cell density of H460 in culture
(data not shown). Quantitatively, 3.5 𝜇M CDDP and 10 𝜇M
PAN-811 reducedMTS readings by 22% and 75%, respectively
(Figure 5(d)). A cotreatment with 3.5 𝜇M CDDP and 10 𝜇M
PAN-811 reduced MTS readings by 85%, which shows a
statistically significant difference from CDDP (𝑃 < 0.01 by
ANOVA) or PAN-811 alone (𝑃 < 0.01 by 𝑡-test), indicating
a synergistic effect of CDDP and PAN-811 on suppression

of growth of human lung cancer cell H460. In membrane
integrity analysis (Figure 5(g)), 3.5 𝜇M CDDP resulted in a
71% increase in LDH reading in the culture supernatant,
while 10 𝜇M PAN-811 led to a 30% increase in the LDH
reading. A cotreatment with 3.5 𝜇M CDDP and 10 𝜇M PAN-
811 enhanced LDH reading by 57%, which is a statistically
significant difference from that in the group with 3.5𝜇M
CDDP alone (𝑃 < 0.01), demonstrating an inhibitory effect
of PAN-811 on CDDP-induced membrane leakage.

In general, PAN-811 did not show any inhibition in the
effect of MTX, 5-FU, or CDDP on cell growth of H460 cells,
although it manifested an inhibitory effect on MTX-, 5-FU-
or CDDP-induced membrane leakage. A synergistic effect
between 5-FU and PAN-811 or between CDDP and PAN-811
occurred on suppression of H460 cell survival.

4. Discussion

The fate of neurons under an OS condition is dependent on
the balance between production of ROS and strength of AO
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Figure 5: Effects of PAN-811⋅Cl⋅H
2
O on anticancer drug-induced cytotoxicities to human cancer cell H460. (a) Phase contrast photographs

for the H460 cells that received 25 𝜇M 5-FU, 10 𝜇M PAN-811, or both for 3 days (bar = 50 𝜇m). (b)–(d) MTS analysis for the H460 cells that
received 10 𝜇M PAN-811⋅Cl⋅H

2
O, one of 100 𝜇M MTX, 25 𝜇M 5-FU, and 3.5 𝜇M CDDP, or both 10𝜇M PAN-811⋅Cl⋅H

2
O and one of these

anticancer drugs for 3 days, respectively (𝑛 = 6). (e)–(g) LDH analysis for (b)–(d) (𝑛 = 6). Data are expressed as % of noninsulted/untreated
control. Figure symbol is ##, 𝑃 < 0.01, compared with noninsult/untreated control group by one-factor ANOVA followed with Tukey HSD
test. §§, 𝑃 < 0.01 between no insult and insult groups given PAN-811 by Student’s t-test.
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defense systems in vivo. Enzymatic AOs, such as SOD and
CAT, and nonenzymatic AOs, exemplified with vitamin E
and GSH, are both involved in the defenses [23]. Loss of the
balance, under condition such as chemotherapy, can elicit
cytotoxicity and organ toxicity in experimental animals [24,
36] and in humans [9, 12, 13]. Administration of anticancer
drugs is accompanied by not only an increase in ROS level,
but also a decrease in antioxidative enzymes [37, 38]. In
comparison with the in vivo studies, it is rare to find an
in vitro study that examines the direct effects of anticancer
drug on neurons in an enriched neuronal culture system.The
presence of AOs in the culturemediummay sufficiently block
the effect of an anticancer drug and therefore the system is not
suitable for examining ROS-mediated neurotoxicity andmay
not reflect the real conditions under chemotherapy in animals
and humans. To mimic in vivo conditions under chemother-
apy, we reduced AO concentrations in a double-diluted
manner to a final AO concentration of 12.5%. It was observed
that neurotoxicity of MTX, 5-FU, or CDDP occurred only
when neurons were bathed in low AO-containing medium.
Cellmembranes seemed to bemore fragile to these anticancer
drugs under these conditions. When the AO content was
reduced to 25%,MTX, 5-FU, and CDDP all resulted in robust
LDH release, but neither notable morphological changes
nor MTS reading differences in anticancer drug-insulted
groups were detected. Only when the AO content was further
reduced to 12.5% was there observation of morphological cell
death in 5-FU- or CDDP-insulted groups and corresponding
33% and 66% reductions inMTS readings, respectively.These
data, together with the phenomenon where coadministration
ofMTX and 5-FU resulted in a significant intramitochondrial
ROS increase, indicate a key role of OS in mediation of the in
vitro neurotoxicity.

Our study demonstrated that under low AO conditions
MTX insult only resulted in membrane leakage but did
not show significant detrimental effects on cell viability
of neurons in our neuron-enriched culture. This is iden-
tical to the previous findings that excitatory neurotoxicity
marks MTX-mediated cell death, which only occurs in
the presence of glial cells, and is protected by N-methyl-
D-aspartate receptor antagonists MK-801 and memantine
[39].

PAN-811 can suppress neurotoxicity of all tested anti-
cancer drugs in the present study. Under 12.5%AO condition,
PAN-811 dose-dependently blockedMTX-, 5-FU-, or CDDP-
induced membrane leakage. In addition, PAN-811 at 10𝜇M
fully inhibited 5-FU-induced MTS reduction and elevated
MTS reading by 48% for CDDP-insulted neurons under
12.5% AO condition. Furthermore, neurons that were treated
with PAN-811 looked to have a healthy appearance even
when they were insulted with MTX, 5-FU, or CDDP. Our
previous studies have demonstrated that, besides inhibiting
excitatory neurotoxicity, PAN-811 can protect neurons from
cell death under different OS-involved conditions, such as
hypoxia [22], and hydrogen peroxide insult [14, 15]. In a cell-
free andmetal-free system, PAN-811 demonstrated an activity
in direct scavenging of stable radical diphenylpicrylhydrazyl
(DPPH) [22]. Taken together, the neuroprotection provided
by PAN-811 in the anticancer drug-insulted condition is most

likely due to its activity in inhibition of intracellular ROS
accumulation.

In this study, the blockage of oxidative damage by PAN-
811 was shown by not only its neuroprotective effect but
also its inhibitory role in anticancer drug-induced mem-
brane leakage. Our results showed that each of MTX, 5-
FU, and CDDP can induce membrane leakage of cancer
cell H460. Theoretically, ROS can be produced in plasma
membrane and other cell compartments [40]. Free rad-
icals can pass freely through cellular and nuclear mem-
branes and oxidize biomacromolecules, including lipids.
Lipid peroxidation caused by ROS leads to membrane
leakage [41]. Efficient inhibition of membrane leakage of
H460 cells by PAN-811 indicates its role in suppression
of ROS signal not only in neurons but also in other cell
types.

Our result demonstrated that PAN-811 did not suppress
anticancer efficacy of anticancer drugs MTX, 5-FU, and
CDDP despite suppressing anticancer drug-induced mem-
brane leakage.This indicates that the anticancer activity of the
tested anticancer drugs does not rely on intramitochondrial
ROS accumulation they induced, which provides a basis
for using PAN-811 as a neuroprotectant in chemotherapy.
In addition, PAN-811 manifested a synergistic effect with 5-
FU or CDDP on suppression of cancer cell growth. Both
MTX and 5-FU are antimetabolites or antifolate drugs. MTX
inhibits DNA synthesis by competitively binding to dihy-
drofolate reductase, an enzyme that converts dihydrofolate
into tetrahydrofolate [42]. 5-FU acts predominantly as a
thymidylate synthase inhibitor and suppresses synthesis of
the pyrimidine thymidine, which is a nucleoside required
for DNA replication [43]. CDDP is an alkylating agent. It
binds to and causes cross-linking of DNA, which ultimately
triggers apoptosis [44]. PAN-811 is an anticancer drug by itself
with a different intracellular target from MTX, 5-FU, and
CDDP. PAN-811 divalently chelates the ferrous ions of ribonu-
cleotide reductase and blocks its bioactivity in conversion of
ribonucleotides to deoxynucleotides and therefore inhibits
DNA synthesis [45]. The synergistic effect by cotreatment
with PAN-811 and 5-FU or CDDP may be due to affecting
more than one intracellular target. The synergistic effect by
cotreatment with PAN-811 may provide an opportunity in
reduction of dose usage of 5-FU or CDDP. In this way, the
neurotoxicity of 5-FU or CDDP could be further reduced
while retaining equal strength of anticancer efficacy. PAN-811
can be a potential neuroprotective drug for chemotherapy-
induced cognitive impairment due to its in vitro inhibition
of MTX-, 5-FU-, or CDDP-induced neurotoxicity. A phar-
macodynamic study for the effect of PAN-811 on cognitive
functions will be carried out in a chemobrain animal model
in near future.
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The aim of this study was to evaluate the oxidative parameters of erythrocytes and genotoxicity in leukocytes of patients with
breast cancer. Oxidative parameters were detected by spectrophotometry and genotoxic damage by single cell gel electrophoresis.
Twenty-eight women with breast cancer were monitored before chemotherapy and after the second and fourth cycles of therapy
with cyclophosphamide and doxorubicin. After the fourth cycle, increases (𝑃 < 0.05) in the reactive substances to thiobarbituric
acid levels, nitrite content, and superoxide dismutase activity and high rates of DNA damage in leukocytes were observed when
compared with healthy women group and baseline levels. Similarly, after the second cycle, the same parameters were increased
(𝑃 < 0.05) when compared with baseline levels. Increase in catalase activity was detected only after the fourth cycle and reduced
glutathione levels and glutathione peroxidase activity were decreased in all cycles when compared with healthy women, as well
as after the second and fourth chemotherapy cycles compared to baseline (𝑃 < 0.05). Patients with breast cancer presented an
indicative of oxidative stress before, during, and after chemotherapy, as well as increased genotoxic damage in all stages of treatment,
demonstrating the clinical applicability of this investigation.

1. Introduction

The etiology of breast cancer possesses a multifactorial
origin [1, 2], showing as risk factors reproductive age, early
menarche, late menopause, nulliparity, exogenous hormones,
smoking, obesity, diet, alcohol consumption, physical inac-
tivity, and genetic and environmental factors [1–5].

Most chemotherapeutic agents are not specific against
neoplastic cells, also affecting normal cells [6], which results
in a wide range of adverse reactions in virtually all tissues
of body such as bone marrow suppression, alopecia, fatigue,
generalized rash, diarrhea, and dizziness [7, 8]. Cyclophos-
phamide, one of the most used anticancer compounds, is
a bifunctional alkylating member of the nitrogen mustard
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family that induces various types of DNA damage, such as
DNAadducts, genemutations, and chromosomal aberrations
[6, 9]. In clinical and trials protocols, cyclophosphamide
is used in combination with doxorubicin, an anthracycline
agent capable of intercalating into DNA [10]. Their mecha-
nism of cytotoxicity includes intracellular production of free
radicals, DNA intercalation, and subsequent inhibition of
DNA topoisomerase II [6, 9, 10].

Reactive oxygen species (ROS) represent important factor
in carcinogenesis and may play a role in initiation and
progression of tumors. Free radicals stimulate oxidative DNA
damage, contributing to mutagenesis, which is essential for
the process of tumor initiation [11–13]. Unrepaired DNA
damage has been associated with a variety of human dis-
orders including cancer and neurodegenerative diseases.
When DNA is properly repaired, the injuries are inactivated
and the cells return to normal cell cycle operation. If this
damage is not repaired, specific cellular responses such as
cell death, senescence, or uncontrolled proliferation could
result. This damage may consist of small lesions in very
specific sites within the DNA molecule, as adducts, cross-
links, abasic sites, and points of gross abnormalities [14,
15]. The extent of this damage caused by ROS can be
maximized or minimized by enzymatic (catalase, superoxide
dismutase, and glutathione peroxidase) or nonenzymatic
(vitamins A, C, and E, selenium, and reduced glutathione
(GSH)) [2, 16–18] mechanisms of antioxidant defense. Based
on this approach, the present study evaluated the antioxidant
and genotoxic profile in blood cells of patients receiving a
combined chemotherapy of adriamycin (doxorubicin) and
cyclophosphamide (AC).

2. Materials and Methods

2.1. Study Population and Sample Collection. The subjects
were patients diagnosed with ductal breast cancer under
treatment at the Department of Oncology, São Marcos Hos-
pital, Teresina, Piauı́, Brazil, from August 2012 to February
2013. This clinical study was approved by the Research
Ethics Committee of University Center UNINOVAFAPI
(registration number 0406.0.043.00011). This study involved
a total of 56 individuals including 28 patients exposed to
chemotherapy by theACprotocol (adriamycin 60mg/m2 and
cyclophosphamide 600mg/m2) and 28 patients not exposed
to the chemotherapy. The patients were exposed to four 21-
day cycles with intravenous AC. The unexposed group con-
sisted of individuals who had not been exposed to genotoxic
agents (including radiation and chemicals) and who were
free of any malignant neoplasm or clinical, biochemical,
hematological, hepatic, cardiovascular, renal, or endocrine
manifestations. Blood samples were collected with EDTA
or heparin by venipuncture using vacutainers, maintained
at 4∘C during transport to the laboratory, and immediately
processed. Three collections of the peripheral blood were
carried out during four cycles of chemotherapy: the first
collection was performed before the beginning of treatment
(C0), 21 days after the second cycle of chemotherapy (C2),
and 21 days after the fourth cycle (C4).

All individuals in this study were submitted to a ques-
tionnaire from International Commission for Protection
against Environmental Mutagens and Carcinogens [19],
which included questions regarding standard demographic
data (e.g., age and gender), medical issues (e.g., exposure to
X-rays, vaccinations, and medications), lifestyle (e.g., smok-
ing, coffee and alcohol consumption, diet, etc.) and occupa-
tion, such as number of working hours per day and protective
measures adopted (PPE). In all groups, individuals who
smoked more than 20 cigarettes per day were considered
smokers [20].

After the questionnaires, data were analyzed using SPSS
17.0. (Chicago: SPSS Inc.) and the demographic, medical and
lifestyle were summarized in Table 1.

Details about clinical features, such as cancer site, clinical
stage and HER-2/neu, ER (estrogen receptor), and PR (pro-
gesterone receptor) status, were obtained and analyzed from
medical records. The descriptive statistics for such variables
are listed in Table 2.

2.2. Comet Assay. The alkaline comet (single cell gel elec-
trophoresis (SCGE)) assay was performed as described by
Singh et al. [21] with modifications suggested by Tice et al.
[22]. Blood cells (5 𝜇L) were embedded in 95 𝜇L of 0.75%
low-melting point agarose, which was immediately added to
the surface of a precoated (1.5% agarose) microscope slide.
When the agarose had solidified, the slides were placed in
lysis buffer (2.5M NaCl, 100mM EDTA, and 10mM Tris; pH
10.0–10.5) containing freshly added 1% (v/v) TritonX-100 and
10% (v/v) dimethyl sulfoxide (DMSO) for aminimumof 1 day
and a maximum of 7 days. After treatment with lysis buffer,
the slides were incubated in freshly made alkaline buffer
(300mM NaOH and 1mM EDTA; pH N 13) for 20min and
the DNAwas electrophoresed for 20min at 25 V (0.90 V/cm)
and 300mA after which the buffer was neutralizedwith 0.4M
Tris (pH 7.5) and dried overnight. Gels were rehydrated for
5min in distilled water and then stained for 15min (37∘C)
with a solution containing the following sequence: 34mL of
Solution B (0.2% w/v ammonium nitrate, 0.2% w/v silver
nitrate, 0.5% w/v tungstosilicic acid, 0.15% v/v formaldehyde,
and 5% w/v sodium carbonate) and 66mL of Solution A (5%
sodium carbonate). The staining was stopped with 1% acetic
acid and the gels were air dried. Analyses (100 cells/patient)
were carried out by light microscopy (Olympus CX40) at
100x magnification with immersion oil. Images of cells (50
cells/slide in two replicates) were evaluated for the following:
(i) damage index (DI), in which each cell was classified into
classes (no damage = 0, maximum damage = 4) according
to tail size and cell shape [23], with resulting values for
each individual ranging from 0 (0 × 100) to 400 (4 × 100);
(ii) damage frequency (DF), calculated as the percentage of
injured cells. International guidelines and recommendations
for the comet assay consider the visual scoring of comets
to be a well-validated evaluation method. Although the DI
parameter is often subjective, it has high correlation with
computer-based image analysis [22, 24, 25].

2.3. Nitrite Content. Thedetermination of nitrite content was
based on the Griess reaction [26] in which 500 𝜇L of Griess



Oxidative Medicine and Cellular Longevity 3

Table 1: Demographic, medical, and lifestyle data of the patients.

Characteristics Control group Breast cancer
Total of patients 28 (100.0) 28 (100.0)
Age in years (mean ± SD) 48.1 ± 11.8 50.8 ± 12.8
Race [𝑛 (%)]

Caucasian 20 (71.4) 22 (78.6)
Non-Caucasian 8 (28.6) 6 (21.4)

Menopause [𝑛 (%)]
Premenopausal 19 (67.9) 20 (71.4)
Postmenopausal 9 (32.1) 8 (28.6)

Family history of breast cancer [𝑛 (%)]
Yes 6 (21.4) 15 (53.6)
No 22 (78.6) 13 (46.4)

Physical exercises [𝑛 (%)]
Yes 11 (39.3) 9 (32.1)
No 17 (60.7) 19 (67.9)

Smoker [𝑛 (%)]
Never smoked 20 (71.4) 12 (42.9)
Ex-smoker 8 (28.6) 13 (46.4)
Smoking 0 (0.0) 3 (10.7)

Marital status [𝑛 (%)]
Single 7 (25.0) 6 (21.4)
Married 16 (57.1) 15 (53.6)
Divorced 1 (3.6) 3 (10.7)
Widow 4 (14.3) 4 (14.3)

SD: standard deviation.

Table 2: Clinical characteristics of patients with breast ductal
carcinoma (𝑛 = 28).

Characteristics Breast cancer
Cancer sites [𝑛 (%)]

Left breast 11 (39.3)
Right mama 17 (60.7)

Clinical stage [𝑛 (%)]
Grade 1 4 (14.3)
Grade 2 10 (35.7)
Grade 3 14 (50.0)

Estrogen receptor [𝑛 (%)]
Negative 7 (25.0)
Positive 21 (75.0)

Progesterone receptor [𝑛 (%)]
Negative 7 (25.0)
Positive 21 (75.0)

HER2/neu [𝑛 (%)]
Score 0 9 (32.1)
Score +1 10 (35.7)
Score +2 1 (3.6)
Score +3 8 (28.3)

HER2/neu: human epidermal growth factor receptor 2.

reagent was added in white tube plus 500 𝜇L of distilled
water (Blank) was added in white tube. In another test tube

500𝜇L of Griess reagent and 500 𝜇L of the homogenate at
10% of the erythrocytes (sodium phosphate buffer 50mMpH
7.4) (Test) were added.The spectrophotometricmeasurement
was performed at 560 nm. Results were expressed in 𝜇M/mg
protein.

2.4. Thiobarbituric Acid Reactive Substances (TBARS) Levels.
Blood samples were centrifuged at 3000 rpm at 4∘C during
5 minutes. Plasma was removed and a pellet of erythro-
cytes was washed with a cold solution of NaCl 0.9% and
centrifuged. An erythrocytes’ homogenate 10% diluted in
phosphate buffer sodium 50mM and pH 7.4 was stored at
−20∘C. Lipid peroxidation was measured by TBARS levels, a
method previously described by Draper and Hadley (1990)
[27, 28]. 250 𝜇L of homogenate, 1mL of trichloroacetic acid
10%, and 1mL of thiobarbituric acid 0.67% were mixed
and stirred. Subsequently, this mixture was maintained in
a bath of boiling water for 15min and freshened under
running water. After cooling, 2mL of n-butanol was added
and centrifuged at 1.200 rpm/5min and the butanol phase
was read spectrophotometrically at 535 nm. Results were
expressed as nmol/mL.

2.5. Reduced Glutathione (GSH) Levels. Determination of
GSH was based on the Ellman reaction (5,5-dithiobis-2-
nitrobenzoic acid) with some modifications described by
Sedlak and Lindsay [29]. Four hundred microliters of ery-
throcytes’ homogenate (EDTA pH 5.4 buffer) wasmixed with
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320 𝜇L of distilled water and 80 𝜇L of trichloroacetic acid
50%. After centrifugation at 3.000 rpm for 15min, 400 𝜇L
from the supernatant was collected and added to 800 𝜇L
of Tris-HCl 0.4M, pH 8.9, and 20𝜇L of DTNB 0.01M.
One minute later, spectrophotometric measurement was
performed at 412 nm. Concentration of GSH was expressed
in mg/g of hemoglobin.

2.6. Glutathione Peroxidase (GPx) Activity. The glutathione
peroxidase activity coupled assay was determined by Paglia
and Valentine [30]. GPx catalyzes the reduction of hydrogen
peroxide (H

2
O
2
), oxidizing reduced glutathione (GSH) to

form oxidized glutathione (GSSG). GSSG is then reduced
by glutathione reductase (GR) and 𝛽-nicotinamide adenine
dinucleotide phosphate (NADPH) forming NADP+ (result-
ing in decreased absorbance at 340 nm) and recycling the
GSH. Because GPx is limiting, the decrease in absorbance at
340 nm is directly proportional to the GPx concentration. 1
unit of GPx-1 = the amount of enzyme necessary to catalyze
the oxidation (by H

2
O
2
) of 1.0 𝜇mole GSH to GSSG, per

minute at 25∘C, pH 7.0. Results were expressed in U/g of
hemoglobin.

2.7. Catalase (CAT) Activity. Erythrocytes’ homogenate in
pH 7.4 was centrifuged (800 g, 20min) and the supernatant
was used to quantify catalase activity. The reaction medium
was prepared with H

2
O
2
(18mL), Tris HCl 1M, EDTA pH 8.0

5mM (1.0mL), and H
2
O (0.8mL). The reading was carried

out in a quartz cuvette at 230 nm with 980𝜇L of reaction
medium plus 20𝜇L erythrocytes’ homogenate prepared in
sodium phosphate buffer 50mM, pH 7.4 [31].

2.8. Superoxide Dismutase (SOD) Activity. Erythrocytes
homogenate prepared in sodium phosphate buffer 50mM,
pH 7.4, was centrifuged (800 g, 20min) and supernatants
were used for testing superoxide dismutase (SOD) activity.
Cytochrome 𝑐 reduction rate was determined by superoxide
radicals using the xanthine-xanthine oxidase system as a
source of superoxide anion (O

2

−) [32]. Results were expressed
asU/mg protein. One unit (U) of SODactivity corresponds to
the inhibition of 50% of O

2

− in the presence of cytochrome 𝑐.

2.9. Statistical Analyses. In order to determine statistical
differences, data expressed as mean ± standard error of
the mean (S.E.M.) were compared by one-way analysis of
variance (ANOVA) followed by the Newman-Keuls test (𝑃 <
0.05) using the Graphpad program (Intuitive Software for
Science, San Diego, CA) and SPSS (version 19, SPSS Inc.).
Correlations among data obtained were calculated using
Spearman’s correlation coefficient.

3. Results

3.1. Evaluation of Oxidative Stress. Evaluation of oxidative
stress in patients with breast cancer in AC chemotherapy
was performed by analyzing enzymatic and nonenzymatic
parameters in erythrocytes by serum thiobarbituric acid
reactive substances (TBARS) level, nitrite content, GSH
concentration, and GPx, CAT, and SOD activities.

Results showed that the status of oxidative stress (𝑃 <
0.05) increased, as demonstrated by basal TBARS (1.42 ±
0.45 nM/mg of protein) and nitrite (1.16 ± 0.62 𝜇M/mg
protein) contents in erythrocytes of patients with breast
cancer when compared with the control group (0.37 ±
0.09 nM/mg of protein and 0.16 ± 0.05 𝜇M/mg of protein,
resp.) (𝑃 < 0.05). When these same patients were submitted
to chemotherapeutics (combination of cyclophosphamide
and doxorubicin), such increases in both TBARS (4.76 ± 0.68
and 11.98 ± 0.65 nM/mg of protein) and nitrite ion levels
(1.81 ± 0.02 and 3.49 ± 0.07 𝜇M/mg of protein) were also
detected in C2 and C4, respectively (𝑃 < 0.05; Table 3).

Red blood cells of the patients revealed decrease in
reduced glutathione concentration at 36.1% (24.94± 1.51U/g
protein) in comparison with control group (36.13 ± 7.65U/g
protein) (𝑃 < 0.05). With AC chemotherapy, there was
decrease in GSH levels in C2 (46.6%) and C4 groups (50.9%)
(𝑃 < 0.05). Similarly, baseline levels (C0) also presented
diminution of 21.4% and 27.7% in C2 and C4 groups,
respectively (Table 3).

GPx activity (Figure 1(a)) showed reduction (63.32, 78.31,
and 81.0%) in erythrocytes of the patients with breast cancer
activity in all groups analyzed (101.90±29.48, 60.25±4.66, and
52,77±3.26U/g for C0, C2, and C4, resp.) when compared to
the control group (277.8±15.88U/g), respectively (𝑃 < 0.05).

In relation to the catalase levels, only treated patients (C4,
22.83 ± 1.17 𝜇M/mg) exhibited a significant increase (44.3%)
when compared to the control group (15.82 ± 1.21 𝜇M/mg),
C0, and C2 (18.44 ± 1.24 and 18.77 ± 0.96 𝜇M/mg,
resp.) (Figure 1(b)). Similarly, superoxide dismutase activity
(Figure 1(c)) also increased (33.1%) after the second cycle
of chemotherapy (1.81 ± 0.63 𝜇M/mg) when compared with
control group. After chemotherapy (2.63 ± 0.65 𝜇M/mg), its
activity increased about 93.4 and 54.7% in relation to the
control group (1.36 ± 0.62 𝜇M/mg) and baseline (1.70 ±
0.43 𝜇M/mg), respectively.

3.2. Index and Frequency of DNA Damage. DNA in the tail
was organized into five classes: (i) class 0: undamaged, with
no tail; (ii) class 1: with tail shorter than the diameter of the
head (nucleus); (iii) class 2: with tail length between one and
two times the diameter of the head; (iv) class 3: with tail longer
than two times the diameter of the head; and (v) class 4:
comets with no heads [33] (Figure 2).

With the application of alkaline comet assay it was
possible to observe an increase (𝑃 < 0.05) in the classes of
DNA damage in lymphocytes of patients with breast cancer
(C0) in the control group. This condition is increased (𝑃 <
0.05) in C2 and C4 (Figure 3).

DNA damage in lymphocytes of patients with breast
cancer increased by 122.6% (98.89 ± 5.56) compared to the
control group (44.43 ± 1.67). After AC chemotherapy, there
was an increase of 66.25 and 105.2% of damage index in C2
(164.4 ± 6.36) and C4 groups (202.9 ± 5.34) in comparison
with C0 group (98.89 ± 5.56). In a similar way, an increase of
23.2% after the fourth cycle was noted when compared to the
C2 group (Figure 4(a)).

An increase of 171.1% in frequency of DNA damage
before chemotherapy (C0) (61.00 ± 2.01) was observed
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Table 3: Biomarkers levels of oxidative stress in antioxidant enzymatic system of patients with breast cancer before (C0), during (C2), and
after chemotherapy (C4) and control group.

Groups TBARS levels
(nM/mg de protein)

NO2
− content

(𝜇M/mgprotein)
GSH concentration

(U/g protein)
Control 0.37 ± 0.09 0.16 ± 0.05 36.13 ± 7.65
C0 1.42 ± 0.45a 1.16 ± 0.62a 24.94 ± 1.51a

C2 4.76 ± 0.68a,b 1.81 ± 0.02a,b 19.30 ± 0.74a,b

C4 11.98 ± 0.65a.b,c 3.49 ± 0.07a,b,c 17.75 ± 0.46a,b

TBARS: thiobarbituric acid reactive substances levels, NO2
−: nitrite content, and GSH: reduced glutathione concentration. Values represent mean ± S.E.M.

a
𝑃 < 0.05 when compared with control group (CG) by ANOVA followed by 𝑡-Student-Newman-Keuls. b𝑃 < 0.05 when compared with C0 group (before
chemotherapy) and c

𝑃 < 0.05 when compared with C2 group (second cycle of chemotherapy).
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Figure 1: Antioxidant enzymes activity in erythrocytes of patients with breast cancer before (C0), during (C2), and after (C4) AC
chemotherapy. Control group (CG) is represented by healthy patients. Values represent mean ± S.E.M. a

𝑃 < 0.05 when compared with
control group (CG) by ANOVA followed by 𝑡-Student-Newman-Keuls. b𝑃 < 0.05 when compared with C0 group (before chemotherapy) and
c
𝑃 < 0.05 when compared with C2 group (second cycle of chemotherapy).

when compared to the CG (22.50 ± 0.94) (Figure 4(b)). AC
chemotherapy raised this frequency by 34.9 and 56.3% in C2
(82.32 ± 2.08) and C4 (95.36 ± 0.99) groups, respectively,
in comparison with the base status (C0). Similarly, in C4
patients, an increase of 15.8% was observed in comparison
with the frequency of C2.

There was no correlation between sperm risk factors,
age, smoking, and family history with the disease, as well
as the levels of oxidative stress assessed by measurements
of enzymes catalase, superoxide dismutase and glutathione
peroxidase and malondialdehyde levels, nitrite, and reduced
glutathione (𝑃 > 0.05). However, a significant positive
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Figure 2: Photomicrograph of the comet test indicative of the types of damage. (a) Control group (CG); (b) beginning of treatment (C0); (c)
21 days after second cycle of chemotherapy (C2); (d) 21 days after the fourth cycle (C4).
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Figure 3: Profile of DNA damage in lymphocytes evaluated by the alkaline comet assay (single cell gel electrophoresis) for each phase of
chemotherapy. Control group (CG) is represented by healthy patients. Values represent mean ± S.E.M. a

𝑃 < 0.05 when compared with
control group (CG) by ANOVA followed by 𝑡-Student-Newman-Keuls. b𝑃 < 0.05 when compared with C0 group (before chemotherapy) and
c
𝑃 < 0.05 when compared with C2 group (second cycle of chemotherapy).

correlation (correlation factor = 0.389 and 𝑃 = 0.041) was
observed between race and nitrite levels after chemotherapy
(Q4) and a negative correlation was observed with nitrite
levels (correlation factor =−0.474,𝑃 = 0.011) in the diagnosis
and activity of superoxide dismutase (correlation factor =

−0.389, 𝑃 = 0.041) after chemotherapy (Q4) to marital
status. There was also a negative correlation (correlation
factor = −0.460, 𝑃 = 0.014) between the practice of physical
exercises and malondialdehyde levels during chemotherapy.
No correlation was observed between ER and PR receptors
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Figure 4: DNA damage investigation by the alkaline comet assay (single cell gel electrophoresis) carried out in lymphocytes of patients with
breast cancer before (C0), during (C2), and after AC (C4) chemotherapy. Control group (CG) is represented by healthy patients. Analyses
were performed by light microscopy at 100x magnification with immersion oil. Values represent mean ± S.E.M. a𝑃 < 0.05 when compared
with control group (CG) by ANOVA followed by 𝑡-Student-Newman-Keuls. b𝑃 < 0.05when compared with C0 group (before chemotherapy)
and c
𝑃 < 0.05 when compared with C2 group (second cycle of chemotherapy).

with oxidative stress, except between HER2 and glutathione
peroxidase in Q2 group with 0.412 correlation factor 𝑃 =
0.29.

Regarding the genotoxicity and oxidative stress, positive
correlations were observed for the contents of DNA damage
assessed at diagnosis (QD) compared to those obtained dur-
ing (Q2) and after (Q4) chemotherapy, with 0.663 correlation
factor 0.537 and 𝑃 = 0.000 and 0.003, respectively. A negative
correlation was observed between levels of DNA damage
during chemotherapy (Q2) and nitrite levels (Q4), as well as
between frequency of damage (QD) and nitrite in group Q4
and Q2 catalase group.

4. Discussion

Breast cancer is the second most common cancer in women
over the age of 50. It is often first detected as an abnormality
on a mammogram before the patient or health care provider
feels it. Early cases may be asymptomatic, and pain and
discomfort are typically not present. Breast cancer can begin
in different areas of the breast, such as ducts and lobules.
Ductal carcinoma in situ (DCIS) is the most common nonin-
vasive or preinvasive type with chances of a recurrence under
30% within 5–10 years after initial diagnosis. On the other
hand, invasive ductal carcinoma (IDC), known as infiltrating
ductal carcinoma, is themost common type of invasive breast
cancer, representing around 80% of cases. About two-thirds
of women are 55 or older when they are diagnosed with an
IDC [34].

Many studies have reported that reactive oxygen species
(ROS) and reactive nitrogen species (RNS) are involved
in the etiology and progression of various cancers [35–
38]. These reactive species have been associated with the
development of carcinogenesis by activating diverse types of
DNA damage, contributing to the emergence of mutations

and chromosomal aberrations in the inflammatory process
and leading to intense tissue disorganization and injuries
[39].

An alternative method of analyzing oxidative stress is
achieved by quantification of lipid peroxidation. The lipid
radical is unstable and degrades very rapidly into secondary
products. Most of them are electrophilic aldehydes, such as
TBARS, which is the main marker of oxidative injury in the
unsaturated lipids in cell membranes, leading to oxidation
of fatty acids (LH) and formation of the lipid radical (L∙)
[40].Therefore, TBARS is an important indicator of oxidative
stress [16]. The present study demonstrated an elevation of
TBARS levels in AC-treated breast cancer patients com-
pared to controls, corroborating previous studies [1, 35]
and suggesting severe lipid peroxidation. These changes
may be attributed to the production of hydroxyl radicals,
which participate directly in the lipid peroxidation process,
inducing a disturbance in membrane structure [41].

The evaluation of nitrite concentration has been used
as an index of endogenous NO production in biological
systems in distinct pathological processes beyond its physi-
ological properties such as vasodilation, neurotransmission,
and immune response [3, 18]. It was noted that serum
nitrite content determined by the Griess method increased
in patients with breast cancer. Higher levels of nitrite and
nitrate are related to inflammation caused by diseases and
pharmacotherapies [39]. Interestingly, the results of present
study showed that, even before the chemotherapy cycles,
the disease itself induced NO

2

− generation and revealed
an increase according to the treatment when compared
to the baseline. Previous findings found analogous results,
exhibiting increases in lipid oxidation activated by NO

2

−

levels or nitric oxide [5, 37]. Nitric oxide has a dual role in
tumor invasion and metastasis, inducing tumor growth or
promoting tumoricidal activity [3]. Our results support the
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hypothesis that breast cancers are associated with increased
nitric oxide levels whose changes are linked to inflamma-
tory process [38]. Prior analyses in 14 patients with breast
carcinomas showed no elevation of serum TBARS. However,
increased NO concentrations were detected [42].

The extent of oxidative damage depends not only on
ROS levels, but also on mechanisms of cellular antioxidant
defenses. Low level of GSH, a molecule of critical importance
in maintaining the stability of erythrocytes membranes, is
related to cellular defense against xenobiotics and harmful
compounds such as free radicals and hydroperoxides [43].
This drop in GSH was also observed in erythrocytes of
the patients. An additional reduction in GSH levels was
observed in healthy patients and those under chemotherapy.
Glutathione acts as the first line of defense against free
radicals produced by antitumor molecules. Decreased GSH
levels can be explained by a decrease in GSH synthesis and/or
increased consumption to remove peroxides and xenobiotics
[44].

Metabolites generated by CMF (cyclophosphamide,
methotrexate, and 5-fluorouracil) induced lipid peroxidation
by inactivation of GSH levels and SOD, CAT, GPx, and
GST activities in erythrocytes of patients with breast cancer,
thereby rendering the system inefficient in management
of the free radical attack. Acrolein and phosphoramide
mustard are the metabolites of cyclophosphamide that are
among the causative agents, which reduce the activity of
SOD, CAT, GPX, glutathione-S-transferase, and glucose-6-
phosphate dehydrogenase in erythrocytes of CMF treated
breast cancer patients [45]. In the present study, GSH
concentration and GPx activity were also observed just
before AC chemotherapy. Our data demonstrate that GPx
activity decreased, compared to the control group. However,
this decrease was seen before the start of chemotherapy,
suggesting no change in the activity of this enzyme for the
therapeutic protocols used, since the reductions for during
and after chemotherapy evaluation were similar to those
observed prior to chemotherapy. Furthermore, these results
suggest that the establishment of the pathophysiology of
breast cancer may be a compromise in the activity of this
enzyme. Present results and outcomes of Singh et al. [46] and
Prabasheela et al. [47] also revealed, during chemotherapy
FAC (5-fluorouracil, doxorubicin, and cyclophosphamide) or
AC, a decrease in the nonenzymatic antioxidant GSH levels
in patients with breast cancer before chemotherapy. On the
other hand, additional studies did not find decrease in GPx
activity before or after administration of chemotherapeutics
[47, 48].

In relation to the CAT levels, our findings did not show
differences before and during chemotherapy, presenting only
increasing activity after treatment. On the other hand, while
some studies found increases only after chemotherapy [48,
49], others observed decreases in CAT activity before and
after chemotherapy [5, 40]. Since antioxidants can activate
gene expression via the antioxidant response element [50],
overexpression of enzymatic activities can explain these
findings [40]. Similarly, SOD activity was elevated in patients
with breast cancer before, during, and after chemotherapy.
Hasan et al. [51] also showed plasma SOD activity increasing

in patients with breast carcinoma compared to patients
with benign tumors, suggesting that elevated total SOD
might reflect a response to oxidative stress and then may
predict a state of excess reactive oxygen species in the
carcinogenesis process. Analogous outcomes were described
by Badid et al. [52] before chemotherapy in erythrocytes of
38 patients with ductal breast cancer. Nevertheless, Gupta et
al. [53] found a decrease in SOD activity in serum from 30
women. Patients with breast cancer in chemotherapy with
epirubicin (90mg/m2) and cyclophosphamide (600mg/m2)
also showed reduced CAT, SOD, GSH, and GPx activity
and increased TBARS levels [54]. Some of these parameters
are contradictory when compared to the outcomes in the
present study.These differences are probably explained by the
fact that enzymatic activity of antioxidant defenses is more
expressed at the cytoplasmic andmitochondrial cellular level,
especially for SOD [46].

In this study, the genotoxic profile assay of the patients
with breast cancer under treatment with AC was also investi-
gated.This evaluationwas carried out by alkaline comet assay,
a well-established, simple, versatile, rapid, visual, and sensi-
tive tool used to assess DNAdamage and repair quantitatively
as well as qualitatively in individual cell populations [55].
Some other forms of DNA damage such as DNA cross-links
(e.g., thymidine dimers) and oxidativeDNAdamagemay also
be assessed using lesion-specific antibodies or specific DNA
repair enzymes in the comet assay.This technique has gained
wide acceptance as a valuable tool in fundamental DNAdam-
age and repair studies, genotoxicity testing, and human bio-
monitoring [56]. Relative to other genotoxicity tests, such as
chromosomal aberrations, sister chromatid exchanges, alka-
line elution, and micronucleus assay, the advantages of the
comet assay include its demonstrated sensitivity for detecting
low levels of DNA damage (one break per 1010Da of DNA)
[57].

The pathological condition significantly raised the dam-
age indices and frequencies in lymphocytes when compared
with the normal control group, confirming previous investi-
gations performed by Sánchez-Suárez et al. [6] and Agnoletto
et al. [4]. These effects on DNA structure remained elevated
up to 80 days after the end of exposure to FEC (5-fluorouracil,
epirubicin, and cyclophosphamide) [6]. As seen in this work,
Vaghef et al. [9] showed significant increase in DNA damage
on lymphocytes of patients treated with cyclophosphamide.

In fact, antineoplastic agents are currently used in clinical
studies which induce breaks in mammalian DNA strands
as seen with topoisomerase I (camptothecin) and topoiso-
merase II (etoposide) inhibitors and 5-FU [58]. This, for
example, is an antimetabolite widely used to treat breast ade-
nocarcinoma and cancers of the gastrointestinal tract, head,
and neck due to its inhibitory action on the enzyme thymidy-
late synthase, among other mechanisms, despite their in vivo
clastogenic activity [59, 60]. Moreover, doxorubicin, beyond
inhibiting topoisomerase II, also induces apoptosis and free
radical formation [10, 45, 61]. These can cause DNA adducts,
cross-links, double strand breaks, and single strand breaks.
So, any biological reaction has potentiality to induce carcino-
genesis [6, 62].
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5. Conclusion

Patients with breast cancer under chemotherapy presented
antioxidant status indicative of oxidative stress before, dur-
ing, and after chemotherapy, as well as increasing genotoxic
damage in all stages of the treatment. These results highlight
the importance of monitoring patients in chemotherapy,
especially using cytogenetic and molecular markers in order
to provide new prognostic findings to the treatment as a stra-
tegy to reduce recurrences and to improve quality of life.
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and lipid peroxidation in the blood of breast cancer patients of
different ages after chemotherapy with 5-fluorouracil, doxoru-
bicin and cyclophosphamide,” Clinical Biochemistry, vol. 43, no.
16-17, pp. 1287–1293, 2010.

[49] C. P. Rajneesh, A. Manimaran, K. R. Sasikala, and P. Adaikap-
pan, “Lipid peroxidation and antioxidant status in patients with
breast cancer,” SingaporeMedical Journal, vol. 49, no. 8, pp. 640–
643, 2008.

[50] M. Gago-Dominguez, J. E. Castelao, M. C. Pike, A. Sevanian,
and R.W.Haile, “Role of lipid peroxidation in the epidemiology
and prevention of breast cancer,”Cancer Epidemiology Biomark-
ers and Prevention, vol. 14, no. 12, pp. 2829–2839, 2005.

[51] H. R. Hasan, T. H. Mathkor, and M. H. Al-Habal, “Superoxide
dismutase isoenzyme activities in plasma and tissues of Iraqi
patients with breast cancer,” Asian Pacific Journal of Cancer
Prevention, vol. 13, no. 6, pp. 2571–2576, 2012.

[52] N. Badid, F. Z. Baba Ahmed, H. Merzouk et al., “Oxidant/anti-
oxidant status, lipids and hormonal profile in overweight
women with breast cancer,” Pathology and Oncology Research,
vol. 16, no. 2, pp. 159–167, 2010.

[53] R. K. Gupta, A. K. Patel, R. Kumari et al., “Interactions between
oxidative stress, lipid profile and antioxidants in breast cancer: a
Case Control Study,” Asian Pacific Journal of Cancer Prevention,
vol. 13, no. 12, pp. 6295–6298, 2012.



Oxidative Medicine and Cellular Longevity 11

[54] M. J. Ramı́rez-Expósito, E. Sánchez-López, C. Cueto-Ureña et
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